
 

 

 

 

 

 

 

 

 

Copyright 

by 

Kyle Alan McFarland 

2011 

 

 



The Thesis Committee for Kyle Alan McFarland 

Certifies that this is the approved version of the following thesis: 

 

 

A Performance Map Framework for Maximizing Soldier Performance 

 

 

 

 

 

 

 

 

APPROVED BY 

SUPERVISING COMMITTEE: 

 

 

 

Delbert Tesar 

Pradeepkumar Ashok 

 

  

Supervisor: 



A Performance Map Framework for Maximizing Soldier Performance 

 

 

by 

Kyle Alan McFarland, B.S. 

 

 

Thesis 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Engineering 

 

 

The University of Texas at Austin 

May 2011 



 Dedication 

 

I dedicate this work to all American Soldiers, past, present and future.  They give their 

best to the nation.  May the nation always give its best to them. 

 

 



 v 

Acknowledgements 

 

I would like to thank Professor Delbert Tesar for his guidance while undertaking 

this research effort.  His energy and genuine concern for the Soldier provided tremendous 

inspiration. 

I would also like to thank Dr. Pradeepkumar Ashok.  His insights and instruction 

were of great value, and helped me to significantly improve the quality of my research. 

Most importantly, I would like to thank my family.  My parents, who instilled in 

me a hard work ethic and high expectations, set the conditions for any successes I have 

achieved.  My wife, Angie, and son, Aaron, for accepting all the time dedicated to this 

research, this achievement is also theirs.   

 

 

 



 vi 

Abstract 

 

A Performance Map Framework for Maximizing Soldier Performance 

 

Kyle Alan McFarland, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Delbert Tesar 

 

Soldiers in the Unites States Army operate under uniquely demanding conditions 

with increasingly high performance expectations.  Modern missions, including counter-

insurgency operations in Iraq and Afghanistan, are complex operations. The Army 

expects this complexity to continue to increase.  These conditions affect Soldier 

performance in combat.  Despite spending billions of dollars to provide Soldiers with 

better equipment to meet the demands of the modern battlefield, the U.S. Army has 

dedicated comparatively little resources to measuring and improving individual Soldier 

performance in real-time.  As a result, the Army does not objectively measure a Soldier‟s 

performance at any point in their active duty career.   

The objective of this report is to demonstrate the utility and feasibility of 

monitoring Soldier performance in real-time by means of visual 3D performance maps 

supported by a Bayesian network model of Soldier performance.  This work draws on 

techniques developed at the University of Texas‟ Robotics Research Group for increasing 

performance in electro-mechanical systems.  Humans and electro-mechanical systems are 

both complex and demonstrate non-linear performance trends which are often ignored by 

simplified analytical models.  Therefore, application of empirical Bayesian models with 

visual presentation of data in 3D performance maps enables rapid understanding of 



 vii 

important performance parameters for a specific Soldier.  The performance maps can 

easily portray areas of non-linear performance that should be avoided or exploited, while 

presenting levels of uncertainty regarding the assessments, thus empowering the 

individual to make informed decisions regarding control and allocation of resources. 

The present work demonstrates the utility of visual performance maps by 

structuring 19 relatively mature 3D performance maps based on published empirical 

research data and analytical models related to human performance.  Based on a broad 

review of the literature, the present research evaluated 10 potential physiological 

indicators, termed biomarkers that correlate with human responses to a select set of 

stressors, referred to as impact parameters.  The 10 evaluated impact parameters affect 

various components of Soldier performance. The present research evaluated the 

documentation of these relationships in the existing literature with regard to 9 general 

Soldier performance measures.  Identifying the research supported relationships from 

biomarkers to impact parameters to Soldier performance measures resulted in a 

preliminary Bayesian Soldier Performance Model, from which it is possible to create 70 

distinct 3D performance maps.  Based on the quality of the relationships identified in the 

reviewed literature, and a contemporary evaluation of existing sensor technology for the 

related biomarkers, the present research assessed 26 of the potential 70 performance 

maps as being achievable in the near-term.  Continuing development of the Soldier 

Performance Model (SPM) as proposed in this report has the potential to increase Soldier 

performance while simultaneously improving Soldier well-being, reducing risk of 

physical and mental injury, and reducing downstream treatment cost.     
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Chapter 1 Introduction 

1.1 OBJECTIVE 

The United States Army refers to the individual Soldier as its most important asset 

(TRADOC, 2006).  However, the Army currently lacks a structured system for 

monitoring and sustaining Soldier performance in real-time (Friedl, 2007a; Army Science 

Board, 2011).  The Army has created a plethora of programs to improve Soldier 

performance, but the programs lack unity of effort, and the Army does not collectively 

evaluate the performance of the programs (Army Science Board, 2011).  As the U.S. 

Army adapts to the operational challenges of the modern world, it must take decisive 

action to continuously measure Soldier performance in order to improve decision making, 

allocation of resources and overall Soldier performance both during and after their Army 

careers. 

The Army conducts research and development regarding individual Soldier 

performance (Friedl & Allan, 2008), and general research exists across multiple fields 

that may be applied to the Soldier case.  What is necessary is a method to translate 

technically sound research into technologically achievable solutions that the individual 

Soldier can use (Friedl, 2007b).  Such a method requires objective measures of 

performance (Kornguth, 2010), and an understanding of how to identify changes in 

individual performance capability.  Achieving a complete understanding of human 

performance in a stressful environment such as the modern battlefield is likely not 

feasible in the near-term (Standing Committee on Military Nutrition Research, 2004; 

Hancock & Szalma, 2008).  However, the National Academies‟ Board on Army Science 

and Technology (2009) suggests that continuous physiological monitoring could benefit 

Soldiers prior to the expected result that scientists will achieve a complete understanding 

of human performance.  Development and application of a continuous performance 

monitoring system has the capability to improve Soldier performance as well as to 

improve training efficiency, and Soldier medical treatment (Kornguth, 2010).  Therefore, 

a system that takes advantage of what is currently known about Soldier performance, and 
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is capable of rapid refreshment as further knowledge develops has the potential to 

significantly improve how the Army trains, utilizes, and maintains its Soldiers. 

The University of Texas at Austin‟s Robotics Research Group (RRG) has begun 

development of a universal decision theory based on performance maps that assist human 

decision makers in gathering relevant information, generating alternatives, and evaluating 

outcomes (Ashok & Tesar, 2010).  Performance maps are three-dimensional surface plots 

of experimentally collected data (Ashok & Tesar, 2008).  Use of a performance map 

framework has three key benefits that support its application to the problem of Soldier 

performance monitoring.  First, performance maps allow for immediate visualization of 

parameters that are most important to the situation at hand (Ashok & Tesar, 2010).  This 

visualization means that the human decision maker can achieve rapid understanding of 

information affecting an operational situation without requiring expertise into the 

underlying phenomenon.  Secondly, a performance map framework is modular, allowing 

for updates and additions to the decision model without re-design of the existing model 

(Ashok & Tesar, 2010).  Therefore, a performance map framework can provide 

immediate benefit based on what is currently known, and then improve as understanding 

increases.  Chapters 4 and 5 of this report describe how continuous physiological 

monitoring may improve the accuracy and timeliness of identifying physical and mental 

ailments such as Traumatic Brain Injuries (TBI) and Post-Traumatic Stress Disorder 

(PTSD) based on existing research and commercially available physiological sensors.  

Finally, performance maps rely on probabilistic data and are therefore capable of 

propagating and specifying uncertainty in assessments (Ashok & Tesar, 2010).  This 

feature is important because the goal of a performance monitoring system should be to 

enhance the human decision maker‟s abilities, not to replace them.  Presenting visual 

performance maps with their associated uncertainty allows a Soldier or small-unit leader 

to rationally incorporate his or her intuition, gained through relevant experience, to the 

problem at hand.  The goal of the present research is to structure a performance map 

framework to facilitate continuous monitoring of Soldiers in order to increase situational 

awareness, improve performance, and aid decision making.              
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1.2 BACKGROUND 

 Today‟s U.S. Army Soldier has a uniquely stressful operating environment with 

high standards of performance.  Army units must be capable of rapidly deploying to all 

parts of the world on short notice, and upon arrival execute physically and mentally 

challenging missions.  Lack of adequate rest and nutrition often accompany the 

challenges that the Soldiers face (Standing Committee on Military Nutrition Research, 

2004).  These conditions along with the associated dangers of combat place Soldiers at 

increased risk of physical and mental injury including heat related injuries (USACHPPM, 

2003), traumatic brain injury and post-traumatic stress disorder (Tanielian & Jaycox, 

2008).   

 Combat stresses can degrade Soldier performance even prior to causing 

observable injury.  Anecdotally, military historians have understood this fact for some 

time (e.g. Marshall, 1950).  More recently, scientists have demonstrated that changes in 

performance begin with small, but observable, changes and progress towards 

performance failure, incapacitation and injury as stress increases (e.g. Harris, Hancock 

and Harris, 2005; Hancock & Szalma, 2008).  However, precise definition of how 

performance changes in the presence of multiple forms of stress does not yet exist.  

Adding to the complexity, individuals display wide ranges of responses to stress, even in 

the Army where Soldiers receive relatively uniform training (Hancock & Weaver, 2005).  

For example the average human maintains a body temperature near 37ºC (Wong, 

Forsberg & Wahren, 2005), but individual adaptations to conditions can allow sustained 

performance at temperatures ranging from 35ºC to 40ºC (Hoyt et al., 1997; Maron et al., 

1977).   

 While science has not yet developed effective methods to identify impending 

performance failure, individuals also fail to reliably assess degradations in their own 

performance (Army Science Board, 2011).  Since Soldiers are often unaware of their 

deteriorating condition under stress, so too are their leaders unaware, and therefore 

unable to take effective action to prevent performance failure or injury.  Empowering 

Soldiers and leaders with increased situational awareness regarding the status of their 
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performance has the potential to improve chances of mission success while reducing risks 

of injury (Standing Committee on Military Nutrition Research, 2004).           

 Future Soldiers will continue to face a stressful battlefield (TRADOC, 2008) that 

will require high levels of cognitive readiness in addition to physical readiness (Scales, 

2008; Standing Committee on Military Nutrition Research, 2004).  Decision making 

abilities are included in the cognitive requirements of future battlefields.  The complex 

and uncertain conditions of combat are undesirable conditions for decision making, 

though the outcomes affected by combat decisions are of the highest importance 

(Hancock and Szalma, 2008).  Therefore, improving decision making abilities by 

improving Soldier and leader awareness of real-time changes in performance can better 

prepare Soldiers on future missions (Scales, 2008; Standing Committee on Military 

Nutrition Research, 2004).  

1.3 STATUS 

 The lack of a fielded system to reliably assess Soldier performance is striking 

considering the existing capabilities for improving and maintaining the performance of 

the hardware that Soldiers operate (Standing Committee on Military Nutrition Research, 

2004).  The Army has simply allocated far more resources to improve hardware 

performance that it has to improve understanding of individual Soldier performance 

(Scales, 2008).  Consequently, the U.S. Army does not objectively measure the state of 

the individual Soldier at any point in his or her career, let alone in real-time (Army 

Science Board, 2011).  However, research to support development of a performance 

monitoring system does exist to some extent. 

 The U.S. military has explored real-time monitoring of individual physiological 

variables for over 50 years (e.g. Davis et al., 1952).  Similarly, the government has 

funded large amounts for research on physiological monitoring of other specialties such 

as astronauts (Scales, 2008).  More recently the military has explored the possibility of 

using physiological monitoring for performance assessment with programs such as the 

Army‟s Warfighter Physiological Status Monitoring (WPSM) initiative (Friedl, 2003; 

Standing Committee on Military Nutrition Research, 2004), and the Defense Advanced 
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Research Projects Agency‟s (DARPA) Augmented Cognition (AugCog) program (Board 

on Army Science and Technology, 2008).  Still, none of these efforts have resulted in any 

increased in situ performance monitoring capability for the Soldier or leader on today‟s 

battlefield. 

 The U.S. Army appears to have acknowledged its deficiency in accounting for 

Soldier performance in its science, technology and materiel development efforts.  

Comments by the Assistant Secretary of the Army for Acquisition, Logistics and 

Technology (ASAALT) indicate the Army‟s intention to return the individual Soldier to 

the center of its development efforts (O‟Neill, 2011).  Brigadier General Fuller, director 

of the Army‟s Program Executive Office (PEO) Soldier, has reinforced this intent by 

suggesting that the Army must develop equipment for the Soldier, and that work must be 

done to ensure the Soldier remains dominant on the battlefield independent of his or her 

equipment.  To this end, PEO Soldier anticipates an eventual four-fold increase in the 

cost to equip Soldiers from today‟s funding levels (Bacon, 2011).  The resources required 

to develop a Soldier performance monitoring system are significant1, so commitments 

such as those from PEO Soldier are essential to achieving the objective. 

 Development of a real-time Soldier performance monitoring system will require 

four key elements: a suite of sensors to measure physiological parameters in real time, 

some method to translate measured physiological variables into information about 

performance, a method of presenting assessed information that is useful to the Soldier, 

and objective measures of Soldier performance.  Physiological sensors are an essential 

component of a Soldier performance monitoring system, though they are not the limiting 

factor (Standing Committee on Military Nutrition Research, 2008; Friedl & Allan, 2008).  

In some cases, sensors available for combat field deployment may not be the optimal 

solution, though they can still provide useful information.  For example, Functional 

Magnetic Resonance Imaging (fMRI) provides the most accurate assessment of regional 

brain activity, but portable versions of such sensors do not exist (Kornguth, 2010).  So 

                                                

1 Note, however, that the critical need is for the light infantry Soldier who comprise only 4% of the 

Department of Defense‟s uniformed force, but suffer 81% of the combat deaths (Scales & van Riper, 2010). 
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developers may have to use ElectroEncephaloGram (EEG) sensors or other physiological 

correlates to assess the Soldier‟s state.  Chapter 2 of this report discusses some sensor 

suite development efforts; Chapter 4 provides a preliminary evaluation of a select number 

of commercially available and developmental sensors to monitor Soldiers‟ physiological 

state.  Table 1-1 shows an example of rankings resulting from sensor evaluation for skin 

response sensors. 

Table 1-1 Skin Response Sensor Rankings (from Table 4-2) 
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Shimmer GSR 
Sensor 5.6 9 10 4 10 10 9 3 8 # 10.00 

Georgia Tech 
ActionGSR 5.6 9 9 7 3 5 8 7 8 # 8.89 

 

As noted in the previous section, understanding of individual human stress 

responses remains incomplete.  However, research has shown that performance is 

affected by the task being performed and the conditions under which performance occurs 

(Friedl, 2007b).  Most research efforts have focused on the effects of individual stressors 

on generic performance tasks, and these have provided some understanding.  

Unfortunately, research into the interaction of multiple stressors on performance is 

critically lacking (Hancock & Szalma, 2008).   

Soldiers do not operate in conditions with isolated forms of stress, and so 

knowledge of the combined effects is necessary to assess Soldier performance.  Several 

proposed theories or models of human performance under stress exist but have 

assumptions or simplifications that limit their utility.  The primary reason for this 
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deficiency is the amount of resources required for data collection and evaluation to 

support a comprehensive model (Hancock & Szalma, 2008).  With the Army‟s 

commitment indicated above by Secretary O‟Neill and Brigadier General Fuller, 

achieving a comprehensive model will be more likely.  Although the Army can expect 

considerable benefit even using a partially validated Soldier Performance Model (SPM).   

The National Academies‟ Board on Army Science and Technology (2008) 

indicated that physiological indicators can provide useful information even without a 

complete understanding of the corollary response.  Additionally, the National Academies‟ 

Standing Committee on Military Nutrition Research (2004) suggested that combinations 

of physiological parameters could provide more definitive information than single 

parameters.  What remains is development of methods to combine appropriate data to 

make reliable assessments.  For example, muscle tremors (i.e. shivering) are detectable 

via accelerometers placed on the body.  Such movements can indicate exposure to cold, 

biological or chemical warfare agents, or fear.  Actions to mitigate shivering change 

drastically based on the assessed cause.  Therefore, coupling of accelerometer data with 

other physiological variables such as heartbeat or EEG information can provide more 

accurate performance assessments.   
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Chapter 4 evaluates 10 potential physiological indicators of stress and 10 forms of 

stress likely to impact Soldier performance.  This report will refer to the physiological 

indicators as biomarkers and the stressors as impact parameters. Tables 1-2 and 1-3 

show the evaluated biomarkers and impact parameters with their rankings.  Chapter 4 

discusses the rankings in greater detail.  Chapter 5 evaluates the appropriate combination 

of 70 potential performance maps based on the existing research literature.  Table 1-4 

shows the 26 performance map combinations assessed as most achievable in the near-

term. 

 

 

 

 

 

 

 

  

Table 1-2 Evaluated Biomarkers 

(from Table 4-11) 

 Table 1-3 Evaluated Impact 

Parameters (From 

Table 4-13) 

EEG 10.00  Sleep Deprivation 10.00 

Heartbeat 8.72  Fatigue 8.43 

Muscle Activity 8.60  Threat 8.26 

Blood Pressure 7.78  Stress 7.92 

Facial Stresses 6.62  Physical Trauma 7.78 

Pupillometry 6.42  Information Overload 7.16 

Eye Movements 6.13  Mission Duration 7.08 

Skin Response 5.60  Mental Trauma 6.69 

Temperature 3.93  Energy Balance 6.26 

Oxygen Saturation 2.52  Ambiguity 5.67 
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Table 1-4 Near-term Achievable Performance Maps (from Table 5-3) 

Impact Parameter (z) Biomarker (x) Biomarker (y) Figure 

Stress 

Heart Rate Muscle Activity 
4-12 Stress Bayesian Causal 

Network Module Heart Rate Skin Response 

Muscle Activity Skin Response 

Sleep Deprivation 

Muscle Activity Eye Movements 
4-13 Sleep Deprivation Bayesian 

Causal Network Module Muscle Activity EEG 

Eye Movement EEG 

Fatigue 
Muscle Activity Body Temperature 4-14 Fatigue Bayesian Causal 

Network Module Eye Movement EEG 

Mental Trauma 
Heart Rate Muscle Activity 4-15 Mental Trauma Bayesian 

Causal Network Module Heart Rate Skin Response 

Physical Trauma* 

Oxygen Saturation Muscle Activity 

4-16 Physical Trauma Bayesian 
Causal Network Module 

Oxygen Saturation Skin Temperature 

Oxygen Saturation Body Temperature 

Oxygen Saturation EEG 

Muscle Activity Skin Temperature 

Muscle Activity Body Temperature 

Muscle Activity EEG 

Skin Temperature Body Temperature 

Skin Temperature EEG 

Body Temperature EEG 

Information Overload 
Heart Rate EEG 4-18 Information Overload 

Bayesian Causal Network Module Muscle Activity EEG 

Mission Duration 

Heart Rate Mission Time 
4-19 Mission Duration Bayesian 

Causal Network Module Heart Rate Body Temperature 

Mission Time Body Temperature 

Energy Balance  
(Expenditure) Heart Rate Muscle Activity 

4-20 Energy Balance Bayesian 
Causal Network Module 

 

 As researchers continue to develop appropriate combinations of physiological 

parameters to accurately describe individual Soldier performance in real-time, it will 

become necessary to present that information to Soldiers in a meaningful way.  Soldiers 

cannot become experts of assessing stress responses and performance effects from raw 

physiological data.  Performance maps based on empirically collected data allow visual 
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presentation of data in a way that does not require such expertise.  Additionally, empirical 

models do not require the simplifications that reduce the effectiveness of some analytical 

models (Hancock & Szalma, 2008).  Developing performance maps, as with any model 

of human performance, will require significant resources.  However, individually useful 

maps can be fielded immediately and multiple sources can add to the structure without 

altering existing maps, thereby allowing incremental development as resources allow 

(Ashok & Tesar, 2010).  Chapter 3 of this report discusses the feasibility and utility of a 

performance map framework for Soldier performance monitoring.  Figure 1-1 shows an 

example performance map with considerable non-linear properties derived from existing 

research data.  Chapter 5 discusses the necessary actions to pursue development of 

Soldier performance maps. 

 

Figure 1-1 Example Physical Endurance Performance Map (from Figure 3-13) 

 The final required element of a Soldier performance model is development of 

objective standards of performance measurement (Army Science Board, 2011).  Defining 

such standards allows for transferability from multiple research sources into terms 
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relevant to Soldier performance (Standing Committee on Military Nutrition Research, 

2004).  Included in the development of objective performance measurement, is the 

development of tests to assess individual baseline performance capability in the same 

terms.  Multiple tests of abilities exist, though relatively few provide information relevant 

to real-world performance (Friedl et al., 2007).  Research indicates that abilities, 

specifically those of a cognitive nature, are not independent and therefore must be tested 

in concert in order to have valid meaning (Caretta & Ree, 2000; Zhu, Jianjun & Weiss, 

2005).  Some test developers have attempted to establish real-world validity of their tests.  

For example, the Woodcock-Johnson III tests of cognitive ability propose means of 

predicting an individual‟s probability of completing a given task based on their test score 

and the task‟s complexity (Schrank, 2005).  This report does not focus on development of 

such scales, though efforts must be made to define performance abilities and tasks in 

similar terms.           

1.4 PLANNED DEVELOPMENT 

 The previous sections of this chapter have highlighted the lack of reliable 

performance monitoring for Soldiers, and identified the necessary components for 

developing such a system.  The remainder of this report will demonstrate a framework for 

establishing an operational Soldier Performance Model (SPM) using performance maps 

and envelopes.  The framework can be applied to the management of human resources on 

the battlefield in order to maximize performance and enhance mission planning (Tesar, 

2010).   The goal of the presented research is not to provide a comprehensive model of 

Soldier performance.  Rather this report proposes a structure for development efforts to 

provide Soldiers with useful performance information both in the short and long term.  

The performance map framework used herein is modular, and allows continuous 

expansion of both model content, and methods of map combination for analysis.  This 

means that Soldiers can realize benefits in the short term while developers progress 

towards a complete system. The remaining paragraphs of this chapter provide a summary 

of the chapters that follow.   
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 Chapter 2 provides a review of literature relevant to this research. The chapter 

includes a discussion of performance map literature and their use as decision support 

tools.  It includes a review of some efforts to develop physiological sensor suites.  The 

chapter concludes with a review of efforts to assess performance in real time using both 

physiological indicators and analytically models. 

 Chapter 3 demonstrates the feasibility of developing performance maps from 

previous research efforts, as well as the utility of using performance maps to visually 

present information to the Soldier.  While data to populate a comprehensive Soldier 

performance model is presently inadequate, some data and models now exist to provide 

Soldiers with useful information now.  The chapter translates selected analytical models 

and data into 19 functional 3-D visual performance maps, and explains how these maps 

can rapidly inform Soldiers about their present state. 

 Chapter 4 constructs a preliminary SPM via evaluation of research regarding 

human responses to stress, and the effects of stress on performance.  The chapter 

evaluates 10 potential physiological biomarkers along with their associated sensor 

technology.  The chapter defines and evaluates 10 impact parameters with regards to their 

effects on performance and their physiological correlates.  The chapter further defines 

and evaluates 9 measures of Soldier performance thought to change under varying impact 

parameter levels.  The chapter presents the logical combination of these parameters into a 

model for assessing Soldier performance, and discusses their relevance to doctrinal 

Soldier tasks. 

Chapter 5 evaluates the preliminary SPM with regard to the feasibility of the 70 

potential performance maps.  The evaluation results in three categories of potential 

performance maps.  The first category, consisting of 26 performance maps, represents 

maps that will likely require relatively less effort to develop and validate useful 

performance maps.  The second category, with 25 maps, represents maps that will require 

much greater data collection efforts to generate and validate useful maps.  The final 

category with the remaining 19 maps, represents maps that rely on sensor technology that 
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is not likely to be available in the near term.  Those maps will require sensor technology 

development in addition to data collection efforts. 

 Chapter 6 summarizes the conclusions and recommendations of this work.   

Appendix A contains the example performance maps discussed in Chapter 3 

along with descriptions of the information they visually provide to the user.   

Appendix B contains descriptions and evaluations of 33 potential biomarker 

sensors that are either in development or commercially available.  

Appendix C evaluates the 10 biomarkers used in constructing the preliminary 

SPM, and ranks them with regard to their importance for monitoring Soldier real-time 

performance.  The appendix also provides examples of evaluated sensors for the 

biomarker, and describes the research-supported relationships of each biomarker to 

associated impact parameters.   

Appendix D defines and evaluates the 10 Soldier impact parameters used in the 

preliminary SPM.  The appendix ranks the impact parameters in terms of their 

importance to monitoring Soldier real-time performance, as well as providing research 

supported relationships to biomarkers and Soldier performance measures. 

Appendix E defines and evaluates the 9 Soldier performance measures used in the 

preliminary SPM.  The appendix provides a method for ranking the importance of the 

Soldier performance measures based on the Soldier‟s assigned task and role in the unit.  

The appendix provides research supported relationships to impact parameters that could 

affect capability in each performance measure, as well as demonstrating how the general 

performance measures apply to specific Army task categories. 

Appendix F provides a brief explanation of 10 general Army task categories 

supported with references from the U.S. Army‟s doctrine. 

Appendix G provides the supporting information for the cost-benefit analysis 

discussed in Section 5.3.1 regarding potential reductions of combat veterans requiring 

treatment for chronic post-traumatic stress disorder (PTSD).    

  



14 

 

Chapter 2 Literature Review 

2.1 RRG RESEARCH 

 The Robotics Research Group (RRG) at the University of Texas at Austin has 

developed a decision making framework for intelligent electromechanical actuators using 

performance maps and envelopes.  This report will draw from that work, and recommend 

application of similar techniques to establish a framework for decision making and 

increased self-awareness at both the individual Soldier and combat unit levels. 

2.1.1 Actuator Intelligence Based on Performance Maps and Envelopes (Tesar et 

al., 2005) 

2.1.1.1 Overview of Tesar et al., 2005 

 RRG proposed a framework for criteria based decision making using 

ElectroMechanical Actuator (EMA) performance maps and envelopes.  EMA, along with 

many other mechanical systems are highly non-linear, and their performance changes 

over time.  Therefore the “rated torque” method of measuring performance, which 

classifies and EMA based on its maximum design torque load capability at a single 

operating speed, does not adequately describe EMA operation.  In usage, the EMA likely 

operates under load conditions that are far less demanding than its rated torque for the 

majority of tasks.  Therefore, using the “rated torque” method for defining performance 

capability leads to overly conservative performance estimates.  In order to improve 

performance estimates, RRG proposed to combine duty cycle information and EMA 

performance characteristics into performance maps which present EMA performance 

capability across a wide range of operating conditions.  Performance maps present the 

operator with information that facilitates determination of an envelope of maximum 

performance, while also presenting areas of surge capability beyond recommended levels 

with information pertaining to the risks or costs associated with operating in those 

regions (Tesar et al., 2005).  Figure 2-1 shows the hypothetical expanded operating 
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regions afforded by increasing operator knowledge of the EMA via performance maps 

and envelopes. 

 

Figure 2-1 Conceptual Visualization of Performance Envelopes (Yoo and Tesar, 2002) 

 Tesar et al. (2005) persuasively establish the need and proposed benefits (e.g. 

increased performance envelopes, and facilitating condition based maintenance) of 

developing EMA performance maps.  The white paper defines a performance maps as a 

three-dimensional surface that is described by control and reference parameters.  Control 

parameters are those which the operator may manipulate during operation.  Examples of 

control parameters in an EMA are command current and voltage.  Reference parameters 

are those that the operator cannot directly control, but that may affect system or sub-

system performance.  Examples of EMA reference parameters are temperature, and EMI 

frequency.  A performance map is described in terms of selected performance criteria, 

which is the vertical or dependent axis on a three-dimensional surface plot.  Each map is 

described by two independent control or reference parameters.  Equation 2-1 shows the 

definition of a performance map where Pij is the performance map, ci are the control 

parameters and rj are the reference parameters that affect system performance.  Each 

EMA requires numerous performance maps to fully describe its operation. 
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              (2-1) 

 Performance maps are useful in describing select performance criteria with 

respect to two reference or control parameters.  Performance maps are most useful when 

combined into performance envelopes.  Performance envelopes are unique combinations 

of multiple maps based on operator selected criteria.  In an EMA, one could combine all 

the performance maps relating to losses in order to develop an indication of system 

efficiency.  This facilitates the operator identifying which control and reference 

parameter values lead to optimal operating efficiency.  A performance envelope is 

described mathematically in the form of Equation 2-2, where E is the selected envelope, 

P represents the relevant performance maps, which are in turn functions of control (c) and 

reference (r) parameters. 

                            (2-2) 

 Performance envelopes require extensive testing and validation of operational 

meaning.  Once validated, the RRG proposes embedding the performance envelopes into 

system operational software to be called indirectly by the operator.  The operator could 

specify performance characteristics in real time, such as high speed, high precision, or 

low noise, which would refer to a specific performance envelope and allow the system to 

determine the appropriate parameter settings to achieve the operator specified goal.  

 Performance maps and envelopes increase system intelligence by facilitating 

efficient resource allocation.  EMA have limited resources, but may be reconfigured 

electronically in order to achieve a wide range of operating requirements.  Performance 

maps and envelopes provide the system and the operator with the information necessary 

to allocate these resources appropriately.   

2.1.1.2 Relevance of Tesar et al. (2005) to Soldier Performance 

The U.S. Army‟s human resource management doctrine aims to place the right 

Soldiers with the right skills into the right positions at the right time.  At an 

organizational level, the U.S. Army makes these decisions based on limited information 

in current databases.  The databases contain general information such as Armed Services 

Vocational Aptitude Battery (ASVAB) test scores, medical readiness information, and 
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formal military training experience (Headquarters, Department of the Army, 2010).  

While this information may be vaguely related to expected levels of performance, it has 

similarities with the “rated torque” method described above in that it does not give a full 

description of the Soldier‟s capabilities.  A unit may select a Soldier for specialized 

training (e.g. Sniper School) based on more information available to the unit such as the 

Soldier‟s Army Physical Fitness Test (APFT) score, and weapons qualification scores.  

However these tests represent performance under highly standardized conditions, and still 

fail to fully describe performance under combat conditions.  Assignment of Soldiers to 

discrete tasks in real-time is therefore left to leadership intuition.  Leadership intuition is 

highly variable on the experience of the leader, his or her knowledge of the individual 

Soldier in question, and the communication between the leader and the Soldier 

(Headquarters, Department of the Army, 2005).  Similar to the conditions identified by 

Tesar et al. (2005), Soldier response and performance is highly non-linear, and the Army 

is demanding high levels of performance in increasingly complex missions (e.g. Krueger, 

2008; Johnson II, 2000).  Therefore, reliably assessing Soldier performance capability in 

real time could be improved via an expanded description of performance via performance 

maps, as proposed by RRG for EMA.  

 Performance maps built describing output performance parameters in terms of 

reference and control parameters for Soldiers are feasible.  Possible control parameters 

for Soldier operation may be rate of movement, equipment load, or assigned tasks.  These 

may not directly relate to neuro-physiological sensed parameters but could have 

predictable effects on those parameters.  Possible reference parameters for Soldier 

performance may be ambient temperature or light conditions.  Chapter 3 of this report 

will demonstrate the feasibility and utility of describing Soldier performance via maps.   

 Combining performance maps into performance envelopes for Soldier 

performance is also feasible.  Identifying the effects of single sources of stress (e.g. sleep 

deprivation, excessive heat) on Soldier performance is useful.  However, to completely 

describe performance, one must account for all conditions that impact performance, 

especially when those effects are highly non-linear.  Combining the maps of multiple 
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impact parameters to describe a Soldier‟s current output for a selected performance 

parameter, (e.g. endurance, decision making) could facilitate understanding of the 

Soldier‟s ability to execute his or her assigned tasks under the current operating 

conditions.  This would allow the Soldier to identify the parameters causing his or her 

performance decrement, and take action to return him or herself to full operational 

capability.  Similarly, a commander could use information displayed in performance 

envelopes to determine appropriate force structure and resource allocation for upcoming 

missions based on expected performance requirements.       

2.1.2.    Math Framework for Decision Making in Intelligent Electromechanical 

Actuators (Ashok and Tesar, 2007) 

2.1.2.1. Overview of Ashok and Tesar, 2007 

 This work begins with a review of literature pertaining to ElectroMechancial 

Actuators (EMA), modeling, and performance maps.  Ashok and Tesar (2007) define an 

actuator performance map as “a 3-dimensional plot that depicts the performance of a 

component of an actuator or the actuator as a whole with respect to different control or 

reference parameters.”  Reference and control parameter definitions remain the same as 

those specified in Tesar et al. (2005).  Ashok and Tesar confirm the mathematical 

definition  in a slightly modified form shown in Equation 2-3, where a performance map 

is a function of two control or reference parameters (x and y), and one dependent 

parameter (z).  K is a constant which represents the surface. 

               (2-3) 

 Ashok and Tesar (2007) discuss three methods for generating actuator 

performance maps.  The first method requires operating of the actuator in a test bed 

equipped with multiple sensors to record all control, reference, and performance 

parameters.  If performance of individual actuator components is well established, then 

actuator performance maps may be derived by combining the component maps.  The final 

method requires generation of performance maps from analytical representation of 
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internal physical phenomenon.  Conceptually this third method is the simplest, but may 

also be the least accurate method due to the complexity of EMA. 

 The main objective of Ashok and Tesar (2007) is development of a decision 

making framework for intelligent EMA.  Figure 2-2 shows a flow chart with the steps for 

decision making in actuators.  The first required step is to build a Bayesian causal 

network of actuator operational parameters.  The Bayesian causal network graphically 

presents the connections of all actuator operational parameters.  When complete the 

causal network defines the different performance maps that may be made for the actuator.  

Performance maps may only be visually displayed in 3-D format.  However, some 

performance criteria are affected by more than two control or reference parameters.  In 

such cases, it is possible to generate maps via selecting two control or reference 

parameters and assume that the other parameters remain constant on the displayed map.  

This leads to the possibility of a large number of maps to fully describe a complex 

system‟s operation.   
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Figure 2-2 Overview of the Steps for Decision Making in Actuators [Ashok and Tesar, 

2007] 

 The causal network effectively displays the connections between all operational 

parameters in the actuator, but in order to quantitatively define the actuators operation, it 

becomes necessary to apply Bayesian mathematical techniques.  A Bayesian belief 

network represents the joint probability distribution of all the parameters in the causal 

network.  In order to develop a Bayesian belief network from a causal network, one must 

establish all individual, joint, conditional and interdependent probabilities for each 

parameter.  The benefit of using such a network for decision making is that such models 

propogate uncertainty of the information as part of the probability distribution, giving the 

decision maker confidence levels for the information presented (Ashok and Tesar, 2007).

 Ashok and Tesar (2007) further separate performance maps into primary and 

secondary maps.  Primary maps are those generated directly from experimental data; 
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secondary maps are those arrived at via mathematical operations on primary maps.  They 

go onto present eight methods of combining primary maps into secondary maps to serve 

as decision surfaces.  Table 2-1 presents a summary of the eight methods for combining 

performance maps. 
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Table 2-1 Summary of Methods to Combine Performance Maps [Ashok and Tesar, 2007]

 

 Ashok and Tesar (2007) concludes by reviewing the characteristics of an 

intelligent actuator.  Below is a review of these characteristics: 

1. The actuator has numerous sensors for situational awareness of internal 

physical phenomenon. 
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2. The actuator is capable of adapting its operation to different situational 

requirements. 

3. The actuator knows the limit of its performance at all times. 

4. The actuator knows when it is time for maintenance. 

5. The actuator knows how to use redundancies within itself to continue 

operation even after a fault has occurred. 

6. Given extra resources within itself, it can provide layered control (mixed 

physical scales) or a combination of force and motion. 

7. It can communicate effectively with humans. 

2.1.2.2. Relevance of Ashok and Tesar (2007) to Soldier Performance 

 Humans in general, and Soldiers specifically, are complex systems, and their 

performance is greatly affected by their operating conditions.  Much like the electro-

mechanical systems discussed in Askok and Tesar (2007), when describing human 

performance mathematically, one can expect to observe non-linear trends that will be 

difficult to model analytically (Hancock and Szalma, 2008).  Therefore, the techniques 

presented by Ashok and Tesar (2007) will likely have value when applied to modeling 

Soldier performance, much like was shown for EMA performance.   

 Ashok and Tesar (2007) detailed three methods for generating performance maps, 

and noted that empirical modeling of the system using a structured test bed equipped with 

multiple sensors was the preferred method.  While this method requires significantly 

more resources than analytical modeling methods, the need for empirical modeling is 

increased when applied to Soldiers who will exhibit large variance in performance and 

responses to stress (Cooper, 2002).  Combining component performance maps to produce 

a system performance map may be possible for EMA that have visibly discrete 

components (e.g. gear train, prime mover, power supply).  EMA components may be 

modeled independently, whereas such independent modeling is unreasonable for humans 

due to the interdependence of the body‟s muscle, skeletal, and neurological systems. 

 The decision making process for actuators presented in Figure 2-2 also has 

potential value for application to Soldiers.  By increasing awareness of a Soldier‟s 
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operating capabilities in real time, it may be possible to extend performance beyond 

expected levels, while preventing catastrophic failures that result in death or chronic 

medical conditions.  This report will present a preliminary Bayesian causal network for 

Soldier performance, the first step of the decision making process, as a means to 

demonstrate the structure of the decision support framework.  Due to the complexity of 

human performance, the number of possible performance maps may be overwhelming.  

However, this report will identify causal links based on existing research that could 

facilitate generation of a finite number of Soldier performance maps that would be useful 

for real time decision making and tactical mission planning.   

 While this report will not develop an entire decision making process for Soldier 

performance in detail, the performance map combination techniques presented by Ashok 

and Tesar (2007) should be considered an important piece of future work in the area.  The 

techniques are general in nature, and applicable across multiple domains.  Combination 

of Soldier performance maps into useful performance envelopes for the Soldier and the 

combat unit will require use of at least some of the combination techniques presented.   

 Ashok and Tesar‟s (2007) characteristics of intelligent actuators also have 

beneficial corollaries to Soldier performance.  U.S. Army Soldiers are certainly 

intelligent now, as exhibited by their innovation and ability to employ technology on the 

modern battlefields of Iraq and Afghanistan.  However, development of a decision 

making framework similar to what Ashok and Tesar (2007) proposed for EMA, will 

increase Soldier self-awareness, thereby improving performance and reducing risk of 

catastrophic failure.  This report proposes equipping the Soldier with numerous sensors 

for situational awareness of neuro-physiological phenomenon.  Meaningful combination 

of this data into performance envelopes describing Soldier performance measures would 

allow the Soldier to adapt his or her operation to the mission requirements and 

environmental conditions, while understanding his or her performance limits in real-time.  

The Soldier would also benefit from an improved understanding of when recovery is 

needed, and the costs of performance surges.  Finally, increases in Soldier self-awareness 

facilitates improved communication and cohesion in the combat unit, and eventually 
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improved Soldier and equipment interfaces, where the equipment can respond to the state 

of the operator in real-time.  The performance envelope decision support paradigm may 

be extended further to improve the mission planning and resource allocation for a unit 

commander, who can use envelopes to determine appropriate force structures for 

upcoming missions.  

2.1.3 Test Methodology for Electromechanical Actuators (Janardhan and Tesar, 

2008) 

2.1.3.1 Overview of Janardhan and Tesar, 2008 

 As stated in the RRG work above, empirical models are preferred to analytical 

models because the latter typically include assumptions that necessarily fail to account 

for some performance affecters.  Unfortunately empirical models require significantly 

greater resources to derive.  The primary purpose of Janardhan and Tesar‟s (2008) work 

is to determine efficient experimental designs for EMA in order to obtain the maximum 

amount of performance information with the minimum number tests. 

 Janardhan and Tesar (2008) used Design of Experiments (DOE) principles, and 

statistical techniques to derive empirical models and develop experimental designs.  The 

authors applied DoE on discrete regions across the EMA operating range, and combined 

the regions piecewise to derive complete EMA performance models.  The statistical 

techniques allowed the authors to quantify the quality of the map and experimental 

design in order to refine the design until they derived an acceptable model.  Therefore the 

DoE process is iterative, requiring the design of the test regimen to be completed on a 

representative sample of EMA.  Once the process validates an efficient and effective test 

methodology, that methodology may then be applied to the population to provide 

awareness of operational capability.  The methodology for selecting test designs was 

based on: ease of test implementation, number of tests required, time required to perform 

tests, and the accuracy of predictions derived in the test.   
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2.1.3.2. Relevance of Janardhan and Tesar (2008) to Soldier Performance 

 As stated previously, empirical models will provide better performance 

information for individual Soldiers than will analytical models due to individual 

differences (Cooper, 2002).  However, testing all Soldiers across all operating conditions 

would likely be resource prohibitive.  Therefore, techniques similar to those employed by 

Janardhan and Tesar (2008) would be necessary to design appropriate tests that provide 

the maximum amount of information for the minimum amount of resources.  In order to 

accomplish this, the U.S. Army would need to select a representative group of Soldiers to 

test exhaustively.  From these comprehensive tests, researchers may identify areas where 

analytical modeling is least effective and limit the number of tests required to fully 

document a Soldier as different from the standard.   

2.2 REAL-TIME MONITORING OF HUMAN PERFORMANCE 

2.2.1  The Need to Monitor Performance in Real-Time 

 The National Aeronautics and Space Administration (NASA) has monitored the 

physiological parameters of astronauts in space since the 1960s (Nicogossia, Pober, & 

Roy, 2001).    Expansion of the internet and wireless communications has increased the 

feasibility of remote monitoring to fields outside space exploration.  Likewise advances 

in research across multiple disciplines have increased the potential applications of real-

time monitoring of individuals.  Medical, Military and Industrial researchers are all 

currently developing systems that can not only monitor physiological parameters, but can 

perform analysis of collected data in real-time in order to identify events of concern, 

reduce resource requirements, and improve individual performance. 

 Medical professionals have an interest in monitoring the neuro-physiological 

parameters of their patients.  In the past, such monitoring was only possible if the patient 

remained in a hospital room, tethered to multiple machines, including a power supply.  

This option becomes prohibitively expensive for patients with chronic conditions who 

otherwise do not need hospital care.  The inability to monitor patients away from the 

hospital increases the uncertainty of diagnoses and selection of treatment options.  
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Patients and doctors therefore constantly trade-off costs and quality of care (Ren, Meng, 

and Chen, 2005; Montgomery, et. al., 2004; Sung, Marci, and Pentland, 2005) 

 The United States Department of Defense (DoD) has researched the potential of 

physiological monitoring of service members for over 50 years (Davis et. al, 1952; Sem-

Jacobsen, 1959).   DoD maintains an interest in the medical benefits of monitoring 

Soldiers in real-time.  Any ability to triage battlefield casualties more quickly increases 

the probability of avoiding catastrophic injuries or loss of life (Borsotto et. al., 2004).  

Identification of casualties without obvious physical trauma, such as those with Post-

Traumatic Stress Disorder (PTSD) and Traumatic Brain Injury (TBI), has the potential to 

save the Army huge resources based on the estimated costs of $2-3.1 billion, and $591-

910 million dollars per year respectively for those conditions (Tanielian and Jaycox, 

2008).  Beyond battlefield casualties, the United States Armed Service spends $10 

million dollars per year as a result of heat strokes (Hoyt et. al, 2001).  Real-time 

monitoring could identify susceptibility to heat injury before the onset of heat stroke, 

thereby reducing the cost to the government and trauma to the service member.  The U.S. 

Army Infantry School also has a stated goal of monitoring Soldier performance in real-

time in order to increase mission effectiveness (Friedl, 2007a). 

 Non-government researchers have also explored ways to improve safety and 

performance through real-time monitoring.  According to the National Highway Traffic 

Safety Administration, fatigued drivers in the United States are responsible for 

approximately one-hundred-thousand vehicle accidents per year (Ji, Zhu, and Lan, 2004).  

Real-time monitoring of drivers could lead to adaptive vehicle systems that react to the 

state of the driver, increasing safety and performance for all on the road (Ji, Zhu, and 

Lan, 2004; Healy and Picard, 2005).  Researchers are also attempting to find ways to 

maximize athletic performance through real-time monitoring.  This work will not discuss 

these efforts in detail as they tend to ignore the cognitive aspects of performance, which 

have increasing importance on today‟s battlefield (Committee on Metabolic Monitoring 

for Military Field Applications, 2004).  
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2.2.2 Common Approaches and Challenges in Monitoring Human Performance 

 The interest in real-time monitoring described above has translated into several 

efforts to develop systems to meet various needs.  Early systems focused merely on 

recording data away from a clinical setting to assist treating chronic and elderly patients 

outside a hospital (Park et al., 1998).  More recent systems such as LiveNet, developed 

by the Massachusetts Institute of Technology Media Laboratory, and the Massachusetts 

General Hospital Department of Psychiatry, not only collect data, but aim to identify 

significant events based on a known condition such as epilepsy or Parkinson‟s disease 

(Sung, Marci, and Pentland, 2005).  Other development efforts seek to take real-time 

monitoring to the austere environments of space and the battlefield.  The LifeGuard 

system, developed by Stanford University‟s National Center for Space Biological 

Technologies, and the NASA Ames Research Center, is intended for Astronaut use, and 

has undergone successful testing in centrifuge, mountain climbing, and under-sea 

conditions (Montgomery et. al, 2004). The Warfighter Physiological Status Monitor 

(WPSM) represents the state-of-the-art for military applications and has the current goals 

of preventing non-battle injuries, and optimizing casualty management through improved 

detection, diagnosis and triage (Oleng et. al., 2005). 

2.2.3 Near-term Feasibility of Monitoring Human Performance in Real-Time  

 The systems highlighted above vary in purpose, but have similarities in structure 

and challenges to future development.  All the systems consist of some suite of wearable 

sensors that communicate to a central controller.  The type and amount of sensors differ 

based on the purpose of the system, and the expected operating environment.  In all cases 

though, the sensors must be non-invasive and unobtrusive to the monitored individual‟s 

activities (Montgomery et. al., 2004; Friedl, 2007a).  Given the purpose of remote 

monitoring, power requirements and communication protocols exist as a common 

challenge for all systems (Ren, Meng, and Chen, 2005).  For military applications 

specifically, the communications issue becomes even more important not only for 

obvious security concerns, but also the de-confliction required when multiple systems 
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operate in close proximity (Baldus, Klabunde & Müsch, 2004).  These challenges are 

real, but among the systems, solutions exist for the singular issues.  The LiveNet system 

shows that data collection across a broad range, including social interaction data, is 

achievable (Sung, Marci & Pentland, 2005).  Modern computational capabilities exist to 

handle the sensor fusion, recording and processing of collected data to facilitate adequate 

description of individual state (Tesar, 2010).  A Philips Research Laboratory system 

contains a solution for re-configuration of the system in real-time, allowing for rapid 

replacement or addition of sensors as required by the mission (Baldus, Klabunde & 

Müsch, 2004).  As for communication, military systems already securely transmit 

individual Soldier location, addition of Soldier performance data should be an achievable 

objective (Barry et. al., 2004) 

The primary challenge to realizing a system of monitoring Soldier performance in 

real-time is not hardware, but rather the modeling and assessing of human performance 

based on neuro-physiological monitoring.  The primary shortcoming with the systems 

mentioned thus far is that they transmit information that may be useful to trained medical 

personnel, but not the lay person being monitored.  Data collection for use by a trained 

clinician is possible now, and exists to some extent in practice (e.g. Ren, Meng, and 

Chen, 2005; Montgomery et. al., 2004).  However, brain wave activity, heart rate, and 

blood pressure readings do not translate to information that is useable in real-time for the 

average Soldier.  Systems like the LiveNet, have begun attempts to analyze the data 

collected to infer specific conditions (Sung, Marci & Pentland, 2005).  However, this 

system requires specific knowledge of the context of the patient being monitored, for 

example previous diagnosis of epilepsy so that the system is prepared to identify seizures.  

For the purpose of monitoring Soldiers for battlefield injuries, such context will not be 

available.  Therefore, comprehensive models that can identify decrements of 

performance, including injury, must be the goal.  The following section of this work will 

detail some attempts to construct such models.  
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2.3 EXISTING RESEARCH AND MODELS FOR MONITORING HUMAN PERFORMANCE 

2.3.1 Fatigue and Performance 

2.3.1.1 Ji, Zhu, and Lan, 2004 

 The researchers named above, from Rensellear Polytechnic Institute, in Troy, 

New York, presented a system to detect fatigue in an automobile operator.  The system 

requires instrumentation of a vehicle with wide-angle cameras to sense two physical 

indicators of fatigue in the driver:  Percentage of Eye Closure (PERCLOS) and Average 

Eye Closure Speed (AECS).  The system combines the sensed data with other contextual 

factors such as ambient light and environmental conditions to infer fatigue using a 

Bayesian Network.  Figure 2-3 shows the Bayesian Network used to infer fatigue.

 

Figure 2-3 Bayesian Network Model for monitoring Human Fatigue [Ji, Zhu, and Lan, 

2004] 

 The researchers claim that the model successfully assesses fatigue based on 

graphical comparisons between the computed composite fatigue index and performance 
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on a Test Of Variables of Attention (TOVA), a laboratory test used to assess vigilance.  

The authors do not present any numerical information to indicate the uncertainty in their 

fatigue index.  The graphical information presented is marginally promising.  Figure 2-4 

shows the graph the authors claim validate their methods.  While the shapes of the two 

curves are similar, the composite fatigue index shows less variability than the TOVA 

curve.  The authors do not discuss the decrease of both scores around hour four in the 

timeline which further complicates the lack of variability in the composite fatigue index 

curve. The composite scores at hour three and five are above 0.9 indicating a high 

probability of fatigue, whereas the score at hour four is less than 0.5.   No evidence of 

fatigue correlates with a composite fatigue index of 0.5755.  The research presented is 

based on only eight subjects.  Given the small sample size, and the noted discrepancies in 

the findings, further validation would be necessary before adopting the model for use.

 

Figure 2-4 Composite  fatigue index (dotted line) versus the normalized TOVA response 

time (solid line) [Ji, Zhu, and Lan, 2004] 

 Despite the need for validation, the model presented by Ji et. al. shows positive 

steps towards monitoring performance in real-time.  The model aims to make the link 
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from laboratory findings to real-world function.  The model is also robust; it accounts for 

multiple factors that may affect an individual‟s fatigue level.  The use of the Bayesian 

Network in the model explicitly addresses the uncertainties in the parametric model, 

which facilitates informed decision making by the user.  These factors would be desirable 

in any system to monitor Soldier performance in real-time. 

 The model presented does not meet some requirements for transferability to a 

real-time Soldier monitoring system.  First, the model is intended for use on an 

instrumented vehicle, rather than an instrumented individual.  The authors‟ purpose was 

to reduce fatigue related automobile accidents, so instrumentation of the vehicle rather 

than the driver would allow for multiple operators without adding to operator workload in 

preparing the vehicle.  Use of multiple operators does require calibration for each 

operator to establish baseline figures for the sensed parameters.  The authors do not state 

the calibration time required, but in a fielded system, calibration adds to the user 

workload and therefore must be minimized.  In addition to sensor calibration, the model 

itself, while robust, requires data population of multiple parameters before use.  

Assuming that individual differences impact these parameters, use of this model in a 

fielded system requires evaluating the trade-off between comprehensiveness of the model 

and time to parametrically populate the model for each user. 

2.3.1.2 Reifman, 2004 

 Dr. Reifman, a Senior Research Scientist at the U.S. Army Medical Research and 

Material Command, discusses the benefits of a hybrid-modeling approach for assessing 

performance as a function of fatigue.  The hybrid modeling approach refers to a 

combination of parametric models, those derived from first principles and known 

correlations, and non-parametric models, driven purely from collected data, such as 

artificial neural networks.  The author explains the advantages and disadvantages of the 

parametric and non-parametric models, and how the combination of the types in one 

model affects each.  In summary, while parametric models require little data for 

application once developed, they cannot account for individual differences.  Non-

parametric models apply to a specific individual, but are limited in their application to the 
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data collected during the “learning period.”  If operations take an individual outside those 

conditions presented during the learning period, the non-parametric model cannot 

estimate performance.  Ethical and safety considerations would preclude establishing 

learning periods that include the limits of human operation.  However, Soldiers in combat 

may certainly approach or exceed accepted performance limits at some point.  A 

performance model that supports combat operations must therefore account for 

conditions that may cause decreases in performance and even catastrophic failure.  The 

lack of extrapolation capability to accurately represent performance limits makes purely 

data driven models unacceptable in a system fielded to Soldiers.   

 In order to improve human performance model applicability to individuals, 

Reifman proposes combining parametric and non-parametric models to account for 

individual differences and improve extrapolation capabilities.  Reifman provides 

references indicating that hybrid modeling can improve the model‟s prediction error by 

an order of magnitude above pure parametric or non-parametric models.  However, a 

combination of the model types still requires some learning period for each individual, 

which depends on the quality of the parametric model, and range of expected conditions.  

Estimates from the literature indicate the need for 270 to 900 data points which may still 

be time prohibitive for the Soldier case (Psichogios and Ungar, 1992; Thompson and 

Kramer, 1994).  Additionally, the method of combination may increase the mathematical 

complexity of the non-parametric portion of the model. A non-parametric model learns 

from inputs and outputs to the model.  In a hybrid model, the non-parametric portion 

receives the outputs from the combined system, but not necessarily the specific outputs 

related to the non-parametric portion of the model.  Therefore, the model must analyze 

additional parameters during the learning period.   

 The approach presented by Reifman is positive in its attempt to monitor 

performance of the individual Soldier, not simply the group average.  However, the 

hybrid model‟s requirement for a set learning period remains a major obstacle.  This 

“data learning” period could not be confined to a Soldier‟s entry level training.  For 

fatigue, used in this case to mean the effects of sleep deprivation, a Soldier‟s needs for 
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sleep will change with age, changes in physical fitness, and adaptation of the individual 

to Army training.  Therefore the non-parametric portion of the model would require 

several learning periods throughout a Soldier‟s career.  Realizing that fatigue is not the 

only parameter affecting Soldier performance, the use of hybrid modeling as presented by 

Reifman for all impact parameters quickly becomes untenable. 

 Performance maps based on Bayesian mathematics offer similar benefits to the 

hybrid modeling approach, without the need for a set learning period.    Performance 

maps can be established initially with a parametric model, and updated continuously as 

new data is collected.  The performance maps offer the additional capability of 

graphically showing how the Soldier differs from the average or classic parametric 

model.  Non-parametric models, often referred to as black box models, do not readily 

present this data to the user.  Such information is a powerful asset for a Soldier who can 

use that information to improve, and prevent performance degradation due to the 

monitored impact parameter.   

2.3.1.3 Hursh et al., 2004 

 The Science Applications International Corporation, with support from the Walter 

Reed Army Institute of Research Division of Neuropsychiatry, and the Air Force 

Research Laboratory have developed the Sleep, Activity, Fatigue, and Task Effectiveness 

(SAFTE) model.  The purpose of the SAFTE model is to improve management and 

performance of aviation flight and ground crews, by assessing and predicting the impact 

of fatigue on cognitive performance.  The model presents a sleep reservoir which has a 

linear correlation to an individual‟s ability to perform cognitively.  The real-time level of 

the sleep reservoir is impacted by three main processes: the homeostatic process, the 

sleep inertia process, and the circadian process.  The homeostatic process accounts for the 

effects of time asleep and awake on cognitive performance.  An individual‟s sleep 

reservoir, and thereby ability to perform cognitively, increases while they are asleep, and 

decreases while they are awake.  The sleep inertia process accounts for the phenomenon 

where immediately after awakening, an individual‟s ability to perform cognitively does 

not match their sleep reservoir level for up to two hours.  The circadian process is the 
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natural cycle of an individual‟s resting heart rate and body temperature to fluctuate 

predictably over 24-hours.  An individual‟s performance and tendency to fall asleep also 

vary with the circadian process.  Figure 2-5 shows a schematic of the total SAFTE 

Model. 

 

Figure 2-5 Schematic of SAFTE Model [Hursh et al, 2004] 

 The SAFTE Model combines the three processes in an analytical model that 

predicts instantaneous cognitive performance.  Equation 2-1 shows the analytical model.  

In the model, (Rt/Rc) represents the relative fullness of the sleep reservoir.  The 

parameters A and B represent the slope and intercept of the linear relationship between 

sleep reservoir level and cognitive performance.  The I term represents the impact of 

sleep inertia.  The remaining terms all account for the circadian process impacts.  C1 and 

C2 represent the impact of the primary and secondary peaks of the circadian rhythm, T 

represents the current time of day, P represents the time of the primary circadian peak on 
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the 24-hour clock, and p‟ represents the time of the secondary peak relative to the 

primary.  At first look, the model indicates the three processes that have a simple additive 

effect on cognitive performance.  In fact, supporting equations presented by the authors 

show that the processes are coupled.  Additions to the sleep reservoir have a circadian 

component due to the fact that sleep intensity varies with the circadian rhythm.  

Similarly, the parameters of C1 and C2 will be impacted by the current sleep debt.  

Therefore the model does not present a simple correlation between a few reference 

parameters and cognitive performance.  Assessing performance in real-time using the 

model would require constant monitoring of the individual to assess time asleep and 

awake, a circadian rhythm baseline, and the ability to process the necessary computations 

continuously on the individual.   

     
  

  
                                                (2-4) 

 The authors present graphical evidence to support the validity of the SAFTE 

model in predicting and assessing fatigue where the data indicates the model‟s ability to 

assess performance in a total sleep deprivation condition.  The authors correctly state that 

while significant research is dedicated to the effects of total sleep deprivation, conditions 

of insufficient sleep (< 7 hrs/day) are more likely in the real world.  The authors present 

data comparing the SAFTE model‟s performance against a sleep dose-response study 

data from the Walter Reed Army Institute of Research, that indicates the SAFTE model 

performs well, but failed to account for the effects of chronic sleep deprivation on 

recovery sleep.  The authors cite work to add a modulating factor to the model to account 

for this effect, but show no data to support its validity.  The comparison of the original 

model against the sleep dose-response study data is shown in Figure 2-6. 
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Figure 2-6 SAFTE Model against Sleep Dose-Response Study Data [Hursh et al., 2004]  

 Overall, the SAFTE model is a good step towards developing a comprehensive 

parametric model of the impact of fatigue on cognitive performance.  The model accounts 

for multiple factors and the authors point to other work intended to expand the model to 

account for parameters such as jet lag and chronic sleep deprivation.  By the authors‟ 

acknowledgement, the model lacks the ability to account for individual differences such 

as age effects or individual sleep requirements.  These shortcomings indicate a need for 

data from the individual to improve the model‟s reliability in assessing real-time 

performance.  Performance maps offer the ability to combine data from the individual in 

real-time, to adjust the map from the pure parametric model to a map that reliably 

represents the individual‟s performance capabilities in real time.   

The SAFTE model has some inherent complexity as stated above, with the need 

for continuous monitoring to assess the sleep and awake states.  Actigraph sensors exist 
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to meet the need for the monitoring of a Soldier‟s sleep patterns to provide the necessary 

data.  However, redundancy of some type should be built into the system to improve 

reliability for times when sensor data collection may be reduced.  For example, a Soldier 

may be removed from a front-line environment to a consolidated operating base for 

recovery.  During the recovery period, the Soldier may wear a reduced sensor suite or 

need to remove all sensors for maintenance, hygiene or sleep.  Self-report, or leader 

assessed data could be used in these situations, but the uncertainty of these reports must 

be acknowledged.  The SAFTE model currently does not account for uncertainty.  

Performance maps as described by Ashok and Tesar (2007), use Bayesian probability 

techniques that allow for the addition in real time of new sensor information, while 

accounting for uncertainty, to improve the information given by the model.   

The final drawback of the SAFTE Model, is that it assesses cognitive 

performance based on performance on specified cognitive tests.  While useful, 

performance on standardized tests may lack transferability to real-world tasks.  In order 

to predict real-time Soldier performance, models must have real-world validity on combat 

tasks.  This extends the need to define requirements for Soldier tasks in the field in the 

same terms as Soldier abilities.   

 2.3.2 Heat Stress and Performance 

2.3.2.1 Yokota and Others, 2005 

 The authors from Geo-Centers, Inc. and The U.S. Army Research Institute for 

Environmental Medicine explore the SCENARIO model‟s ability to predict certain 

physiological responses to environmental conditions, activity levels, and clothing.  The 

SCENARIO model is a purely parametric model based on known principles of 

physiology, heat transfer and thermodynamics.  Using these principles, the model aims to 

predict heart rate, core body temperature as a function of activity, individual body 

characteristics, environmental conditions, clothing characteristics, and individual 

acclimatization.   



39 

 

 The model presented in this work is updated from the original model, which after 

initial field testing required updates to account for energy expenditure changes from 

movement downhill, and individual differences.  The updated model reduced prediction 

errors during downhill movements, but the test discovered other sources of error due to 

Soldier body position and activity.  Specifically, Soldiers participated in marksmanship 

training in a prone position, which affected solar energy absorption, and heat dissipation 

due to convection.  Due to these factors, the model under-predicted physiological changes 

for Soldiers training in a prone position.   

 The SCENARIO model may eventually serve as a good predictive model for a 

mission planning scenario, but offers little to the assessment of Soldier performance in 

real-time.  By focusing solely on physiological parameters, the system focuses on 

avoiding physiological failure rather than maintaining high levels of performance.  The 

researchers missed an opportunity to assess the correlation of heat stress and 

physiological data with marksmanship performance.  Such data would have required 

marksmanship baseline performance data, but could have offered useful information on 

the effects of heat stress on performance of a perceptual and cognitive task.   

 The form of the model indicates the complexity involved with assessing heat 

stress.  Different body positions and activities significantly affect the physiological 

response of an individual to environmental conditions.  Understanding these effects, and 

isolating their impact on performance is necessary in order to assess performance in real-

time.  To be useful, the model will likely require generalization.  Environmental 

conditions are useful indicators of increased likelihood of performance decrement due to 

heat stress.  However, Soldiers operate under a wide range of conditions, and 

understanding the physiological indicators of performance decrement become more 

important.  For example, mounted and dismounted Soldiers operating in the same vicinity 

will experience significantly different environmental conditions.  Placement of multiple 

accelerometers, wind speed and solar sensors on the Soldier would be necessary to 

determine activity state, and the heat transfer properties of the compartments of the body.  

This increases computational complexity, which must be done online in real-time.  
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Modern computational resources are adequate to handle such complexity in order to 

correctly assess states of different Soldiers based on individual activity, exposure, and 

individual differences (Tesar, 2010). 

2.3.2.2 Oleng et al., 2005. 

 This paper, presented at the Army Science Conference in 2005 by the 

Bioinformatics Cell, Telemedicine and Advanced Technology Research Center of the 

U.S. Army Medical Research and Materiel Command, expands on the application of the 

SCENARIO model into the Warfighter Physiological Symptom Monitor (WPSM).  The 

paper addresses the SCENARIO model‟s accounting for individual differences by 

proposing the addition of data-driven models to the parametric model presented by 

Yokota and Others (2005).  This hybrid modeling approach is similar to that discussed by 

Reifman (2004).   

 The paper discusses the implementation of two data driven models into the 

SCENARIO model: an auto-regressive exogenous model, and a neural network in 

parallel with the SCENARIO model.  The authors present data indicating some 

improvement in prediction error with the addition of the non-parametric model elements.  

However, as discussed in Section 2.2.1.2, these non-parametric models need extensive 

learning time for each individual before they are useful.  The time required for these 

learning periods would likely make broad application to the individual resource 

prohibitive.   

 One question arises from both discussions of the SCENARIO model:  Why is 

there a focus on predicting core temperature as opposed to monitoring it?  The model 

assumes that a Soldier Acceptable Minimally Invasive (SAMI) (Friedl, 2007) sensor, 

does not exist for core body temperature.  Ingestible pills that transmit temperature data 

are used in athletes already, but they require ingestion of new sensors at regular intervals 

due to the body passing the sensors through the digestive system (NASA, 2006).  Other 

typical measures of core body temperature require probes into body cavities which are 

overly invasive for Soldiers in combat environments.  Still, on-body sensors would 
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decrease the complexity of the modeling required to identify a physiological reference 

parameter, and improve the reliability of the data.   

 As stated in Section 2.2.2.1, the SCENARIO model has value in modeling a 

physiological response to the impact parameter of heat stress, but fails to make the link to 

performance.  Oleng et. al. (2005) state that two goals of the WPSM are to prevent non-

battle injuries and to optimize casualty management.  These goals are worthy, but have 

limited purpose.  This work will recommend expanding the focus of individual Soldier 

monitoring efforts to improving performance.  Expanding this scope will still encompass 

the author‟s stated goals, since maintenance of a Soldier‟s ability to perform will 

necessarily maintain their physical well-being.  At the same time a performance focus in 

this report will increase the value to Soldiers and commanders who must concern 

themselves with mission accomplishment in addition to Soldier well-being.   

2.3.3 Mental Stress/Workload and Performance 

2.3.3.1 Healy and Picard, 2005 

 The authors, from Hewlett-Packard Cambridge Research Laboratory, and the 

Massachusetts Institute of Technology (MIT) Media Laboratory respectively, present 

research on the use of physiological sensor data to infer an automobile driver‟s stress 

level in real-time.  The authors examined ElectroCardioGram (ECG), ElectroMyoGraphy 

(EMG), skin conductance, and respiration to determine the best physiological correlates 

to mental stress.  The authors based their selection of these sensors on previous research 

from multiple sources that claimed correlation between the sensor data and stress.   

 The test subjected drivers to a rest period, a highway driving period, and a city 

driving period that correlated with low, medium, and high stress respectively.  The 

researchers validated this correlation via questionnaires where the subjects assessed their 

perceived stress level to each period.  The authors define an ideal stress indicator as a 

physiological variable that continuously varies proportional to every individual‟s stress 

level.  The authors examined the physiological sensor data, including mean and variance 

of each, at one second intervals in an attempt to determine if any qualified as such an 
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indicator.  The authors found that skin conductivity was the best correlate of stress in 

real-time, with heart rate variability, and other heart rate measures also correlating well.  

However, individual differences remain with at least one driver in the study having 

higher correlation with the heart rate factors than skin conductance.  This indicates that 

an ideal stress indicator does not exist in the selected data set.  The authors do claim that 

a combination of the aforementioned metric may be combined to form a reliable indicator 

of stress, but do not present such a combination for further analysis. 

 The authors do claim the ability to identify stress at three discrete levels (low, 

medium, and high), over five-minute intervals with 97.4% reliability.  While this is not 

real-time, it may provide sufficient information for use in the real-world.  In fact a five-

minute assessment may be more appropriate in some circumstances, than a continuously 

updated metric.  For example, insurgent forces in Iraq and Afghanistan have regularly 

attacked Forward Operating Bases (FOBs) with mortars and rockets, but less than 10% of 

attacks result in casualties2.    In such an attack, a Soldier‟s stress level may increase 

while rounds are impacting and subside soon after the attack without the need for 

intervention.  Identifying Soldiers whose stress level remains high, either due to injury, 

proximity of the attack, or accumulated stress effects, could lead to a more effective use 

of resources in the aftermath. 

 While this research may be successful in identifying stress, it does not provide a 

link to performance.  The authors do offer some discussion of the possibility of using the 

research in adaptive driver systems that may add to or reduce driver tasks in order to 

maintain optimal stimulation.  For use on a Soldier as a real-time performance system, 

                                                

2 Data from the Department of Defense Manpower Data Center Data Analysis & Programs Division shows 

that from October 04, 2001 to 04 September, 2010, 3296 U.S. Soldiers have been wounded or killed by 

hostile indirect fire attacks.  CENTCOM Commander General David Petraeus presented information to the 

Center for a New American Security on 11 June 2009, that between January 2004, and June 2009, U.S. 

forces reported approximately 33,685 indirect fire attacks.  Assuming the worst case scenario that all 

indirect fire attack casualties occurred during the shorter period, for which attack data is available, and that 

no attack resulted in more than one casualty, no more than 9.8% of indirect fire attacks resulted in 

casualties. 
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the stress levels, whether discrete or continuous, should correlate with some level of 

established performance.  If a Soldier can operate for some time in the high stress region 

with no unacceptable effects, this information should be presented to the Soldier and the 

commander.  Simply setting an alarm when a high stress level is achieved does not offer 

the Soldier greater intelligence to his or her operation; it simply attempts to avoid 

catastrophic failure.  However, in combat scenarios stopping operation at such alarms 

may cause the catastrophic failure that the alarm intends to avoid.   

 The research suffers from the common drawback seen in other models discussed 

in that it does not address the combined effects of multiple stressors.  A driver may 

experience stress, and subsequent performance decrement from driving conditions, or as 

discussed in Section 2.2.1.1, from fatigue.  Soldiers must operate in stressful, sleep 

deprived states, in extreme weather conditions, etc.  Therefore, in order to monitor 

Soldier performance, an understanding of combined stress effects is essential for an 

effective system.   

2.3.3.2. Matthews, Warm, and Washburn, 2007. 

 This report, prepared for the U.S. Army Medical Research and Materiel 

Command by researchers from the University of Cincinnati, described research attempts 

to predict performance of vigilance tasks using cerebral blood flow velocity (CBFV) and 

salivary cortisol measurements as indicators.  The study assessed vigilance performance 

in situations where the subject must interpret what they perceive, which is more 

cognitively demanding than simple perception tasks.  This included testing on a short task 

battery test, and a simulated driving task. 

 The report indicates that no correlation exists between cortisol measurements and 

vigilance.  The researchers reference earlier work that suggested the amplitude of CBFV 

response to a short test battery predicted superior subsequent vigilance, and that the aim 

of this study was to determine if those results could be generalized to cognitive vigilance 

tasks.  The study simultaneously assessed subjective measures such as mood, motivation 

and task engagement via questionnaires.   
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 The authors claim that the subjective state questionnaires may be useful predictors 

of future vigilance.  However the data presented shows no correlation factors greater than 

r = 0.399, indicating a weak correlation.  The study found no useful relationship between 

vigilance performance and concurrent CBFV measurements for either the vigilance task 

battery, or the simulated driving task. 

 While this report seems to offer little useful information for assessing Soldier 

performance in real-time, aside from eliminating a possible physiological indicator for 

cognitive vigilance performance, it is important to note the interpretation of statistical 

data that some may use to support claims of correlation.  The authors reference statistical 

significance testing, which shows p-values less than 0.05 or 0.01 for the suggested 

correlations.  While these values indicate that the relationship between the assessed 

factors is not simply due to chance, it does not automatically provide useful information 

for assessing performance.  In order to assess performance, one must define the 

relationship between the assessed factors, not simply suggest they are related.  Therefore, 

a low p-value in a study may only justify further research into the relationship.         

2.3.3.3 Wilson and Russell, 2003 

 This research, performed by the Air Force Research Laboratory Human 

Effectiveness Directorate, Warfighter Interface Division, aims to assess an operator‟s 

ability to perform their assigned job in real-time via physiological monitoring.  The 

authors define the operator‟s real-time ability as his or her functional state.  The research 

measured EEG, ECG, ElectroOculoGraphic (EOG), and respiration data during test 

batteries of varying complexity.  The research used Artificial Neural Networks (ANN) to 

learn the operator‟s functional state under different complexity requirements and later 

attempt to predict what task complexity level the operator was experiencing using the 

ANN and monitored physiological data.     

 The ANN used in the research successfully classified the operator‟s experienced 

task complexity at levels similar to off-line analysis of EEG data by clinical experts, and 

reached at least 85% accuracy for all levels.  Mistakes in the diagnosed task complexity 

level were generally only one level off, indicating that the ANN may be a reliable 
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indicator of real-time performance.  The research used the ANN predicted states in an 

adaptive system that reduced task requirements when high complexity was identified.  

This system improved performance, but only when the tasks were removed in a planned 

manner.  Removal of tasks in a random manner had the possibility of degrading 

performance.   

 After initial testing, researchers analyzed the data used by the ANN, and removed 

factors the researchers assessed as non-salient.  This data cleansing improved the 

usefulness of the non-parametric model, but indicates the need to develop a baseline 

parametric model rather than relying on ANN selected empirical data.  The ANN’s need 

for extensive learning periods for each individual under all expected operating 

conditions also supports the need to define a general model in order to make the 

methodology useful across an organization.   

 In general, this work shows a positive move to assess individual performance in 

real-time.  The use of available physiological data to maintain optimal engagement and 

task performance of an individual is of obvious benefit.  The difference in performance 

impact attributed to either planned or random task removal indicates a need for greater 

intelligence in any system used to manage individual performance.  Planned task removal 

indicates that the choice is left to a human operator or supervisor either in real time, or 

during mission planning.  This allows the human to decide which tasks must remain in 

human control.  In a less open approach, the system  would decide, and human 

performance can be negatively affected.   

2.4 DISCUSSION 

2.4.1 Need for Individual Performance Baselines 

 Common to the multiple research efforts discussed above is the need to identify 

individual baselines for both performance and physiological status before attempting any 

performance assessments or prediction.  The structure of the baselines, and the resources 

required to establish them could be as simple as a questionnaire to confirm perceived 

stress of a known situation as in Healy and Picard (2005).  However, many of the models 
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presented used some form of neural network that required some system learning period to 

establish a baseline.  These learning periods regularly require hundreds of data points to 

establish the baseline, and then lack transferability to other individuals or conditions not 

evaluated during the learning period.  Given the goal of comprehensive performance 

monitoring, accounting for multiple impact parameters, across the full spectrum of 

possible operating conditions, the broad use of neural network solutions does not appear 

to be feasible.  The Army could not allocate the time and resources to support non-

transferrable learning periods, especially as those periods may be invalidated over time as 

a Soldier‟s training adapts his or her reaction to impact parameters and performance.  The 

goal then must be to identify the minimum set of baselines required to effectively monitor 

performance, and select or develop tests to establish and confirm those baselines.   

2.4.2 Lack of Useful Links from Laboratory Research to Real-World Performance 

 Some of the efforts detailed above deal with the assessment of performance in 

real-world scenarios.  Specifically Ji, Zhiwei, and Lan (2004) and Healy and Picard 

(2005) deal with vehicle driving performance.  However, others test some other 

performance parameter such as cognitive ability using standardized (controlled) testing 

batteries.  General performance parameters may hold promise for greater transferability 

across a range of tasks, but as the research stated above, that link does not exist.  

Research conducted on specific tasks also may only be useful on the task tested, unless 

some general system of defining task requirements can be applied.  The lack of a general 

construct for linking individual capabilities to task performance potentially increases the 

requirements for baselines discussed in Section 2.3.1.  Such a construct would involve 

identifying the neuro-physiological responses to multiple stressors, and the effects on 

individual performance due to those stressors.  Such a construct, if established, would 

facilitate prediction of individual performance based on neuro-physiological sensors in 

real-time. 
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2.4.3 Few Attempts to Assess the Combined Effects of Stressors on Performance 

 All of the models discussed in Section 2.2 assessed the impact of one parameter 

on performance, presumably to isolate the effect of the parameter of interest.  While this 

method is scientifically sound, the information gained does not reflect conditions 

experienced in the real-world.  Soldiers operate under multiple stressors including 

complex tasks, danger to safety, extreme heat, and with limited rest.  The combined effect 

of these stressors must be defined in addition to the isolated effects in order to assess 

performance in real-time.  The construct suggested above must account for similarities in 

stress responses from the different stressors, and handle conflicting sensor data in order to 

assess performance capabilities in real time.  Additional research into these stress 

combinations is required.  
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Chapter 3 Soldier Performance Maps  

The previous chapter discussed performance maps, and their application to 

intelligent mechanical systems.  That chapter also discussed the use of performance maps 

as tools for decision makers.  This chapter initiates the discussion of applying 

performance maps to individual Soldiers, and their application as decision tools 

specifically for combat leaders.  The chapter begins with a discussion of relevant Army 

doctrine in order to establish the information required by combat leaders.  The chapter 

will review some existing research on aspects of human performance.  It concludes by 

demonstrating the translation of the existing research data into performance maps that 

provide visual three-dimensional (3-D) information to an operator.  Large amounts of 

research data currently exist in various forms, but little if any exists in a standardized 

performance map format (and therefore rapidly transportable) to date.  The chapter will 

discuss the strengths and weaknesses of the presented maps, and explain what 

information they provide to a Soldier or unit leader. 

3.1 THE ARMY DECISION MAKING PROCESS 

Army leaders regularly make decisions in battlefield environments with large 

degrees of uncertainty.  One source of uncertainty specifically highlighted by U.S. Army 

doctrine is the effect of stress on friendly forces (Headquarters, Department of the Army, 

2005).  In its acknowledgement of the uncertainty, the doctrine states that understanding 

the relationships and uncertainty of stress and performance facilitates effective mission 

planning and execution.  In addition to identifying factors that complicate decisions for 

combat leaders, Army doctrine establishes tools to assist leaders in these environments.  

The tools fit into a common decision making process, but vary based on factors including 

time available and mission complexity.  The following section describes some relevant 

aspects of Army doctrine as they relate to monitoring Soldier performance in real time. 
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3.1.1 Mission Analysis 

Mission analysis is the first step in the Army decision making process after 

receipt of the mission.  The purpose of the analysis is to develop situational 

understanding of the assigned mission.  Army leaders consider the assigned mission, 

enemy situation, terrain, weather, time available, civil considerations, and friendly force 

readiness during mission analysis.  A unit‟s combat power is, in part, a function of 

Soldier readiness.  Army doctrine suggests that the most important aspect of the mission 

analysis process is the determination of the unit‟s ability to complete the assigned 

mission with the resources available.  While mission analysis is specified as an early step 

in the decision making process, assessment of force readiness continues at decision points 

throughout mission planning and execution. However, the form of this assessment will 

vary based on the situation and time available (Headquarters, Department of the Army, 

2005).   

While doctrine emphasizes the importance of decision makers continuously 

assessing Soldier readiness during mission execution, the doctrinal method for such 

assessment is inadequate for the increasing complexity and uncertainty experienced on 

today‟s battlefield.  Army doctrine presumes that Army leaders know their Soldier‟s 

morale, experience, training, and their strengths and weaknesses (Headquarters, 

Department of the Army, 2005).  This work agrees that in-depth knowledge of 

subordinates is a key element of good leadership.  However, current research indicates 

that cognitive abilities decrease during military operations due to a variety of stressors.  

Additionally, responses to stressors vary widely across individuals, and even with the 

same individual in different situations.  Research also indicates the onset of this 

decrement is not readily apparent, even to experienced combat leaders.  These factors 

demonstrate the importance of continually monitoring a Soldier‟s state in order to 

supplement the individual Soldier‟s and leader‟s ability to assess performance capability 

throughout a mission (Hancock and Szalma, 2008). 
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3.1.2 Doctrinal Decision Making Methods 

Army doctrine defines two methods of decision making: analytic and intuitive.  

Analytic decision making approaches problems systematically, and aims for an optimal 

decision.  Application of the analytic method is best in complex environments with high 

uncertainty.  The analytic method is the preferred method when time allows, but may not 

be suitable for situations requiring immediate decisions.  Intuitive decision making 

depends on rapid assessment of the situation in real time.  The intuitive method only 

seeks to identify an acceptable decision without focusing on an optimal one.  The method 

is appropriate when the situation demands rapid decisive action.  Application of the 

intuitive method demands experienced leadership familiar with the current situation 

(Headquarters, Department of the Army, 2005).     

Leaders of small units execute missions which typically require multiple rapid 

decisions.  Intuitive decision making is appropriate in these situations, but the unit leaders 

have less experience compared with higher headquarter elements, which have large staffs 

equipped to produce detailed analytic products (Headquarters, Department of the Army, 

2005).  Researchers supported by the U.S. Army‟s Center for Enhanced Performance 

have suggested that the Army‟s analytic process is too slow for decision making during 

operation execution.  They note that the Army‟s institutional knowledge grows at an 

accelerating pace, but that the Army lacks the organizational framework to capture the 

information and transmit it across the force (Rasch, Kott, and Forbus, 2002).  Similarly, 

scientific research continues to increase the body of knowledge regarding human 

performance, and responses to stressors.  The Army also lacks a framework to 

incorporate this knowledge into its real-time operations.  As the Army continues to 

operate in increasingly complex environments, the organization must equip its junior 

leaders with tools that independently enable them to quickly make informed decisions.  

These tools must include systems that increase understanding of the Army‟s most 

valuable asset: the individual Soldier. 
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3.2 EXISTING RESEARCH  

Stressors of various type cause measurable psycho-physiological responses in 

individuals (Everly and Sobelman, 1987.)  These stressors may additionally impact 

individual performance (Hockey and Hamilton, 1983).  Human performance typically 

exhibits an inverted U-shaped response to stress (See Figure 3-1).  Too little stress creates 

boredom, and results in less than optimal performance.  Humans can maintain relatively 

stable performance across some range of stress, though speed or efficiency may suffer as 

levels increase.  When stress exceeds an individual‟s ability to adapt to it, performance 

tends to exhibit a drastic decrease in performance (Hancock and Warm, 1989).  Given 

that Soldiers operate in highly stressful environments, the potential exists for catastrophic 

consequences should a Solder unexpectedly reach his or her limit of adaptability during a 

mission.           

 

Figure 3-1 Inverted-U curve of Human Stress Response [Hancock and Warm, 1989] 

 The Army‟s scientific community has acknowledged the link between stress 

exposure and decrements in combat performance for at least 20 years (Buckalew, 1990).  
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Military personnel and historians generally acknowledge such an impact, normally 

referring to the “Fog of War.”   However, relevant, objective, scientific data on the causes 

and level of performance decrement remains anecdotal and insufficient.  Data that is 

available suggests that Soldiers in combat may experience cognitive deficits greater than 

those experienced during alcohol intoxication.  Training may mitigate some decrement, 

but years of experience do not appear to prevent substantial cognitive impairment during 

combat situations (Lieberman et. al., 2002).   

 No single effort is capable of addressing all the shortcomings in existing research 

cited above.  This work will instead attempt to establish a framework for incorporating 

existing research on human responses to stress, and performance.  The next section 

reviews selected research efforts that may have relevance so Soldiers in combat 

situations.  The following section then demonstrates the transition of the published 

research into3-D performance maps for improved visualization, and discusses the use of 

the maps as decision aids for Soldiers and leaders. 

3.2.1 Selected Research Review 

3.2.1.1 Heat Stress 

 Humans can function in a wide range of environmental temperatures (-30
o
C to 

+80
o
C), but do experience significant physical and cognitive performance decrements if 

the core body temperature extends beyond a relatively narrow range (+/- 4
o
 C).  The body 

has mechanisms to regulate core body temperature, but some environmental conditions 

coupled with physical and cognitive work requirements may move an individual outside 

of their zone of adaptability, and negatively affect their performance (Ramsey, 1983).  

This section discusses three heat stress research efforts relevant to military decision 

making. 

3.2.1.1.1 Predicting Core Body Temperature 

 In 1985, researchers from the Military Ergonomics Division of the U.S. Army 

Research Institute of Environmental Medicine published a mathematical model for 



53 

 

predicting core body temperature as a function of work rate, terrain, ambient weather 

conditions, and individual clothing and body parameters.  The published work was part of 

an effort to develop a comprehensive heat stress model (Pandolf et. al, 1985).  As stated 

in the introduction to this section, core body temperature must remain in a relatively 

narrow range in order for humans to maintain performance levels.  Predicting core 

temperature is more feasible than actual monitoring in a combat environment due to the 

invasive nature of most body temperature sensors.  The model, given as Equation 3-1, is a 

linear combination of metabolic heat production, and the body‟s ability to transfer heat to 

the environment through dry and evaporative heat exchange.   

                                                                  
(3-1) 

 The components of Equation 3-1 can be expanded to show the impact of multiple 

factors considered in predicting an individual‟s core body temperature.  Equations 3-2 

and 3-3 show the metabolic heat components: Metabolism (M) and Work (Wex).  

Equation 3-4 shows the dry heat exchange component for radiation and conduction 

(H(r+c)), and Equations 3-5 and 3-6 show the elements of the evaporative heat exchange 

components: Evaporation Required (Ereq) and Maximum Evaporation (Emax).    

 
                

 

 
                             (3-2) 

                    
(3-3) 

W -  Nude body weight (kg); L - Load weight (kg); η - Terrain 

factor; Vw – Walking Velocity (m/sec); and G – Grade.  [Pandolf et. 

al., 1985] 

                            
(3-4) 

AD – Body surface area (m
2
); Tdb – Dry bulb temperature (

o
C); Tsk 

– Skin Temperature (
o
C); IT – Total Insulation due to air layer and 

clothing [Pandolf et. al., 1985] 

                       (3-5) 
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(3-6) 

im – permeability index (function of clothing); ADeff – effective body 

surface area for evaporation (m
2
); Psk – water vapor pressure at 

skin (mm Hg); φa – relative humidity (%); Pa – saturated water 

vapor pressure of air at Tdb (mm Hg) [Pandolf et. al., 1985] 

Data presented with the model suggests its validity in predicting Soldier body 

temperature during selected missions (Pandolf et. al., 1985).  However, in its 

mathematical form, the model has little usefulness to the average Soldier.  The equation 

suggests that multiple parameters impact core body temperature, but the magnitudes of 

the effects are not readily apparent to the Soldier without additional computational or 

graphical tools.   

A Soldier or leader is only concerned with a single question: “Can I accomplish 

my assigned mission?”  Therefore, any decision aid must present data that enables rapid 

assessment of Soldier‟s state or capability, along with identifying which control 

parameters the Soldier or leader can adjust to avoid approaching adaptability limits and 

endangering successful mission accomplishment.  

3.2.1.1.2 Identifying Exposure Limits to Heat Stress 

 Hancock and Vasmatzidis (1998) proposed changes to industrial standards for 

heat exposure limits based on effective task performance.  At the time, expected 

physiological failure drove established exposure limits.  The authors put forth research 

that showed task performance typically suffers well before an individual reaches his or 

her physiological limit (Hancock and Vasmatzidis, 1998).  This suggests a shift in the 

method for determining exposure limits that has direct relevance to the Army.  A Soldier 

assigned to overlook key terrain in a desert environment may sufficiently hydrate and 

avoid heat stress injuries, but may not maintain adequate cognitive vigilance to execute 

the assigned task to a desired standard.   

 In their discussion of the supporting research (e.g. Wing, 1965 and Ramsey and 

Morrisey, 1978), Hancock and Vasmatzidis (1998) acknowledge varying limits within the 
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individual works.  Their research reveals concurrence that exposure limits based on 

performance varied as a function of the cognitive demands of the task performed in the 

research.  From this concurrence, the authors proposed a mathematical model (see 

Equation 3-7) to establish exposure time limits as a function of environmental effective 

temperature and the cognitive task demands.   

           
(3-7) 

ET – Effective Temperature (
o
C); a – empirical constant related to 

task vigilance demands; b – empirical constant related to slope of 

the equation (-4.094); T – exposure time (minutes) [Hancock and 

Vasmatzidis, 1998] 

Figure 3-2 shows a graph presented by the authors that demonstrates the change 

in exposure limits due to task cognitive demands.  While the mathematical equation has 

the same drawbacks for immediate transfer to Soldiers as the equations discussed in the 

previous section, the graph improves the presentation of information to the Soldier.  The 

map identifies exposure limits, assuming the lines displayed relate to military relevant 

tasks, but the logarithmic scale does not aid understanding of the limits.  Presentation of 

the information could be improved to not only identify the limit, but describe how the 

Soldier‟s performance changes as he or she nears the limit.   
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Figure 3-2 Performance limits for tasks based on cognitive vigilance demands; A - 

equates to a vigilance task, and E - represents physiological tolerance.  [Hancock and 

Vasmatzidis, 1998] 

3.2.1.1.3. Physical Endurance Limits to Heat Stress 

 Gonzalez-Alonso et. al (1999) published research to support their hypothesis that 

an individual‟s limit of physical endurance is dependent on core body temperature and is 

independent of work or exercise intensity.  The research showed that individuals reached 

volitional exhaustion (not physiological failure) at body temperatures between 40.1
o
C 

and 40.3
 o
C.  This concurred with previous findings that indicated a similar limit at body 

temperatures between 38
o
C and 40

 o
C.  The variance in the findings was due to research 

use of untrained or trained individuals.  Trained individuals were able to withstand 
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greater increases in core body temperature.  The research also examined how increasing 

or decreasing core body temperature before commencing exercise affected endurance.  

Figure 3-3 shows the experimental data as presented by the authors.   

 

Figure 3-3 Physiological data measured during exercise in heat.  Last data point on each 

curve with respect to time coincides with volitional exhaustion.  [Gonzalez-Alonso et. al., 

1999] 

 As presented, the graphs in Figure 3-3 effectively convey the researchers‟ 

findings for scientific review.  Core body temperature predictably limits physical 

endurance.  The core body temperature limits coincided with heart rate and skin 
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temperature as well.  The presentation of the data does not readily convey information on 

the approach of physical endurance limits for Soldiers, but it does allow for collection of 

multiple data points for transition into performance map format.  Later sections of this 

chapter will discuss this transition. 

3.2.1.2 Sleep Deprivation 

 The U.S. Army Research Institute for the Behavioral and Social Sciences has long 

been aware of the negative effects that continuous operations have on performance.  The 

loss of sleep combined with other stressors of combat results in decreased vigilance, 

slowed responses, and communication difficulties (Kopstein et. al., 1985).  The 

decrement of performance is higher for tasks requiring greater cognitive function.  Figure 

3-4 shows how computer models predict the degradation of skills among different 

members of a mechanized infantry platoon.  After approximately 40 hours of continuous 

operations, the model predicts a squad leader will be at 50% of his initial effectiveness.  

The squad leader holds direct responsibility for the operation and well being of eight 

Soldiers in addition to himself.  At 50% effectiveness, that leader likely could no longer 

fully recognize the dynamic effects that battlefield stressors have on himself or his 

Soldiers.  In order to prevent the squad leader from reaching dangerous levels of 

performance degradation, the Army must provide him with clear decision data in a visual 

format to enable his management of his personal and unit capability/performance in real-

time.  The research efforts that follow demonstrate some of the data that is available to be 

described in a decision surface format.    
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Figure 3-4 Degradation of performance in mechanized infantry Soldiers during 

continuous operations.  [Kopstein et. al., 1985] 

3.2.1.2.1 EEG Measurement of Fatigue in Army Pilots 

 The U.S. Army‟s Aeromedical Research Laboratory in Fort Rucker, AL 

conducted research to determine the feasibility of detecting EEG changes indicative of 

sleep deprivation in helicopter pilots.  The researchers found that EEG measures did 

change with total sleep deprivation over a period of 26 hours, and could be monitored 

continuously in pilots without affecting flight operations.  The authors concluded that 

EEG Theta and Alpha wave power changes correlated with total sleep deprivation in a 

statistically significant way (Caldwell, Hall and Erickson, 2001).  Figure 3-5 shows the 

results as presented by the researchers. 
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Figure 3-5 EEG Theta and Alpha Wave Power Readings from Pilots under Known Sleep 

Deprivation.   Numbers at upper right of graphs indicate time (24-hr) of measurement.  

Cz, Fz, and Pz represent standard EEG electrode locations.  [Caldwell, Hall and Erickson, 

2001] 

 The research data presented above may be suitable for the research goal of 

demonstrating the feasibility of measuring EEG during flight operations.  Assuming 

advances continue in sensors and remote monitoring technology, similar monitoring of 

ground Soldiers may be feasible in the short term as well.  In order to be useful to the 

pilot or Soldier in real-time, the data presentation must provide the operator with 

operationally relevant information.  For example, with continuous data points over an 

extended mission cycle, data should show the current level of sleep deprivation, or 

perhaps expected performance decrement due to sleep deprivation.  The researchers have 

identified the relevant correlation, but work remains to visually present the data to the 

Soldier in real time in order for the Soldier to quickly and reliably respond to that data. 
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3.2.1.2.2 Using EEG, Eye, and Facial Measures to Assess Fatigue in Drivers 

 Nissan Motor Company‟s Vehicle Research Laboratory published work aimed at 

identifying drowsiness in a vehicle operator via EEG alpha waves, blink rate, and facial 

expression.  Their work created an alertness index that combines measures from the three 

indicators to qualitatively assess fatigue.  The researchers employed a discrete scale with 

seven possible values indicating levels of fatigue from fully alert to a level insufficient 

for safe driving.  (Ueno, Kaneda and Tsukino, 1994).  Figure 3-6 shows the discrete scale 

information presented by the authors. 

 

Figure 3-6 Discrete Categorization of Fatigue Indicators. [Ueno, Kaneda, and Tsukino, 

1994] 

The discrete method shown above is likely useful for broad application across 

multiple vehicle operators.  It is capable of sufficiently categorizing private or 

commercial vehicle operators who should cease driving when the system identifies 

excessive fatigue.  This provoked change in operation could reduce driving risk without 

causing catastrophic consequences on the operator who stopped to rest.  On the 

battlefield, Soldiers may require more precise and easily interpreted information.  

Soldiers in a hostile environment normally cannot end mission activity simply because a 

Soldier in the unit has excessive fatigue.  At a minimum, a unit would need to secure a 

patrol base to facilitate recovery, but in the minimum some Soldiers would remain in 

operation to provide security.  If the unit‟s mission is part of a synchronized effort with 

other units, which is commonly the case, the unit will need to maintain its operational 
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tempo.  In this scenario, Soldiers and leaders require relevant and transparent 

information that accounts for individual differences in order to take appropriate steps to 

prevent all Soldiers from reaching excessive fatigue limits. 

3.2.1.2.3 Sleep, Activity, Fatigue and Task Effectiveness (SAFTE) Model 

 The literature review chapter of this report briefly described the SAFTE model 

presented by Hursh et. al (2004).  The model is a linear combination of three 

components: homeostatic sleep process, circadian process, and sleep inertia.  The overall 

model is provided by Equation 3-8. 

 
     

  

  

                                               
(3-8) 

 Much like the Heat Stress model proposed by Pandolf et. al. (1985) discussed in 

Section 3.2.1.1.1. above, elements of the overall model may be shown in greater detail.  

The terms in the equation contain some non-linear coupling that is not easily obtained by 

looking at Equation 3-8.  Calculation of the (Rt/Rc) component, representing the relative 

sleep reservoir level, requires knowledge of the time awake and asleep over the measured 

period.    Additionally the sleep debt at time of sleep, and the circadian processes affect 

the restorative quality of sleep taken (Hursh et. al., 2004).  Equations 3-9 through 3-14 

show the sequential and coupled computations required to determine the current (Rt/Rc) 

value.  Clearly, this useful and perhaps critical information must be transformed to make 

it transparent to the Soldier. 
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(3-9) 

       
(3-10) 

        
(3-11) 

          (3-12) 

              
(3-13) 

         
(3-14) 

Rt – Current sleep reservoir level; Rc – Sleep reservoir capacity 

(constant); Rto – Initial sleep reservoir level; P – Performance use 

(Depletion of sleep reservoir during wakefulness); K – Slope of 

performance use line; t – time (minutes); S – reservoir additions 

due to sleep; SI – sleep intensity (recuperation rate due to sleep); 

SP – sleep propensity (function of circadian time of day); SD – 

sleep debt (difference between sleep reservoir level and capacity); f 

– constant modulating factor; as – circadian weighting factor 

(constant); c – circadian rhythm of body temperature and arousal 

[Hursh et. al., 2004] 

 The Sleep Inertia (I) component of Equation 3-8 is computed using Equation 3-15 

shown below.  Sleep inertia describes the observed phenomenon that up to two hours 

after awakening, individuals tend to exhibit lower cognitive performance levels than 

expected from simply combining homeostatic and circadian processes.   

          
     

    (3-15) 

I – Sleep inertia effect of cognitive effectiveness (%); Imax – 

Maximum inertial effects (5%); i – inertia time constant; ta – time 

since awakening (minutes) 
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The circadian process term of Equation 3-8, consisting of the cosine terms and C1 

and C2 coefficients, shows a modulating effect of the circadian phase by the current sleep 

debt.  Equations 3-16 and 3-17 show the circadian phase, and modulation equation to 

relate to cognitive effectiveness as modulated by current sleep debt. 

 
      

       

  
       

          

  
  

(3-16) 

                         
(3-17) 

T – time of day (24-hour); p – primary circadian peak; β – 

weighting factor of secondary circadian peak; p’ – secondary 

circadian peak; a1 and a2 – modulating factors for the circadian 

effect on cognitive effectiveness set to 7% and 5% respectively. 

[Hursh et. al., 2004] 

 The SAFTE model has similar potential as the heat stress model presented by 

Pandolf et. al. (1985) for providing Soldiers with useful information.  However the 

SAFTE model has the same drawbacks in that it cannot be presented directly to the 

Soldier.  If presented correctly, the elements of the model would inform Soldiers about 

relevant decision parameters which will enable them to maintain higher levels of 

effectiveness during continuous operations.   

3.2.1.2.4 Effects of Sleep Deprivation on Cognitive Vigilance 

 Researchers from the University of Pennsylvania School of Medicine attempted to 

validate their “state instability” hypothesis that proposed that sleep deprivation increased 

a person‟s drive for sleep which caused instability in the person‟s “awake state.”  That 

state instability then negatively affects neurobehavioral performance.  The researchers 

tested two groups every two-hours over an 88-hour study on a test requiring sustained 

attention/vigilance.  One group experienced total sleep deprivation, while the other group 

was allowed a two-hour nap opportunity every 12 hours (Doran, Van Dongen, and 

Dinges, 2001).  Figure 3-7 shows the results presented by the researchers.   
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Figure 3-7 Reaction Time and Accuracy Data for Total and Partial Sleep Deprivation 

Subjects.  [Doran, Van Dongen and Dinges, 2001] 

The graphs presented above clearly show that performance decreases with total sleep 

deprivation, and supports the researchers‟ hypothesis.  In addition to the obvious increase 

in reaction time, the standard deviations of performance increased significantly as well.    

The data may also be useful to combat leaders and Soldiers.  Many military tasks require 

sustained vigilance.  Soldiers often operate on limited rest.  Understanding how the 

current situation affects a Soldier‟s capabilities in real time would increase the 

effectiveness of intuitive decision making during mission execution.  The raw data is 

useful, but must be put into a format that the Soldier can use to quickly and correctly 

assess his or her state. 

3.2.2 Existing Research Conclusions 

 The seven development efforts reviewed above show the availability of 

information that is relevant to Soldiers, but that requires modified presentation for tactical 
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utility.   The next section will translate these efforts directly into visually useful 

performance maps.  As this initial review is far from comprehensive, the performance 

maps generated will not provide complete information on Soldier state or ability.  The 

discussion will begin to show how laboratory data, once validated and properly presented 

in a standard 3-D visual format, can assist Soldiers in understanding the dynamic effects 

of their environment on friendly forces. 

3.3. PERFORMANCE MAPS FROM EXISTING RESEARCH 

 As discussed in the literature review chapter of this report, performance maps 

graphically display relevant performance information about a system for human 

visualization.  This section displays the research discussed in the preceding sections into 

a performance map format.  Minor modifications to models or data were necessary in 

some cases.   The sections below discuss these changes and their justification.  The 

discussion will also highlight the relevant information that the Soldier could take from 

the map to become a decision surface, and explain its utility to combat decision making.  

By formalizing (normalization of control and dependent parameters), the data becomes 

highly structured permitting much more rapid and accurate decision making both by the 

Soldier and supporting computational intelligence.  The following sections also discuss 

the gaps in the required information identified during analysis of the maps.  The 

presented maps attempt to describe data associated with the average Soldier.  Due to the 

effect of individual differences in performance and stress response, each map would 

require adjustment to each individual. Later chapters of this report will describe a method 

to achieve this adjustment while minimizing the resources required to do so.   

3.3.1 Heat Stress Performance Maps 

3.3.1.1 Performance Maps for Heat Stress Model from Pandolf et. al. (1985) 

 The Heat Stress model discussed in Section 3.2.1.1 contained multiple parameters 

that affected core body temperature.  However, the effect of key parameters was not 

readily apparent from simply viewing the model due to complexity and coupling within 
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the terms.  The following performance maps separate the model components as 

prescribed in the analytical model in order to isolate the effects of different reference and 

control parameters.  

 

Figure 3-8 Metabolic Effect on Body Temperature as a function of Walking Velocity and 

Grade 

 Figure 3-8 uses the metabolic portion (Equations 3-1 through 3-3) of Pandolf et. 

al.‟s (1985) Heat Stress model to show the effect on core body temperature from the 

reference parameter of terrain grade and the control parameter of walking velocity.  The 
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map as presented assumes a constant body weight and load, and a packed dirt road as the 

terrain type.  The map shows clearly that some combinations of walking velocity and 

grade could result in changes in body temperature that would affect performance (>4
o
C, 

See Ramsey, 1983).  A Squad Leader could use this information, paired with his or her 

knowledge of the terrain, to determine appropriate rates of march during a patrol.  This 

knowledge must be combined with other factors (i.e. other relevant performance maps 

and envelopes as decision surfaces) that affect changes in body temperature.  Some of the 

maps necessary for this comprehensive knowledge follow, but combination of the maps 

into operationally useful decision surfaces (envelopes) will be covered in a later chapter 

of this report.     
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Figure 3-9 Dry Heat Exchange Component (H(r+c)) on Body Temperature 

 Figure 3-9 graphically displays the Soldier‟s ability to exchange heat to the 

environment through conduction and radiation using Equations 3-1 and 3-4.     The 

Soldier likely would not have an understanding of the thermodynamic processes involved 

in the transfer of heat from the body.  However, the performance map allows him or her 

to visually interpret that a high ambient temperature coupled with a relatively low skin 

temperature (provided by a wearable sensor) is likely to cause increases in body 

temperature.  The Soldier would then require additional maps to estimate the magnitude 

of increases in core body temperature that could limit performance.  The Dry Heat 

Exchange effect also depends on the Soldier‟s body surface area and clothing parameters, 
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which this map assumes remain constant throughout a given mission.  Should conditions 

arise leading to unwanted increases in body temperature, a Soldier or leader may be able 

to adjust the uniform (i.e. clothing parameters) as part of an effort to mitigate heat stress.      

 

Figure 3-10 Evaporative Heat Exchange Component Effect on Core Body Temperature 

 Figure 3-10 displays the Evaporative Heat Exchange Component of the Heat 

Stress model from Pandolf et. al. (1985) using Equations 3-1, 3-5 and 3-6.  Comparison 

of the Change in Body Temperature axis of the three maps from the model immediately 

informs the user that a lack of evaporative heat exchange capability can lead to much 

greater increases in core body temperature than the other components of the model.   The 

independent parameters shown on this map are reference parameters, not under control of 

the Soldier.  However, the Soldier may have limited control over clothing permeability 

index, and effective body surface area for evaporation.   
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3.3.1.2 Performance Maps for Heat Stress Exposure Limits Proposed by Hancock and 

Vasmatzidis (1998) 

 Equation 3-7 presented by Hancock and Vasmatzidis (1998) implies that Effective 

Temperature (ET) is the parameter of interest since it is isolated on the left side of the 

equation.  The Soldier cannot control the effective temperature on the battlefield, and is 

concerned primarily with his or her ability to complete the task assigned.  The parameter 

“a” in Equation 3-7 is related to the cognitive vigilance demands of the task.  This report 

assumes that task cognitive demands correlate with operator cognitive ability.  Using this 

assumption, Equation 3-7 is rearranged to yield Equation 3-18 with Cognitive 

Effectiveness (CE) as the dependent parameter of interest. 

 
   

          

 
 (3-1)  

CE – Cognitive Effectiveness (% of baseline); ET – Effective 

temperature (oC); b – constant parameter as specified by Hancock 

and Vasmatzidis (1998); c & d – scaling factors used to achieve an 

appropriate scale 

 Figure 3-11 displays the performance map derived from equation 3-18.  The map 

assumes scaling factors, c & d, as -71.48 and -0.269 respectively.  These values correlate 

with the assumption that physiological failure (Task Category E from Figure 3-2) equated 

to cognitive effectiveness at 30% of baseline for the average Soldier, and that the 

vigilance task (Task Category A from Figure 3-2) corresponded with 85% of the 

cognitive baseline for the average Soldier.  These values would require validation by the 

appropriate researchers for use in a fielded system, but are assumed valid in this report 

for the purpose of presentation in a 3-D performance map format, i.e. the core concept for 

the framework of this report. 
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Figure 3-11 Vigilance Ability as a Function of Air Temperature and Exposure Time 

 Figure 3-11 presents information similar to that presented in Figure 3-2.  An 

individual‟s cognitive vigilance ability decreases significantly over time while exposed to 

high temperatures (>30
o
C).  From what is shown, a Soldier can easily identify that 

performing tasks requiring high levels of vigilance, such as snipers or artillery forward 

observers, will suffer greatly with exposure times over one hour.  The map is lacking in 

its coverage of appropriate temperature ranges for combat operations.  The model 

presented by Hancock and Vasmatzidis (1998) focused solely on heat stress, and stated 

that humans could readily adapt, with respect to heat stress, to effective temperatures 

below 30
o
C.  However, one would reasonably expect vigilance to also decline in cold 
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environments.  In order to fully describe the Soldier‟s operation, the map should have an 

air temperature range from approximately minus 30
o
C to 60

o
C.  One of the basic tenets of 

a useful map is to extend its ranges to include all good and bad operating regions. 

3.3.1.3 Performance Maps for Physical Endurance Limits to Heat Stress 

 Gonzalez-Alonso et. al. (1999) showed a “predictable” link between body 

temperature and achieving volitional exhaustion during activities requiring physical 

endurance.  They also showed a relationship for volitional exhaustion with heart rate and 

skin temperature   Figures 3-12 and 3-13 combine the data presented by Gonzalez-Alonso 

et. al. into Performance Maps.   
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Figure 3-12 Remaining Physical Endurance as a function of Core Temperature and Heart 

Rate 
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Figure 3-13 Remaining Physical Endurance as a function of Skin Temperature and Heart 

Rate 

 The surfaces in Figures 3-12 and 3-13 derive from data presented in Figure3-3.  

For each set of curves in Figure 3-3, data points for the three subject groups correlated 

with the same time points in the experiment.  Subtracting the time of the data points from 

the time of volitional exhaustion for the appropriate curve resulted in a time to 

exhaustion, which is the Remaining Endurance parameter shown on Figures 3-12 and 3-
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13.  This data manipulation allows positive data (e.g. higher levels of remaining 

endurance) to correlate with higher readings on the dependent parameter axis.  The 

surface is a least square curve fit of the collected data points using the MATLAB 

„lsqcurvefit‟ function.  As the purpose of this work is to demonstrate a framework rather 

than generate a finished product, the goodness of the fit is not presently assessed.  

The performance maps in Figures 3-12 and 3-13 clearly convey to a Soldier that 

physical endurance will be limited as skin temperature, body temperature and heart rate 

all increase.  Heart rate is a function of effort, and represents a parameter that is partially 

under the Soldier‟s control.  Therefore the map presents information that assists the 

Soldier in maintaining self-awareness, and acting to maintain performance.  These maps 

assume a specified constant effort of 60% VO2max, in a hot environment (40
o
C, 19% 

Relative Humidity) due to the controls in place during the experiment (See Gonzalez-

Alonso et. al., 1999).  Soldiers will operate in a wide range of environments at varying 

efforts.  Therefore, a comprehensive system would contain multiple maps similar to those 

presented above, across the expected operating spectrum.  Later chapters of this report 

will describe a process for determining the number of maps required to adequately 

describe a Soldier‟s operational capabilities and limits (i.e. what is the most 

useful/effective combination of maps necessary to enable the Soldier to best evaluate his 

performance for a given set of mission requirements?).    

3.3.2 Sleep Deprivation Performance Maps 

3.3.2.1 Performance Maps Assessing Fatigue from EEG Readings 

 Figure 3-14 displays a performance map derived from data presented by Caldwell, 

Hall and Erickson (2001).  The surface represents a least-square curve fit of the three 

available data points from Figure 3-4 using the Cz electrode reading for both Alpha and 

Theta Waves.  The map shows that higher EEG readings for both waves indicate rising 

sleep deprivation.  The map does not provide information regarding the effect of short 

periods of sleep, which may be available to the Soldier.  The Soldier requires information 
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that facilitates mitigating the effects of stress.  Therefore, this map would become more 

useful if paired with maps establishing links between sleep deprivation and performance.   

 

Figure 3-14 Total Sleep Deprivation Assessed Using EEG Wave Power 

3.3.2.2 Performance Maps Utilizing Discrete Fatigue Scales 

 Section 3.2.1.2.2 discussed work by Nissan Motor Company engineers to develop 

a method for assessing driver fatigue using multiple sensors.  Figure 3-15 displays a 

potential performance map using two of the available measured parameters. 
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Figure 3-15 Alertness as a Function of Blink Rate and Eyelid Position 

 The performance map above assumes a moderate presence of EEG Alpha waves, 

which prevent the map from showing any possibility of being fully alert.  As discussed in 

Section 3.2.1.2.2, the use of discrete scales facilitates broad qualitative assessment of 

fatigue, but it does not fully describe the operator‟s current state.  If using this map, the 

Soldier would know only which square he or she was currently operating in; the Soldier 

would not necessarily know how close he or she is to adjacent squares.  As stated 

previously, Soldiers would benefit from more continuous measurements to fully define 

their state of operation.   
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3.3.2.3 SAFTE Performance Maps 

 The SAFTE Model discussed in Section 3.2.1.2.3. showed significant coupling 

between an individual‟s homeostatic and circadian sleep processes.  Mathematical 

analysis of the model to isolate the effect of specific parameters would be far too 

cumbersome and unreasonable for a nominal decision maker (i.e. Soldier) to perform.  

Performance maps are ideally suited for quick presentation of the individual model 

elements to show the effect of multiple parameters on sleep deprivation and cognitive 

effectiveness.  The next three figures display some sample performance maps derived 

from the SAFTE Model along with a brief discussion of each.

 

Figure 3-16 Sleep Reservoir Performance Use (P) vs. Duty Cycle and Mission Duration 
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Figure 3-17 Sleep Intensity vs. Sleep Debt and Time of Day 

Figures 3-16 and 3-17 represent elements of the homeostatic sleep process from 

the SAFTE Model.  Figure 3-16 indicates how much of the sleep reservoir capacity a 

Soldier would use over the course of a mission given the mission‟s duration and his or 

her duty cycle.  Duty cycle, as used here, refers to the relative time per day that a Soldier 

will perform his duties compared to the time he or she will be given to rest and recover.  

For example, Soldiers working in a Tactical Operations Center (TOC) may work 12 

hours per day, and have 12 hours off equating to a duty cycle of 0.5.  This is typically the 
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minimum duty cycle for Soldiers in deployed environments3.  Soldiers may also operate 

continuously for over 24-hours during brief periods, equating to a duty cycle of 1.0.  In 

order to maintain the starting level of cognitive effectiveness, a Soldier must restore one 

sleep reservoir unit for every unit used.  Given the average duty cycle and mission 

duration, the Soldier can determine the amount of restorative sleep necessary to maintain 

the initial level of cognitive effectiveness.  The Soldier can also realize that 96-hours of 

continuous operations would effectively reduce his or her cognitive effectiveness to zero.   

  Figure 3-17 displays a Soldier‟s achievable sleep intensity versus his or her 

current sleep debt and the time of day.  Sleep intensity refers to the restorative quality of 

sleep.  According to the model, an individual depletes his or her performance reservoir at 

a rate of 0.5 units per minute awake (Hursh et. al., 2004).  If a Soldier were to have a duty 

cycle of 0.67 (16 hours awake/8 hours asleep), the Soldier would then need to achieve an 

average sleep intensity of 1.0 to maintain the same level of cognitive effectiveness from 

day-to-day.  As the Soldier depletes his or her reservoir at a greater rate, he or she will 

require increased levels of sleep intensity to maintain effectiveness.   Figure 3-17 could 

assist a leader in adjusting Soldier duty cycles as the mission and the Soldier‟s maps 

dictate. 

Figure 3-18 below graphically portrays the effects of an individual‟s circadian 

process on cognitive ability.  The circadian process can change cognitive effectiveness 

levels +/- 10% from baselines and the sleep reservoir level.  Note that the performance 

map uses current reservoir level (Rt/Rc) as an independent reference parameter.  This 

parameter has a dominant effect on cognitive effectiveness, but the dependent (vertical) 

axis shown isolates only the circadian process effect on cognitive ability which is 

modulated by the sleep reservoir level.   

                                                

1Based on Major McFarland‟s personal military experience during three contingency operation 

deployments. 
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Figure 3-18 Circadian Effects on Cognitive Ability 

 As a unit operates at high duty cycles for extended periods of time, a leader may 

choose to review a map such as that shown  in Figure 3-18, along with other relevant 

factors, in planning a mission.  If the leader has the flexibility of timing certain missions 

with increased cognitive demands (i.e. equivalent to a mission configuration manager), he 

or she may use the information presented to coincide with circadian peaks. 

 Deployed Soldiers typically execute missions almost daily, and therefore need to 

maintain relatively high levels of effectiveness in challenging conditions for extended 

periods of time.  Figure 3-18 shows a performance map derived from the SAFTE model 

that could assist leaders in planning missions to facilitate readiness for follow-on 

assignments.   
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Figure 3-19 Post-Mission Sleep Reservoir Level vs. Duty Cycle and Starting Reservoir 

Level 

 The map in Figure 3-19 displays the predicted sleep reservoir level for a Soldier at 

the end of a 96-hour mission for a range of duty cycles and starting reservoir levels.  High 

duty cycles requiring more than 19 hours of operation per day result in dramatic declines 

in the sleep reservoir level, which will coincide with decreased cognitive ability (Hursh 

et. al., 2004).  In addition to planning for maintenance of cognitive abilities, a Soldier 

could use such a map to determine the cost to the unit of conducting “surge” operations 
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(periods of very high duty cycles across the unit).  The unit may use the data in a cost-

benefit analysis to determine the worthiness of the mission requiring the surge.     

3.3.2.4 Sleep Deprivation Effects on Cognitive Vigilance Performance 

 Doran, Van Dongen, and Dinges (2001) demonstrated that total sleep deprivation 

caused instability in an individual‟s awake state which led to decreased performance on a 

cognitive vigilance task.  Cognitive vigilance is required of many military tasks.  

Therefore, the data presented in the research may have relevance to Soldiers assigned to 

those tasks.  Figure 3-20 shows a performance map made from a least-square curve fit of 

the data presented in Doran, Van Dongen and Dinges (2001).  The map inverts the 

response time parameter, which this work will refer to as responsiveness with units of 

Hertz (sec
-1

).  This inversion allows the performance map to show positive data (faster 

response times) higher on the vertical (dependent parameter) axis.  This work intends to 

have a uniform convention for a standardized display of positive information, which will 

likely enable more rapid and accurate understanding for future users.   
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Figure 3-20 Responsiveness vs. Duty-Cycle and Time of Day 

 Figure 3-20 displays that Soldier responsiveness will be significantly lower for 

Soldiers receiving less sleep per day.  The map also indicates a circadian effect on 

responsiveness, which concurs with Figure 3-18‟s presentation of circadian effects on 

cognitive ability.  A Soldier using this map, may realize that at his or her present duty 

cycle, he or she will become unable to meet the responsiveness demands of the assigned 

task.  This Soldier could then take action to mitigate this effect, through redundancy with 

assistance from another Soldier, or making an adjustment to his or her duty cycle.   

3.4 HUMAN PERFORMANCE MAP CONCLUSIONS AND RECOMMENDATIONS  

 Army leaders must understand the effect of battlefield stressors on friendly forces 

in order to make good decisions (Headquarters, Department of the Army, 2005).  Even 
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experienced leaders, who know their Soldiers, can expect to suffer decrements in 

performance during combat operations (Lieberman et. al., 2002).  Section 3.2 discussed 

some research work that increases understanding of human stress response.  However, the 

Army lacks a framework for collecting and transmitting acquired knowledge to its 

Soldiers and leaders (Rasch, Kott, and Forbus, 2002).  The data research reviewed in 

Section 3.2 may have operational relevance.  Performance maps, as shown in Section 3.3, 

allow for presentation of the research data in a 3-D visual format that facilitates 

understanding by Soldiers who may not have in-depth knowledge of the science behind 

the data.  Therefore performance maps may serve as the basis for a framework to collect 

and disseminate operationally relevant Soldier performance data across the Army. 

 The performance maps presented in Section 3.3 provide some information to the 

user that could aid decision making.  However, these maps translated from raw research 

data and analytical models are inadequate to fully describe the performance of a Soldier 

in real-time.  The maps shown attempt to describe an average individual.  Response to 

stress varies widely across individuals and situations (Hancock and Szalma, 2008).  

Therefore, performance maps require tailoring to the individual.  The performance maps 

shown in Section 3.3 also isolate the effects of a single stressor on a specified aspect of 

performance.  Soldiers operate under the effects of multiple stressors simultaneously.   

Soldiers would then require performance maps that display the combined effect of 

stressors on their ability.  Later chapters of this report will discuss methods for 

economically developing performance maps to accurately represent individual 

performance capabilities, and techniques for combining maps to show the effects of 

combined stressors.  Finally, performance maps must show the good, bad, and 

catastrophic areas of performance.  Therefore, maps should have extensive ranges that 

clearly indicate dangerous operating conditions in order to have maximum value to the 

decision maker. 
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Chapter 4 Development of a Soldier Performance Model 

 The previous chapter demonstrated basic feasibility and utility of visually 

presenting performance information using performance maps.  The maps presented were 

derived from available data and models in the published literature.  They lacked any 

unifying structure or compatibility with maps from other efforts.  Full realization of the 

benefits of a performance map framework requires a structured model that allows 

combinations of maps to create decision surfaces in real-time.  In terms of Soldier 

performance, this requires a model that defines required characteristics of Soldier 

performance, identifies how those performance characteristics change due to 

environmental and mission parameters, and is capable of detecting and quantifying 

changes in those parameters on the individual Soldier in real-time.  This chapter will 

propose the structure for such a model in order to focus research and development efforts 

to better define Soldier real-time performance. 

 Measurement of Soldier performance in real-time requires that measured 

attributes be relevant to tasks that Soldiers perform in training and combat. Therefore, 

research began with analysis of several common Soldier and infantry rifleman task 

categories presented in current U.S. Army doctrine.  The research chose to focus on 

infantry tasks because the infantry has the specific mission to close with the enemy, and 

destroy him in close combat, meaning they will likely experience higher intensity levels 

in combat than other specialties (HQDA, 2007).  Performance models for other Soldier 

specialties are possible with the same structure presented in this report.  Appendix F 

contains descriptions of the task categories analyzed in this report. 

 With required tasks defined, analysis of the tasks resulted in defining general 

measures of performance that could be combined to assess performance on specific tasks.  

These performance measures, referred to as Soldier Performance Measures (SPM) for 

the remainder of this report, derive from relevant performance attributes described by the 

National Academies‟ Board on Army Science and Technology (Board on Army Science 

and Technology, 2009), U.S. Army literature regarding the human dimension of warfare 

(TRADOC, 2008) and other taxonomies of human abilities.  The present research ranked 
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the SPMs based on their relevance to successful performance of each task category.  This 

resulted in identifying which measures were most important for monitoring to assess 

mission performance.  The rankings presented in this report are not proposed as universal 

rankings of importance to be applied across all missions.  Rather, the rankings represent 

suggested importance based on the individual rifleman, and the expected distribution of 

tasks during a contingency operation.  The rankings could change considerably both with 

the individual (e.g. squad leader vs. rifleman) and with the specifically assigned task and 

purpose of a given mission (e.g. squad ambush vs. presence patrol in a stability 

operation).  The model allows Soldiers and leaders to adjust the rankings in preparation 

for specific missions in order to prioritize assessed performance maps and envelopes.  

The sections below discuss the rankings and their potential value in greater detail.  

Appendix E contains definitions of the Soldier performance measures, and their relevance 

to Soldier task categories. 

 Measuring performance in real-time requires understanding of how selected 

measures change under real-world conditions.  Soldiers face unique operating conditions, 

often under extreme environmental, physical and emotional stressors (TRADOC, 2008).  

Research suggests that these operating conditions affect individual performance 

capabilities.  In constructing the model, this research identified ten parameters expected 

to affect performance based on support from the National Academies‟ Board on Army 

Science and Technology‟s report Opportunities in Neuroscience for Future Army 

Applications (Board on Army Science and Technology, 2009) and U.S. Army literature 

regarding the human dimension of warfare (TRADOC, 2008).  The remainder of this 

report will refer to these conditions that impact performance as Impact Parameters.  

Review of literature on human performance across multiple scientific fields found 

numerous documented relationships between impact parameters and Soldier performance 

measures.  These links represent the potential to combine impact parameter 

measurements into meaningful performance envelopes related to Soldier performance 

measures which relate to assigned Soldiers tasks.  Based on the normalized rankings of 

Soldier performance measures, this research then ranked impact parameters in order of 
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their importance to Soldier performance in general.  Section 4.2 discusses these rankings 

in greater detail.  Appendix D defines the selected impact parameters and describes the 

literature supported relationships with Soldier performance measures.   

  The impact parameters used in this report may be generally understood by a lay 

person, but objective measurement of them is difficult due to the differences in individual 

perceptions of and responses to a given situation.  Therefore, identification of the 

presence of different impact parameters must be inferred via real-time monitoring of an 

individual‟s neurophysiological responses.  This research identified ten categories of 

neurophysiological parameters, referred to hereafter as Biomarkers, thought to vary 

predictably under different impact parameters.  A review of the literature across fields 

ranging from physiology, human-computer interface design, and vehicle operator safety 

research identified several relationships between biomarkers and impact parameters.  

These links establish the potential for performance maps which could visually present a 

Soldier‟s neurophysiological state and response to impact parameters in real-time.  Such 

presentation may facilitate Soldiers from reaching critical limits resulting in catastrophic 

failure of the mission or serious injury.  Using the normalized rankings of the impact 

parameters and the identified relationships between impact parameters and biomarkers, it 

became feasible to rank biomarkers in terms of their relevance to real-time performance 

monitoring.  Section 4.1 discusses these rankings in greater detail.  Appendix C defines 

the evaluated biomarkers and describes some literature supported relationships to impact 

parameters. 

 This research ranked biomarkers in terms of their relevance to monitoring real-

time performance.  Technology to measure all evaluated biomarkers is not necessarily 

available to reliably monitor Soldiers in rugged combat environments.  In order to 

determine the feasibility of the proposed Soldier performance model, this research 

evaluated available commercial and developmental sensors for all biomarkers.  The 

research identified multiple sensors and developmental sensor suites that were reasonably 

mature, and that could potentially monitor Soldier performance in combat conditions with 

minor developmental efforts.  Technology for some biomarkers however, would require 
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significant development efforts prior to Soldier use in the field.  Appendix B contains 

descriptions, evaluations and rankings of the evaluated sensors.     

The general method described in the preceding paragraphs resulted in the creation 

of a preliminary Bayesian network model of Soldier performance.  The literature 

supported relationships between Soldier performance measures, impact parameters and 

biomarkers specify the appropriate combinations of parameters to define Soldier state and 

performance using performance maps and envelopes.  The relationships presented are not 

comprehensive, and refinement of the model will be necessary.  Additionally, the 

literature used to identify the relationships presented does not present sufficient data to 

fully populate the model for immediate use. Rather, the identified relationships provide 

the structure to design experiments for empirical data collection of all relevant 

independent, combined and conditional probability distributions needed to populate the 

model.   Section 4.4 describes the elements necessary to populate the model in greater 

detail, and recommends steps to focus near-term research efforts on gathering 

information of maximum performance value. 

The remainder of this chapter describes the construction of the Soldier 

performance model in greater detail in the reverse order from that described above.  

Section 4.1 describes the evaluation of biomarkers, their associated sensor technology 

and literature supported links to impact parameters.  Section 4.2 describes the evaluated 

impact parameters, the biomarkers used to infer changes in their states, and their research 

supported effects on Soldier performance measures.  Section 4.3 defines Soldier 

performance measures, the effects of impact parameters on those measures and their 

relevance to Soldier tasks.  Section 4.4 presents the preliminary Soldier performance 

model and specifies recommendations for future development efforts.
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4.1 BIOMARKERS 

 The human body responds and adapts to environmental and mental stimuli.  These 

adaptations are complex combinations of electrical and chemical processes controlled by the 

body‟s nervous, endocrine, and musculoskeletal systems (Everly and Sobelman, 1987).  These 

adaptations eventually manifest themselves as physically observable phenomena, or biomarkers, 

such as changes in heart rate or body temperature.  The focus of this research was to evaluate a 

select number of biomarkers for suitability of identifying the causal stimuli, and thereby inferring 

the expected effect on individual performance.   

An ideal biomarker is one that varies continuously and predictably for every individual 

(Healy and Picard, 2005).  Unfortunately, few, if any, ideal biomarkers exist.  Fortunately, 

significant research suggests that the appropriate combination of multiple biomarkers may 

provide information at a quality level not possible with single biomarkers (Board on Army 

Science and Technology, 2009).  Therefore, this research attempts to identify which combination 

of biomarkers may be appropriate for measuring impact parameters affecting Soldier 

performance. 

A biomarker‟s simple correlation to an impact parameter is not sufficient for inclusion in 

a Soldier performance model.  For the stated purpose of assessing Soldier performance in real 

time, sensor technology for the selected biomarker must be capable of reliable measurement 

under combat conditions without hindering that Soldier‟s performance (Friedl, 2007a).  With that 

constraint, the evaluation of biomarkers included a review of commercial and developmental 

sensor technology.   

The remaining paragraphs of this section discuss the evaluation of ten potential 

biomarkers with regard to their utility in identifying relevant impact parameters, and the state of 

associated sensor technologies.  Appendices B and C contain detailed information regarding 

sensor technology and biomarker evaluations respectively.  The selected biomarkers are not a 

comprehensive review of all possible biomarkers.  Rather, the selections comprise a collection of 

biomarkers identified by earlier efforts in physiological and performance monitoring (e.g. 

National Research Council, 2009; Sung, Marci, and Pentland, 2005).  Notably absent are 

monitoring of glucose and hormones in the blood stream that may reliably represent adaptations 

to specific stimuli.  This report excluded those biomarkers due to the assessment that sensors for 
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such biomarkers would likely be more invasive than the selected biomarkers, and therefore less 

suitable for Soldier use in a combat environment.  This does not imply that such biomarkers 

should be discounted for future use in a Soldier performance model.  The purpose of this work is 

to develop a preliminary structure for the model to demonstrate utility and feasibility, with the 

intent of maintaining a modular framework that will facilitate inclusion of additional parameters 

as development occurs.         

This evaluation of biomarker sensors consisted of assessing available information with 

regard to sensor hardware, data collection, data processing, and data transmission attributes.  A 

quality sensor for the purpose of monitoring Soldiers in combat must be capable of withstanding 

the harsh conditions in combat, must provide wide ranges of accurate measurement, and 

meaningful data to the Soldier without hindering the Soldier‟s capability in any way.  Appendix 

B contains a table of desired sensor attributes.   Appendix B also contains rankings of all 

evaluated sensors with respect to: military value, biocompatibility, size/weight, durability, power 

consumption, technological maturity, modularity, embedded processing capabilities, cost, and 

signal value.  Appendix C includes the rankings of sensors with their associated biomarkers. 

4.1.1 Electroencephalography (EEG) 

4.1.1.1 Description and Potential Applications 

 EEG is a noninvasive measurement of brain activity which records the electrical signals 

from the scalp to assess nervous system functioning (Board on Army Science and Technology, 

2009).  EEG measurements may be separated into seven distinct waveforms: α (Alpha), β (beta), 

δ (delta), θ (theta), κ (kappa), λ (lambda), and μ (mu).  The International EEG 10-20 System is 

the generally accepted standard for EEG electrode placement on the scalp which allows 

measurement of activity in different brain regions.  Individual wave frequency and amplitude 

behavior at specific electrode sites correlates with other physiological responses (Andreassi, 

1989).  In addition to the wave frequency response, the power spectral density of different 

waves, and the combined behavior of multiple waves may reliably identify an individual‟s 

cognitive and physical state (Berka et al., 2007).  Therefore, effective EEG measurement may 

provide large amounts of relevant information pertaining to an individual‟s physical and 

cognitive state.  Specifically research has identified correlations of EEG activity with human 
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responses to fatigue (Lal et al., 2003), threat (Kostyunina and Kulikov, 1996), trauma (Thatcher 

et al., 2001), mental workload (Berka et al., 2004), and sleep deprivation (Borbelly and 

Achermann, 1999).  Appendix C contains descriptions of these identified correlations.       

4.1.1.2 EEG Sensor Technology 

 Clinical study of EEG in humans extends back to 1920 (Andreassi, 1989).  More recent 

technologies such as positron emission tomography, transcranial Doppler Sonography, and 

functional Magnetic Resonance Imaging (fMRI) measure metabolic processes in the brain, and 

may yield improved information over direct EEG (Parasuraman and Wilson, 2008).  However, 

the National Research Council of the National Academies Board on Army Science and 

Technology (BAST) stated that EEG devices were the only technology feasible for field 

deployment to Soldiers in the near term, identifying in-helmet EEG as a high-priority research 

opportunity for the U.S. Army (Board on Army Science and Technology, 2009). 

 Commercial EEG systems are available and designed for ambulatory use.  The primary 

commercial application is for neurofeedback, which presents the monitored individual with 

information about their brain activity in order to facilitate self-regulation.  The present research 

has a similar goal, but proposes to combine multiple biomarkers and present the user with 

specific and relevant performance information rather than simply information about 

physiological characteristics.  Figures 4-1 and 4-2 show some examples of commercially 

available EEG sensors. 
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Figure 4-1 Emotive EPOC neuroheadset (http://www.emotiv.com/store/hardware/epoc-bci/epoc-

neuroheadset) 

 

Figure 4-2 QUASAR Dry Sensor Interface 10/20 (http://www.quasarusa.com/products/) 

 Evaluated commercially available EEG sensors claim to require no scalp preparation or 

the application of conductive gels for use.  If validated, this indicates biocompatible sensors 

potentially useful for field use.  The size and shape of the sensors, like those pictured above, 

indicate that incorporation of dry sensors into a Soldier‟s helmet is a near-term feasible goal.  

However, the weight of the Soldier‟s helmet must not be significantly increased in order to avoid 

associated deleterious effects on Soldier performance (National Research Council, 1997).  

 Possibly the largest obstacle to a deployable EEG sensor in the short-term is the 

development of algorithms embedded in the sensor to dynamically detect parameters of interest, 

and translate the raw data from seven waveforms at 21 different scalp locations into concise 

useful information for the Soldier (Board on Army Science and Technology, 2009).  The 

performance map framework used in this report provides structure for the development of such 

processing capabilities, but they are somewhat immature in the commercially available 

http://www.emotiv.com/store/hardware/epoc-bci/epoc-neuroheadset
http://www.emotiv.com/store/hardware/epoc-bci/epoc-neuroheadset
http://www.quasarusa.com/products/
http://www.emotiv.com/store/hardware/epoc-bci/epoc-neuroheadset/
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technology.  Other areas of concern for EEG sensors are unit cost and power consumption.  EEG 

has the potential to provide extremely valuable data, but it will not justify unreasonable costs.  

The information provided only retains its value if it can be continuously monitored during 

combat operations.  Some evaluated systems had battery lives of only eight hours.  Army 

operations often extend for 72-96 hours.  A fielded system should support that timeframe at a 

minimum.  Appendix B provides more detailed information regarding field relevance evaluation 

of EEG sensors.      

4.1.1.3 Overall Assessment and Recommendations 

 EEG sensors are capable of collecting a wide breadth and diversity of data for a single 

sensor.  Processing that amount of data into useful information in real-time is a concern, but is 

likely achievable with a structured data collection effort.  The present research evaluated three 

stand-alone EEG sensor systems: the Starlab ENOBIO, the Emotiv EPOC, and the Holst Center 

Human++ system.  The ENOBIO and EPOC systems were superior to the Holst system in every 

evaluated category except for power consumption.  The ENOBIO and EPOC were equal in a 

non-weighted normalized ranking.  The ENOBIO has better durability and processing 

capabilities, while the EPOC is significantly less expensive.  Table 4-1 shows the assigned 

rankings for the ENOBIO and EPOC sensors.  The normalized rankings presented in the table 

are not universally applicable; rather they only intend to identify the best of the evaluated sensors 

for each biomarker.  Therefore, an EEG sensor with a normalized ranking of 10 does not 

necessarily have the same level of technological maturity as a heart rate sensor with the same 

normalized ranking.  Appendix B describes the ranking methodology and interpretation for these 

sensors in greater detail. Soldier performance system developers should evaluate the relative 

importance of the sensor characteristics when formally evaluating sensors for inclusion into the 

system.  The Quasar Physiological Sensor Suite (PSS) evaluated in the present research also 

includes EEG sensors.  However, the PSS is an integrated sensor system for multiple biomarkers.  

Section 4.1.11 discusses the evaluation of integrated sensor suites separately.   
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Table 4-1 EEG Sensor Rankings 
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Starlab 
ENOBIO 10 9 8 6 2 9 7 9 6 # 10.00 
Emotive 
EPOC 10 9 8 4 3 9 7 7 9 # 10.00 

 

The commercial and developmental sensor technology evaluated in this report indicates 

that design of a system for combat use by Soldiers is feasible, though durability must be 

demonstrated while minimizing power consumption and cost.  In order to address these 

concerns, the focus of future research should be to identify the specific EEG data that has 

relevance to the Soldier and its associated power consumption.  Some commercial systems 

collect eight-channel EEG data across up to 21 electrode locations.  A low-channel sensor with 

fewer electrodes may provide reliable information of significant value (Board on Army Science 

and Technology, 2009).  A reduction of system requirements would have the simultaneous effect 

of reducing data processing requirements, power consumption and cost.  
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4.1.2 Skin Response 

4.1.2.1 Description and Potential Applications 

 Galvanic Skin Response (GSR), also known as ElectroDermal Activity (EDA), refers to 

the measurement of changes in electrical conductivity or potential of the skin.  The changes 

occur due to activity of eccrine sweat glands which respond to psychological stimuli and not heat 

like other sweat glands (Everly and Sobelman, 1987).  Research has shown these changes are 

reliable indicators of an individual‟s response to stress (Phelps, 2002).  The social neuroscience 

field, which investigates the links between neurophysiology and human behavior, has used GSR 

as a substitute measure of brain activity in some experiments (Board on Army Science and 

Technology, 2009).  Other research has found links between GSR and mental stress (Healy and 

Picard, 2005), persons experiencing ambiguous situations (Wilson, 2001), and the effects of 

mental trauma (Casada et al., 1998).  Appendix C contains descriptions of these identified 

correlations.        

4.1.2.2 Skin Response Sensor Technology 

 Ambulatory GSR sensors exist commercially (e.g. Affectiva, 2010) and developers have 

incorporated GSR into sensor suites (e.g. DeVaul et al., 2003).  Many available sensors are 

lightweight, and achievement of biocompatibility for Soldier use is certainly possible.  Those 

commercial sensors evaluated here lacked embedded processing capabilities to translate raw data 

into useful information to the user.  The commercial sensors also indicate that tradeoffs are 

necessary among issues associated with durability, power consumption and cost with no 

evaluated commercial sensor demonstrating sufficiency in all three characteristics.  Figure 4-3 

shows an available commercial GSR sensor.   

The developmental MIThril 2003 sensor suite includes a GSR sensor.  Researchers 

demonstrated the suite during U.S. Army Ranger training, and results indicate that the sensor 

could successfully be deployed to monitor Soldier performance in real-time (Sung, Marci and 

Pentland, 2005).  Appendix B has further discussion and rankings of the evaluated GSR sensors. 
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Figure 4-3Affectiva Q-Sensor (http://www.affective.com/q-sensor) 

4.1.2.3 Overall Assessment and Recommendations 

 GSR sensors are certainly valuable for monitoring Soldier performance in real-time.  

GSR relates directly to the autonomic control system (Board on Army Science and Technology, 

2009), and responds in less than two seconds to relevant stimuli (Everly and Sobelman, 1987).  

No evaluated commercial GSR sensor possessed all desired characteristics for a deployable 

system.  Of the evaluated stand-alone sensors, the Shimmer GSR Sensor has the best 

performance characteristics, with deficiencies in durability and embedded processing 

capabilities.  The Georgia Tech ActionGSR sensor also shows promise for a developmental 

sensor, though it still requires development with regards to power consumption.  Table 4-2 

presents the rankings for these two sensors.    Despite the noted deficiencies of these stand-alone 

sensors, developmental sensor suites with GSR sensors have demonstrated successful 

performance in extreme environments.  Therefore, a system designed to monitor Soldier 

performance in real-time could profitably incorporate GSR sensors with little difficulty. 

  

http://www.affective.com/q-sensor
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Table 4-2 GSR Sensor Rankings 
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Shimmer GSR 
Sensor 5.6 9 10 4 10 10 9 3 8 # 10.00 

Georgia Tech 
ActionGSR 5.6 9 9 7 3 5 8 7 8 # 8.89 

4.1.3 Heartbeat 

4.1.3.1 Description and Potential Applications 

 Contraction of the heart to pump blood through the body is known to vary with physical 

and mental stress (Board on Army Science and Technology, 2009).  Multiple measures of heart 

activity may be relevant to real-time performance monitoring.  Heart rate, the number of 

contractions in a given time period, is the most common measure.  Heart rate variability may also 

be a valuable indicator of human cognitive states (Andreassi, 1989).  In addition to physical 

activity, research has found heart rate variables that predictably relate to mental stress (Marraziti 

et. al., 1992), increased mental workload due to ambiguous data presentation (Wilson, 2001), and 

mental trauma (Casada et al., 1998).  Appendix C contains descriptions of these identified 

correlations.     

4.1.3.2 Heartbeat Sensor Technology 

 The ElectroCardioGraph (ECG a.k.a. EKG) is the traditional clinical measure of heart 

activity.  Clinical ECG requires four to six electrode placements, and is capable of identifying 

four wave components of the heartbeat that can be used to determine the measures described 

above (Andreassi, 1989).  The use of multiple electrodes may complicate biocompatibility and 

durability if used in a combat environment.  However, commercial heart rate sensors offer 

accurate heart beat information with fewer electrodes.  Many commercial heart rate monitors 

exist to provide heart rate data and some products are capable of measuring heart rate variability, 
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although cost increases significantly in models with this feature.  Figure 4-4 shows typical 

commercial heart rate sensor.  In general, heart rate monitors represent a low-cost, biocompatible 

sensor option.  However, like other commercial sensors they tend to lack desired embedded 

processing capability and modularity for incorporation with other sensors.  Appendix B discusses 

several heart rate sensors in greater detail.   

 

Figure 4-4 Polar RS800CX Heart Rate Monitor (http://www.polarusa.com/us-

en/products/maximize_performance/running_multisport/RS800CX) 

4.1.3.3 Overall Assessment and Recommendations 

The availability of mature sensor technology combined with the value of information 

obtained make inclusion of heartbeat sensors essential in a Soldier performance monitoring 

system.  The Polar heart rate monitor pictured in Figure 4-4 is the best stand-alone sensor 

evaluated in the present research.  Its modularity is questionable, although developmental sensor 

suites have successfully integrated it into their architecture (e.g. Marci, Sung & Pentland, 2005).  

The Mini-Mitter Actiheart may yield improvements in modularity and embedded processing 

over the Polar sensor, although this comes at a significant increase in cost.  Table 4-3 presents 

the rankings for the two sensors. 

  

http://www.polarusa.com/us-en/products/maximize_performance/running_multisport/RS800CX
http://www.polarusa.com/us-en/products/maximize_performance/running_multisport/RS800CX
http://www.polarusa.com/files/wearlink_nike_plus_front_500x500.jpg
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Table 4-3 Heartbeat Sensor Rankings 
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Polar HR 
Monitor 8.72 8 10 8 10 10 5 3 9 # 10.00 

Mini-Mitter 
Actiheart 8.72 9 10 4 7 8 8 6 4 # 8.89 

Developers of a Soldier performance system must determine how much information they 

require to reliably assess performance with the understanding that collecting more data than just 

heart rate will increase cost, and may decrease system durability if collection requires additional 

electrodes.  While a heart rate sensor is essential for monitoring Soldier performance, the sensor 

is not sufficient.  Heart activity correlates with multiple physical and mental stressors, often in 

similar ways.  Therefore, inference of the presence of specific impact parameters would likely 

require data from other sensors combined with reliable heart rate information.   

4.1.4 Muscle Activity 

4.1.4.1 Description and Potential Applications 

 Muscle activity is a broad category which can include major muscle or whole body 

movements, specific muscle contractions, and force and kinematic measures.  Given the broad 

range of potential measures, muscle activity could provide relevant information regarding 

multiple impact parameters.  Measurement of major muscles could be used to estimate energy 

expenditure (Rennie et al., 2000), identify body position (Ganapathy and Kondraske, 1990), or 

identify periods of sleep (Doran, Van Dongen and Dinges, 2001).  Research has also shown that 

measurement of specific muscle activity relates to stress (Healy and Picard, 2005), fatigue (Naeje 

and Zorn, 1982) and mental trauma (Casada et al., 1998).  Appendix C describes some 

relationships of muscle activity and specific impact parameters found in the literature. 
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4.1.4.2 Muscle Activity Sensor Technology 

 Sensors to detect muscle activity have a broad range similar to the ranges of potential 

measures.  Developmental sensor suites and some commercial sensors frequently incorporate 

accelerometers as relatively simple and low-cost sensors to reliably indicate major muscle 

movements (e.g. Affectiva, 2011; Montgomery et al., 2004).  The location of accelerometer 

placement can measure total body movement if placed near the body‟s center of mass, or to 

measure limb activity in order to classify body position or activity.  ElectroMyoGram (EMG) is 

the traditional clinical measurement of specific muscle activity.  EMG sensors provide the most 

reliable measurement with electrode needles inserted into the muscle of interest, but this method 

is often unacceptably invasive.  EMG sensors on the skin can also collect data relating to muscle 

activity, though the reliability of such measures depends on the muscle‟s proximity to the skin 

(Andreassi, 1989).  Novel measurement techniques include incorporation of force sensitive 

resistors and fabric stretch sensors into wearable fabrics that may increase biocompatibility and 

durability compared to EMG sensors (Amft et al., 2006).  Other research attempted to reduce 

cost by developing a MechanoMyoGram (MMG), though results for this technology were not 

promising for use in a Soldier performance monitoring system (Ma, 2009).  Additional muscle 

activity sensors include force sensors placed on the soles of the feet, which can assist analysis of 

walking or running activity, but could also aid assessment on the effects of combat load 

(Noraxon, 2009). 

 While many potential measures and sensors may provide relevant information, 

development of a Soldier performance system requires significant analysis to determine the 

minimum set of muscle activity sensors required to reliably assess performance.  System data 

processing requirements increase with each additional sensor.  Therefore system developers 

would need to balance the value added of a sensor with its costs, both monetary and on system 

processing performance.  In general, several evaluated muscle activity sensors could readily be 

incorporated into a deployable system.  Accelerometers, as a class, represent the most mature, 

cost effective, and modular sensor available.  EMG style sensors would be required for some 

relevant measures of stress, though they typically have drawbacks with respect to cost, 

embedded processing, and durability.  Appendix B contains more detailed evaluation of muscle 

activity sensors.          
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4.1.4.3 Overall Assessment and Recommendations 

 A comprehensive system to monitor Soldier performance will have muscle activity 

sensors in some form.  Due to the broad and diverse nature of measurands possible with this 

biomarker, objective comparison of sensors is difficult.  However, force sensors under 

development at ETH Zurich, and the commercial NORAXON Plug-in Sensor Series offer the 

potential for a wide-range of non-invasive real-time measurement.  A non-weighted normalized 

ranking indicates the ETH Zurich sensors are superior, and this is due primarily the high power 

consumption of the NORAXON sensors.  The NORAXON sensors are superior with regards to 

system maturity and modularity.  Table 4-4 displays the normalized rankings for these sensors.   

Table 4-4 Muscle Activity Sensor Rankings 
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ETH Zurich 
Sensors 8.6 10 10 8 7 4 5 1 8 # 10.00 

NORAXON 
Sensor Series 8.6 9 8 7 2 9 7 2 4 # 9.06 

At a minimum, classification of activity states and body position via accelerometers will 

be essential to interpreting data from other sensors such as GSR and heart rate, which differ 

significantly with physical activity.  Specific muscle activity may provide more directly useful 

information regarding some impact parameters, but most evaluated sensors for such activity 

would require some development to increase durability.  Developers interested in Soldier data 

retrieval should continue to monitor the progress of novel sensor technologies in order to 

determine their adequacy to replace traditional EMG sensors.     
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4.1.5 Eye Movements 

4.1.5.1 Description and Potential Applications 

 The human eye moves almost constantly.  Researchers have found value in using these 

movements to identify human cognitive states for the purposes of human computer interaction 

(e.g. Zhai et al., 1999; Qvarfordt & Zhai, 2005) and assessing automobile driver safety (e.g. Ji, 

Zhu, and Lan, 2004).  The primary eye movements of concern for inferring cognitive states are 

saccades, fixations, and blinks (Bulling, Roggen and Tröster, 2009; Matthews et al., 2007).  

Saccades are the rapid simultaneous movements of both eyes in the same direction which last 80 

milliseconds or less.  Saccades occur almost constantly, even when an individual appears to have 

a relatively stable focus as in reading.  Fixations occur between two saccades, and the eyes 

remain relatively stationary.  The duration and frequency of these movements combined may 

offer information on the individual‟s current mental or physical state (Bulling, Roggen and 

Tröster, 2009).  Notable research has successfully correlated eye movement data to identify 

fatigue (Ji, Zhu and Lan, 2004; Dinges et al., 1998) and sleep deprivation (Rowland et al., 2005).  

Appendix C contains descriptions of these identified correlations. 

4.1.5.2 Eye Movement Sensor Technology 

 Human computer interaction and automobile applications using eye movements have 

relied mainly on computer vision and tracking technology to collect needed data (Bulling, 

Roggen and Tröster, 2009).  This technology may be sufficient when sensors can be mounted to 

the hardware (computer or automobile) and the operator‟s position and orientation will be 

relatively unchanging with respect to the hardware.  Most of this technology becomes 

unacceptably burdensome when the intent is to monitor a mobile human being.  The NATO 

Research and Technology Organization (RTO) is conducting research with a head mounted 

system to track eye movement on helicopter pilots, though the research has experienced 

challenges, and does not appear sufficient for dismounted Soldier application (Symank, 2010).  

Figure 4-5 shows the device being used in NATO research. 
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Figure 4-5 SR Research Ltd. Eyelink II (Symank, 2010) 

Recent developments have demonstrated the possibility of using ElectroOculoGraphy 

(EOG) to meet the challenge of tracking a mobile individual‟s eye movements.  Similar to ECG 

and EMG technology, EOG detects eye movements by using electrodes placed near the eye(s) to 

sense electrical potential at the skin (Bulling, Roggen and Tröster, 2009).  The developmental 

devices resemble commercial eye protection glasses with sensors above and below the lenses 

that contact the skin.  Figure 4-6 shows an example of such a device. 

 

Figure 4-6 ETH Zurich EOG Goggles (Bulling, Roggen, & Tröster, 2009) 

EOG devices show promise in facilitating real-time sensing of eye movements for mobile 

individuals, though the technology does require some development for use in a Soldier 

performance monitoring system.  The sensors are likely biocompatible, though developers 

should monitor the weight of sensors to ensure an individual could wear them for long periods 

without discomfort.  Durability of EOG sensors may be of particular concern since these sensors 

will likely have greater exposure to environmental conditions than sensors which can be covered 

by clothing or body armor.  Common to most sensors, developmental EOG goggles have some 

issues with cost and power consumption, but they notably have better embedded processing 
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features than other evaluated sensors.  One additional promising trend in eye movement sensor 

technology is the development efforts of commercial companies such as NTT Docomo.  NTT 

Docomo is a Japanese wireless phone provider who has advertised some preliminary eye 

movement sensor technology (Martell, 2008).  Figure 4-7 shows the NTT Docomo 

developmental sensor.  The technology is less ready than the above described EOG devices, but 

efforts to develop commercial products for ubiquitous use in the cellular phone industry could 

likely lead to greater availability of low-cost eye movement sensors for other systems. 

 

Figure 4-7 NTT Docomo Eye Movement Sensor (Martell, 2008) 

4.1.5.3 Overall Assessment and Recommendations 

 Developers of a Soldier performance monitoring system should make efforts to include 

eye movement sensors into a sensor suite.  In addition to the identification of sleep deprivation 

and fatigue cited above, filtering of EEG data may require simple detection of blink events.  EEG 

detects low-voltage electrical activity at the scalp to infer brain activity, while blinks generate 

electrical activity as well.  The close proximity of the sensors, and the relatively higher power 

generated by blinks can lead to artifacts in the EEG data.  An integrated system could use EOG 

sensors to identify blinks and remove artifacts to improve the quality of EEG data (Matthews et 

al., 2007).   

Eye movement sensor technology has challenges of cost and power consumption similar 

to other developmental sensors, with potentially additional challenges in durability.  However, 

the embedded processing characteristics and apparent biocompatibility indicate that moderate 

development efforts could achieve a deployable system in the short-term.  Of the evaluated 

sensors in the present research, the EOG Goggles under development at ETH Zurich, and the SR 

Research Eyelink II show the most promise for near-term use in a Soldier performance system.  

Table 4-4 shows the non-weighted normalized rankings for these two sensors.  The ETH sensor 
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is significantly lacking in power consumption, while the Eyelink II requires development in 

multiple areas prior to being acceptable for use on a dismounted Soldier.  Military researchers 

and system developers should attempt to leverage development of eye movement sensors in 

relevant commercial sectors, specifically cellular phones, human computer interaction, and 

automobile driver assistance applications. 

Table 4-5 Eye Movement Sensor Rankings 
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ETH Zurich 
EOG Goggles 6.13 7 6 3 1 4 9 8 7 # 10.00 

SR Research 
Eyelink II 6.13 4 3 4 3 6 1 8 3 # 7.11 

4.1.6 Temperature 

4.1.6.1 Description and Potential Applications 

 The human body‟s thermoregulatory system attempts to maintain core body temperature 

near 37 degrees Celesius to prevent physiological trauma.  The system performs impressively 

across extreme ranges of temperatures from -30 degrees Celsius to +80 degrees Celsius (Astrand 

and Rodahl, 1970).  However, cognitive performance decrement can occur due to smaller 

variations in body temperature long before physiological failure (Hancock and Vasmatzidis, 

1998).  Detection of these smaller changes could then potentially identify early stages of 

exposure to environmental conditions or impact parameters that could potentially lead to declines 

in performance.  In addition to the obvious environmental parameters that will likely correlate 

with changes in core body temperature, research indicates that changes in core body temperature 

correlate with stress (Marraziti et al., 1992), fatigue (Nybo, 2007; Gonzalez-Alonso et al., 1999) 

and physical trauma (Little and Stoner, 1981).  Appendix C contains descriptions of these 

identified correlations.  Little and Stoner (1981) also identified correlations between skin 
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temperature and physical trauma.  Skin temperatures vary significantly with multiple 

environmental factors, more so than core body temperature.  Therefore, any use of skin 

temperature to infer physical or cognitive states must account for such possible factors in order 

to isolate the proximate cause of skin temperature changes.   

4.1.6.2 Temperature Sensor Technology 

 Some debate exists regarding measurement of core body temperature, since temperature 

measurements taken at multiple locations inside the body may differ on the same individual 

when measured simultaneously (Byrne and Lim, 2007).  Clinical research generally accepts 

rectal and esophageal temperature measurements as reliably indicative of an individual‟s thermal 

state.  However, sensors for these measurands are unacceptably invasive for continuous 

monitoring of a Soldier in combat or training operations.  Ingestible telemetry pills that travel 

through a subject‟s digestive track are now commercially available and have demonstrated 

reliable measurement potential as the pills travel through the intestine (Byrne and Lim, 2007).  

While these devices are completely biocompatible and lightweight they have several other issues 

that complicate their inclusion into a Soldier performance monitoring system.  Despite a long 

battery life for the sensor itself, travel through the digestive system limits useful sensor life to 

between 24 and 36 hours.  This path of travel also dictates that sensors are one-time use, which at 

unit costs near $70, would make such sensors prohibitively expensive for continuous monitoring 

of a Soldier during a year-long deployment.  Telemetry pills also have processing and 

communication issues.  Since the sensors communicate wirelessly at similar frequencies, 

receivers in close proximity, as would be expected for Soldiers operating in the same unit, must 

correctly match sensor signals to the appropriate individual.  This requires calibration of sensors 

every time a subject ingests a sensor (Hoyt et al., 2001).  Hoyt et al. (2001) indicated Army 

supported research was ongoing to reduce cost and communication issues for telemetry pill 

sensors.  However an internet search of the cited sensors indicated that unit cost remained 

prohibitively expensive.            

 While not sufficiently mature for incorporation into a sensor suite for real-time 

performance monitoring, InfraRed (IR) thermometer technology may eventually provide a low-

cost, minimally invasive method of monitoring body temperature.  IR thermometers determine 

temperature by measuring the radiant heat emitted by the sensed surface (Kocoglu et al., 2002).    
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Commercial handheld IR devices are available to measure temperature via the ear canal (i.e. 

tympanic temperature) or the forehead.  Research indicates that the former method can measure 

temperature reliably (Kocoglu et al., 2002) while the latter method has issues with resolving 

environmental factors that could affect forehead temperature (Liu, Chang and Chang, 2004).  If 

development could miniaturize sensors without significant cost increases, incorporation of an IR 

temperature sensor on an earpiece or helmet could potentially serve as a real-time body 

temperature sensor.  Appendix B contains descriptions of some available temperature sensors.   

4.1.6.3 Overall Assessment and Recommendations 

 Body temperature may be a valuable measure for identifying physical and cognitive 

states in real-time.  However, current sensor technology does not reasonably facilitate long-term 

continuous monitoring due to high costs and potential calibration requirements.  The CorTemp 

Body Temperature Sensor has several desirable attributes for a Soldier Performance system, but 

its cost is likely unsustainable for continuous monitoring.  The Shenzhen IR Thermometer 

represents potential technology, though it would require significant development efforts to 

reduce its size for a helmet mounted application.  Table 4-6 presents the normalized rankings for 

these two sensors.   

Table 4-6 Temperature Sensor Rankings 
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CorTemp 
Sensor 3.93 10 10 9 5 9 7 1 1 # 10.00 

Shenzhen IR 
Thermometer 3.93 1 1 4 2 9 1 1 10 # 5.58 

Future development may provide adequate low-cost sensor technology for Soldier 

performance monitoring applications.  For near term performance monitoring applications, users 
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could mitigate the high costs of sensors by using the sensors only when conditions are likely to 

result in significant changes in body temperature.  Such measures would likely focus on 

physiological failure due to extreme environmental temperatures, and therefore miss the 

cognitive performance decrements due to small temperature variations cited by Hancock and 

Vasmastzidis (1998).  Developers of a system to monitor Soldier performance in real time should 

support temperature sensor development efforts with reasonable expectations of producing low 

cost sensors capable of long term continuous monitoring.       

4.1.7 Pupillometry 

4.1.7.1 Description and Potential Applications 

 Pupillometry is the measurement of changes in the diameter of the eye‟s papillary 

aperture.  The pupil‟s main function is controlling the amount of light entering the eye, and it can 

adjust between approximately 1.5mm and 9mm in diameter.  The pupil also changes in response 

to other stimuli as part of the body‟s overall stress response, and those reactions occur in less 

than a millisecond (Andreassi, 1989; Kavanagh, 2005).  Recent research has identified 

correlations between pupil diameter changes with responses to threat (Bitsios et al., 2004) and 

information overload (Peavler, 1974).  Research has also identified correlations with sleep 

deprivation and the speed of pupil reactions (Rowland et al. 2005).  Appendix C provides greater 

detail on the correlations identified in research.   

4.1.7.2 Pupillometry Sensor Technology 

 Pupillometry remains primarily a clinical measure, with most devices historically being 

table mounted.  Portable handheld sensors are now available commercially, but they are still 

designed for use by trained clinicians with stationary subjects.  Additionally they offer only 

snapshot data of pupil diameter, not the real time measurements desired to monitor physical and 

cognitive state.  The SR Research Ltd. Eyelink II system pictured in Figure 4-5 and briefly 

discussed previously in this section is capable of monitoring pupil diameter in addition to eye 

movements.  This measure is the intended use of the system for the NATO RTO‟s research with 

helicopter pilots.  As stated previously, NATO RTO‟s challenges with their research, and the 

apparent volume of the sensor indicates that the Eyelink II will not be suitable for dismounted 
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Soldier use in the near future.   Appendix B contains reviews of the Eyelink II, as well as some 

clinical pupillometry devices. 

4.1.7.3 Overall Assessment and Recommendations  

 Pupil diameter and reaction speed data do appear to be valuable measures for inferring 

physical and cognitive states.  Unfortunately, immaturity of wearable pupillometry sensor 

technology will likely preclude incorporation of pupil measurements into a near-term Soldier 

performance monitoring sensor suite.  Pupillometry sensor technology evaluated in this research 

is not suitable for ambulatory use in a combat environment.  The SR Research Eyelink II sensor 

is the closest of the evaluated technologies to achieving field utility.  Handheld Pupillometers 

such as the NeurOptics device, show potential for smaller and more mobile sensors, though this 

requires a significant development step.  Table 4-7 presents the normalized rankings for the 

Eyelink II and the NeurOptics Pupillometer.  Developers of Soldier performance monitoring 

systems should focus on other sensors for near term systems, and remain aware of any 

developments in pupillometry for consideration of inclusion in the future.        
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Table 4-7 Pupillometer Sensor Rankings 
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SR Research 
Eyelink II 6.42 4 3 4 3 6 1 8 3 # 10.00 

NeurOptics 
Pupillometer 6.42 1 1 3 2 8 1 4 3 # 7.19 

4.1.8 Blood Pressure 

4.1.8.1 Description and Potential Applications 

 Blood pressure refers to the dynamic pressure on an individual‟s artery walls that changes 

due to multiple physiological factors including the volume of blood expelled by the heart, 

viscosity of the blood, and elasticity of the arteries (Andreassi, 1989).  Typical blood pressure 

measurements include two separate pressures.  The systolic blood pressure is the pressure 

measured as the heart contracts to pump blood through the body; diastolic blood pressure refers 

to the pressure as the heart ventricles relax and refill with blood (Everly and Sobelman, 1987).  

Research has found relationships between blood pressure measures and extended work schedules 

(Hayashi et al., 1996), sleep deprivation (Ogawa et al., 2003), and mental stress (Marraziti et al., 

1992).  Appendix C contains additional information regarding these relationships. 

4.1.8.2 Blood Pressure Sensor Technology 

 Most blood pressure sensors use the ausculatory measurement method.  This method 

involves inflating a cuff over an artery until the artery collapses, and then measuring pressure as 

the cuff is deflated and blood flow through the artery resumes (Andreassi, 1989).  Several low-

cost commercial devices exist to perform this type of measurement for the average person, 

though they are designed primarily for individual‟s previously diagnosed with some type of 

blood pressure condition (e.g. hypertension).  Figure 4-8  shows a picture of such a device.  

NASA researchers have also incorporated a similar device into their LifeGuard sensor suite 
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(Montgomery et al., 2004).  While these sensors provide some useful data from a low-cost, 

biocompatible sensor, they are not capable of continuous real-time measurements due to the 

inflation and deflation of the cuff.  The actuation required to perform this inflation also leads to 

increased power consumption and sensor weight.  Additionally, ausculatory blood pressure 

measurements are sensitive to movement and cardiovascular state (McCombie and Asada, 2008).  

Thus they typically require individuals to remain stationary during measurements.  Such 

restrictions are highly undesirable for a real-time Soldier performance monitoring system. 

 

Figure 4-8 A&D Medical Lifesource UB-328 (A&D Medical, 2010) 

 Massachusetts Institute of Technology (MIT) research has developed a sensor which uses 

pulse wave velocity measurements to provide a continuous measure of blood pressure.  The 

developmental sensor is low-cost, lightweight and has demonstrated reliable accuracy in testing.  

The sensor is also capable of measuring blood pressure during subject movement (McCombie 

and Asada, 2008).  Developers intend to have a commercially available version of this sensor in 

2014 via the company CardioSign (Trafton, 2009).  Figure 4-9 shows a developmental version of 

this sensor. 
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Figure 4-9 MIT/CardioSign Blood Pressure Sensor (McCombie & Asada, 2008) 

4.1.8.3 Overall Assessment and Recommendations 

 Blood pressure measures have the potential to provide relevant information regarding a 

Soldier‟s physical and cognitive states.  However, other available measures may adequately 

assess the same states in real time.  Therefore, determining the efficacy of a blood pressure 

sensor in an integrated sensor suite requires additional evaluation.  Given the weight and power 

requirements of currently available commercial sensors, such as the OMRON Wrist blood 

pressure sensor, blood pressure information must provide significant benefit above other sensors 

to justify its inclusion.  When sensors such as the MIT/CardioSign device become available, the 

drawbacks of current sensor technology will subside.  Soldier performance system developers 

should focus efforts on such devices.  Table 4-8 presents non-weighted normalized rankings for 

the CardioSign and OMRON sensors.  When necessary development occurs, the inclusion of 

blood pressure sensors into a real-time performance monitoring system will become more 

advantageous.   
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Table 4-8 Blood Pressure Sensor Rankings 
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MIT/CardioSign 
BP Sensor 7.78 9 9 7 4 5 2 6 10 # 10.00 
OMRON Wrist 
Blood Pressure 
Sensor 7.78 9 5 6 2 10 1 4 10 # 9.04 

4.1.9 Facial Stresses 

4.1.9.1 Description and Potential Applications 

 Facial features can demonstrate multiple types of motion, some of which can indicate 

physical or mental states.  Speech and facial expressions can generate articulated motions 

between pairs of points on the face, as well as deformable motions due to the associated muscle 

contractions (Black and Yacoob, 1997).  Research has shown that emotions including sadness, 

surprise, fear and anger are associated with distinct facial expressions (Ekman, 1992; Dinges et 

al., 2005).  Separating facial expressions from motions caused by speech and head motion is a 

challenge for using facial expressions in real-time performance systems (Black and Yacoob, 

2007).  However, research has used facial expressions to identify responses to threat (Black and 

Yacoob, 1997), fatigue (Ji, Zhu and Lan, 2004; Vural et al., 2007), and stress (Dinges et al., 

2005).  Appendix C contains descriptions of these identified correlations.          

4.1.9.2 Facial Stress Sensor Technology 

Measurement of facial expression is normally accomplished via three methods.  

Psychological research has primarily used static pictures to identify elements of facial 

expression, with the most notable method being the Facial Affect Coding System (FACS) (Black 

and Yacoob, 1997).  This method requires a trained evaluator to view static pictures of the 

individual, and therefore has little application in a real-time performance monitoring framework.  
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Researchers concerned with real-time performance in applications including astronauts and 

automobile operators have tended towards Optical Computer Recognition (OCR) technology to 

detect facial expressions for the purpose of identifying physical or cognitive states.  OCR 

technology tracks key points on a person‟s face, and uses algorithms to detect different 

expressions (Vural et al., 2007; Dinges et al., 2005).  While this method is unobtrusive and 

capable of real-time use, it requires the monitored individual to maintain a relatively static 

known position.  Therefore it is only useful in situations like an automobile where the operator 

location is well-defined.  Some systems do exist for tracking facial expressions of mobile 

individuals.  They primarily support computer generated animation applications, and are too 

cumbersome for long-term use.  Figure 4-10 shows an example of such a system. The third 

method, EMG technology (discussed in Section 4.1.4.2) can detect facial expressions via 

monitoring facial muscle activity.  EMG sensors on the face lead to some biocompatibility and 

durability challenges.  However, the primary drawback for inclusion of facial sensors in a real-

time performance system is the individual specific learning periods required to correlate specific 

facial movements with their associated emotional and cognitive states.  Additionally, when 

dealing with extreme negative emotions such as fear and depression, comprehensive learning 

periods may not be permitted for ethical reasons (Haag et al., 2004). 

 

Figure 4-10 Meta Motion Standard Deviation 2D Face Tracker 

(http://www.metamotion.com/hardware/face-trackers.htm) 

4.1.9.3 Overall Assessment and Recommendations  

 Facial expression sensors evaluated lack the technological maturity for immediate 

integration into a Soldier real-time performance monitoring system.  For applications, 

incorporation of facial stress monitoring may improve the ability to identify responses to threat, 

though the data is likely not essential to identifying that impact parameter.  Stress and fatigue 

also have sufficient quantities of other predictive biomarkers with more mature sensor 

technology.  With regard to sensors, the research that suggests the utility of monitoring facial 

expression to identify an individual‟s physical or cognitive state all use stationary computer 

http://www.metamotion.com/hardware/face-trackers.htm
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vision systems or FACS, which are not compatible with dismounted Soldier use.  The 

MetaMotion Face Tracker represents a mobile system, though it is too large for continuous 

Soldier wear.  Even if the knowledge attained from that research could be translated to 

correlating EMG measures, and EMG sensors achieved suitable levels of biocompatibility and 

durability, the required individual learning periods would likely still make incorporation of the 

sensors resource prohibitive.  The Sony ProComp+ sensor suite incorporates such EMG sensors.  

Table 4-9 shows non-weighted normalized rankings for the Sony and MetaMotion sensors.  

Therefore, while using facial expressions to detect impact parameters is possible, it is not 

feasible for inclusion into a system in the near term for multiple reasons. 

Table 4-9 Facial Stress Sensor Rankings 
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Sony 
ProComp+ 6.62 7 4 4 3 4 8 2 6 # 10.00 

Meta Motion 
Face Tracker 6.62 7 3 6 2 9 3 3 1 # 8.95 

 

4.1.10 Oxygen Saturation 

4.1.10.1 Description and Potential Applications 

 One of the functions of the body‟s circulatory system is to transport oxygen in the blood 

stream to muscles, bones, and organs throughout the body.  Blood oxygen levels are measured as 

a percent of capacity, with normal levels ranging from 95-100%. Saturation below 90% is 

considered clinically low, and indicates a condition referred to as hypoxemia (Mayo Clinic Staff, 

2010).  Blood oxygen levels can be of concern during high altitude operations where 

environmental oxygen levels decrease.  Oxygen saturation changes can also indicate specific 

physical trauma relevant to combat operations such as blast lung injury.  However, actual 
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diagnosis of this injury requires radiology of the individual‟s chest cavity (Sasser et al., 2006).  

Other research has indicated that cerebral blood oxygen levels may relate to fatigue, though this 

phenomenon may be specific to the location of measurement (Tripp and Warm, 2007).  This 

report cannot claim exhaustive review of all of the literature, but an extensive search found no 

other research indicating significant links with other evaluated impact parameters.   

4.1.10.2 Oxygen Saturation Sensor Technology 

 Oxygen saturation levels are normally measured non-invasively via pulse oximetry which 

involves a sensor measuring light absorption through a body part such as a finger or ear lobe.  

Multiple commercial sensors exist at low to moderate cost.  These sensors are primarily stand-

alone, and designed for use on a finger.  The display size, and emplacement location make 

commercial sensors poor choices for continuous measurement in a combat environment where 

Soldiers require free use of the hands.  Figure 4-11 shows an example of a typical commercial 

pulse oximeter.  Developmental systems have incorporated tested ear lobe pulse oximeters, 

which would be a preferable choice for continuous measurement (Montgomery et al., 2004).  

Commercial and developmental sensors have a common drawback of high power consumption.  

Researchers at Worcester Polytechnic Institute have developed a pulse oximetry sensor that 

draws 28 times less current than commercial sensors, though this improvement comes with a 

significantly reduced signal-to-noise ratio, making the sensor‟s signal susceptible to corruption 

(Branche and Mendelson, 2005).  Appendix B contains a more detailed review of the sensor 

technology. 
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Figure 4-11 Nonin GO2 Achieve Pulse Oximeter (http://www.go2nonin.com) 

4.1.10.3 Overall Assessment and Recommendations 

 Justification for inclusion of a pulse oximeter in real-time performance monitoring 

system requires additional neurophysiological research to identify predictable correlations 

between blood oxygen levels and physical or cognitive states.  Sensor technology is likely 

adequate for incorporation into a sensor suite for real-time performance monitoring with minor 

development efforts to address power consumption and signal quality issues.  The Worcester 

Polytech SpO2 Sensor is the most promising developmental sensor, while the commercially 

available OctiveTech pulse oximeter represents a quality commercial product that would require 

modification for continuous Soldier use.  Table 4-10 presents the rankings for these two sensors.  

However, initial review of the literature found only links to very specific physical injuries.  In the 

case of blast lung injury, the causal event would be known, and Soldiers could be screened by 

medical personnel equipped with pulse oximeters.  For high altitude concerns, most operations 

do not occur in such environments.  So while the addition of pulse oximeters to a sensor suite for 

some Soldiers  may be valid (e.g. those operating in high mountain ranges and special operations 

Soldiers executing high altitude parachute jumps), reviewed research does not justify the 

inclusion of the sensor into a basic system.  The link to fatigue cited by Tripp and Warm (2007) 

may be valid, but it uses cerebral blood flow measured via transcranial Doppler Sonography.  

The same relationship may not exist between fatigue and blood oxygen levels measured in a 

finger or earlobe.  Based on the lack of identifiable links between blood oxygen levels and 

commonly expected impact parameters, developers should consider a blood oxygen biomarker as 

a secondary development effort unless additional research justifies its incorporation into the 

Soldier performance model.     

http://www.go2nonin.com/
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Table 4-10 Blood Oxygen Sensor Rankings 
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Worcester 
Polytech 
SpO2 Sensor 2.52 9 9 6 10 3 3 1 8 # 10.00 
OctiveTech 
Pulse 
Oximeter 2.52 9 4 3 4 10 1 1 10 # 8.57 

4.1.11 Biomarker Conclusions and Recommendations 

 This section described the evaluation of ten potential biomarkers with respect to their 

relevance to impact parameters experienced by Soldiers, and the maturity of their associated 

sensor technology.  In general, all evaluated biomarkers had some relevance to the selected 

impact parameters.  Formal evaluation of the biomarkers resulted in  
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normalized rankings of the biomarkers from most to least 

important.  The rankings are a function of the individual 

biomarker‟s ability to inform the user about the state of one 

or more impact parameters, and the importance of the 

associated impact parameters related to performance.  The 

rankings are not related in any fashion to the sensor 

technology associated with each biomarker.  Appendix C 

provides detailed information on the ranking methodology 

and results; Table 4-11 presents the rankings of the 

biomarkers based on weighting factors assigned for a 

typical Infantry rifleman.  The ranking values are 

commensurate with the reviewed literature.  EEG measurements provide large amounts of data, 

and are therefore the most important biomarkers for measurement.  Heartbeat and muscle activity 

measures likewise provide multiple measurands relevant to Soldier performance, and have high 

relative ranks.  Oxygen saturation has limited relevance to impact parameters evaluated in this 

report and therefore has a very low ranking, thereby validating the recommendation to either 

identify more relevant relationships or not include oxygen saturation sensors in near term 

systems.   

Sensor technology for the evaluated biomarkers ranged from mature commercial systems, 

to strictly developmental prototypes.  In general, most sensors lacked sufficient embedded 

processing for use in a real-time performance monitoring system.  Therefore, development of 

processing algorithms to make use of collected data should be the primary development effort 

with regard to biomarkers.  Cost, durability, and modularity were also issues with multiple 

sensors.   

 The paragraphs above included normalized rankings for sensors in each biomarker 

category.  Appendix B also contains four integrated sensor suites at varying stages of 

development.  These suites incorporate multiple (4+) biomarker sensors for the purpose of data 

collection, physiological functioning, or performance.  Table 4-12 presents the rankings for these 

systems.  The QUASAR system shows the most promise, and is the only suite that includes an 

EEG sensor.  QUASAR is now offering some sensor technology commercially (QUASAR USA, 

Table 4-11 Normalized 

Biomarker Rankings 

EEG 10.00 

Heartbeat 8.72 

Muscle Activity 8.60 

Blood Pressure 7.78 

Facial Stresses 6.62 

Pupillometry 6.42 

Eye Movements 6.13 

Skin Response 5.60 

Temperature 3.93 

Oxygen Saturation 2.52 
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2011).  The MIThril 2003 system demonstrated impressive capabilities with regard to 

physiological state detection in U.S. Army Ranger training (Marci, Sung & Pentland, 2005), thus 

demonstrating durability as well. 

Table 4-12 Biomarker Sensor Suite Rankings 
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Rank Rank Rank Rank Rank Rank Rank Rank Rank 
  

QUASAR 
Physiological 
Sensor Suite 10 8 8 8 8 7 9 8 5 # 10.00 
MIT Media Lab 
MIThril 2003 8.72 8 8 8 7 6 10 9 7 # 9.01 
NASA/Stanford 
LifeGuard 8.72 7 9 8 2 5 8 2 6 # 6.72 

Sony ProComp+ 8.72 7 4 4 3 4 8 2 6 # 5.43 
 

 Skin response, heartbeat, and muscle activity measures all had adequately mature sensor 

technology, and relevance to multiple impact parameters supported in the literature.  Integration 

of these sensors, along with development of embedded algorithms that translate collected data 

into useful performance information should commence immediately.  Research also found that 

EEG measurements have tremendous potential in specifically identifying multiple impact 

parameters, and that available commercial sensors indicate that an EEG sensor embedded in a 

Soldier‟s helmet is feasible in the near term. Significant efforts to develop such a sensor should 

begin immediately, along with development of the algorithms necessary to interpret the data in 

real-time. 

 Eye movement and temperature sensor technology is maturing, but technological 

challenges exist before incorporating such sensors into a real-time performance monitoring 

system.  Eye movement sensors lack durability, and have some weight concerns, but commercial 

interest is likely to continue improvements in the technology.  Cost remains the primary burden 

for temperature sensors.  If IR thermometer technology development continues, such sensors 
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may be feasible in the near term.  Both biomarkers have the potential to provide relevant 

information to Soldier performance in real-time.  Therefore, developers should plan to allow 

inclusion of them once sensor technology reaches appropriate maturity levels.   

 Blood pressure and oxygen saturation sensors are commercially available, and modest 

development efforts could likely incorporate them with other sensors to monitor the Soldier in 

real-time.  However, this report found minimal literature supporting the relevance of these two 

measures to the impact parameters evaluated in the following section.  Based on these findings, 

blood pressure and oxygen saturation sensors would not be cost-effective additions to real-time 

performance sensor suite.  However, if research in other fields does identify relevant links to 

impact parameters, these developers should incorporate the sensors immediately. 

 Biomarkers from pupillometry and facial stresses both have potential value to monitoring 

Soldier performance in real-time.  However, the current state of sensor technology for both 

biomarkers is not adequate for incorporation into a sensor suite designed for a dismounted 

Soldier.  Development of the sensor technology to adequate maturity levels is not likely in the 

near term.  Developers should focus effort on other biomarkers described above, and review 

sensor technology for pupillometry and facial stresses as they develop. 

4.2 SOLDIER IMPACT PARAMETERS 

 The effects of combat, including stress, danger and lack of sufficient rest, cumulatively 

affect a Soldier‟s physical and cognitive effectiveness (TRADOC, 2008).  The modern battlefield 

requires Soldiers to operate under extreme physical and mental demands, with high levels of 

unpredictability and exposure to shocking destruction and violence (HQDA, 2007; HQDA, 

2008).  This unique set of challenges suggests that Soldiers‟ performance capabilities may vary 

widely as conditions change.  Measuring these conditions, referred to here as impact parameters, 

then becomes necessary to predict changes in Soldier performance.  Impact parameters cause 

neurophysiological changes in individuals and result in performance changes (Hancock & 

Szalma, 2008).  Therefore, this report proposes to infer measurement of impact parameters based 

on biomarkers discussed in Section 4.1.   

 Like the biomarkers discussed above, the impact parameters discussed in this section do 

not represent the entire spectrum of all possible impact parameters.  The present research based 

selection of the impact parameters on conditions identified as commonly occurring in combat 
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conditions from literature including the National Academies‟ Board on Army Science and 

Technology‟s report Opportunities in Neuroscience for Future Army Applications (Board on 

Army Science and Technology, 2009) and U.S. Army literature regarding the human dimension 

of warfare (TRADOC, 2008).  The evaluated impact parameters do not specifically address 

environmental stressors such as extreme heat or cold, though those elements do certainly affect 

performance (Hancock & Szalma, 2008).  Additionally, one could reasonably propose division 

of some impact parameters into more distinct parameters.  For example, sleep deprivation could 

be divided into total sleep deprivation, chronic partial sleep deprivation, and differential sleep 

stage deprivation (Andreassi, 1989).  However, the goal of the presented model is to demonstrate 

the structure of a useful model.  Comprehensive refinement of the model is left to the appropriate 

specializations.       

4.2.1 Stress 

 Stress is a term with broad meaning that changes depending on the context of its use.  

This report focuses primarily on mental demands that challenge an individual‟s ability to 

perform in situations where the individual has a stake in the outcome, such that he or she is 

motivated to perform well (LePine, LePine and Jackson, 2004).  Stress is inherent in military 

operations, as it is in many other parts of life.  Limited amounts of stress can actually increase 

individual performance, but extreme levels typically lead to degraded performance and potential 

failure.  The specific levels of stress that lead to degraded performance vary across individuals, 

and even within an individual depending on the assigned task and levels of cumulative stress 

(TRADOC, 2008). 

 Section 4.1 described research supported correlations between multiple biomarkers and 

stress.  In review, literature supports correlations between stress and heartbeat measures, skin 

response, muscle activity, body temperature, blood pressure, and facial stresses (Healy & Picard, 

2005; Marraziti et al., 1992; Dinges et al., 2005).  Specifically, Healy & Picard (2005) validated 

that combination of multiple biomarkers (i.e. heart rate, muscle activity and skin response) 

facilitated classification of stress into discrete states at a 97.4% true positive rate.  Appendix D 

explains the relationships between stress and biomarkers presented in the literature.   

Combining biomarkers from multiple research efforts should perform at least as well at 

inferring stress levels as the methods used by Healy & Picard (2005).  This combination may be 
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achieved via Bayesian network modeling using methods described by Ashok and Tesar (2007).  

Figure 4-12 shows a proposed network module for inferring stress.  The node colors (and letters 

under the node titles) indicate near-term feasibility of real-time measurement of the parameter on 

Soldiers in a combat environment.  For biomarkers, green (G) indicates sufficient sensor 

technology exists for biomarker measurement with little or no development effort required.  

Yellow (A) indicates that real-time measurement in a combat environment will require some 

development, but that development appears achievable within approximately five years.  Red (R) 

indicates the existing sensor technology for the biomarker is very immature and would require 

significant development efforts prior to Soldier use in combat.  For impact parameters, green (G) 

indicates that research supports valid correlations between the impact parameter and multiple 

biomarkers that have sufficient sensor technology for real-time measurement.  Yellow (A) 

indicates that research supports correlations between the impact parameter and multiple 

biomarkers, but that technology for at least one of the biomarkers requires some further 

development.  Yellow (A) could also indicate a lack of research supporting multiple biomarker 

responses correlating with the impact parameter.  Red (R) indicates either a complete lack of 

research supported relationships between the impact parameter and evaluated biomarkers, or that 

no related biomarker has sufficient sensor technological maturity to support measurement of the 

impact parameter in real time.  This color (and letter) scheme will remain constant throughout 

this section.     
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Figure 4-12 Stress Bayesian Network Module 

Figure 4-12 indicates that stress could be reliably measured in real-time based on the 

feasibility of measuring heart rate, muscle activity, and skin response.  Inclusion of body 

temperature and blood pressure measurements could improve stress measurement as sensor 

technology for those biomarkers improves.  While Dinges et al. (2005) suggests that facial 

stresses may reliable indicate stress, the sensor technology used in that research is not suitable 

for dismounted Soldier use.   

The methods presented in Ashok and Tesar (2007) define all independent, combined and 

conditional probability distributions necessary to populate the model.  Once populated the model 

allows combination of select biomarkers to create multiple performance maps representing a 

Soldier‟s real-time probability of stress level, with the associated uncertainty of the 

measurement.  Any two biomarkers could be selected to represent a Soldier‟s expected response 

to stress, meaning that ten performance maps (see Chapter 3 for a presentation of potential 

performance maps) related to stress are possible based on sensor technology expected to be 

available in the near-term.  Presentation of an impact parameter with relation to three biomarkers 

is feasible with multiple surfaces presented at discrete values of the third biomarker.  Visually 

presenting combinations of higher numbers of biomarkers is nearly impossible.  Therefore, 
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biomarkers not represented on a displayed map are considered to remain constant, requiring 

look-up tables in the system software consisting of potentially hundreds of maps depending on 

the required scales of measurement.    

4.2.2 Sleep Deprivation 

 Sleep deprivation refers to a lack of restorative sleep over time (Stedman, 2006).  

Deprivation may be total where no sleep occurs for extended periods of time or partial where 

some sleep occurs, but it is less than the amount required for full restoration (Andreassi, 1989).  

Sleep deprivation is a ubiquitous impact parameter in Army training and combat operations.  All 

Soldiers typically operate at some level of sleep deprivation, with leaders often operating under 

higher levels than subordinates (TRADOC, 2008).  Sleep deprivation of all types may lead to 

decreased physical and cognitive performance (Stedman, 2006). 

 Reviewing the biomarker responses to sleep deprivation discussed in Section 4.1, 

research indicates that EEG, eye movements, pupillometry measurements, blood pressure, and 

muscle activity may be used to reliably assess sleep deprivation (Rowland et al., 2005; Ogawa et 

al., 2003; Borbely & Achermann, 1999; Balkin et al., 2004).  Figure 4-13 shows the Bayesian 

network module related to measuring sleep deprivation.  EEG readings are commonly referred to 

as the most predictive measure of sleep deprivation, but the sensor technology has been 

insufficiently mature for field use in most applications (Board on Army Science and Technology, 

2009).  Muscle activity is the only relevant biomarker with adequate sensor technology maturity.  

However, use of muscle activity to infer sleep deprivation typically involves use of 

accelerometers to correlate complete lack of major muscle activity for extended periods with 

sleep time (Balkin et al., 2004).  While this may indicate the amount of time slept, it will not 

adequately describe the individual‟s response to sleep, and therefore may potentially have high 

levels of uncertainty in assessing sleep deprivation without other biomarker measurements.  

Based on the need for some sensor development for relevant biomarkers, this report assesses that 

measurement of sleep deprivation in the short term may not be feasible, though potential exists to 

measure it within five years with sufficient sensor technology development.   
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Figure 4-13 Sleep Deprivation Bayesian Network Module 

4.2.3 Fatigue 

 Fatigue, like stress, has different contextual meanings.  In this report, fatigue refers to an 

individual‟s reduced resources necessary to perform under current situational demand (Friedl, 

2007b).  Exhaustion, or the inability to continue successful performance, represents maximum 

levels of fatigue (Cordes & Dougherty, 1993; Leiter & Maslach, 1988).  Fatigue levels are 

functions of time on task, task complexity, environmental factors and individual resource 

capacity at the start of the task (Friedl, 2007b).   
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Figure 4-14 Fatigue Bayesian Network Module 

 Figure 4-14 shows the Bayesian network module for fatigue based on biomarker 

indicators of fatigue supported by literature.  While muscle activity indicators represent the most 

mature sensor technology, the relationship to fatigue is physical only and specific to individual 

muscles (Naeije and Zorn, 1982).  Body temperature, EEG measurements and combination of 

eye movement parameters show high levels of correlation to both physical and cognitive fatigue 

levels (Gonzalez-Alonso et al., 1999; Lal et al., 2003; Ji, Zhu & Lan, 2004).  Appendix D 

describes these correlations in greater detail.  The combination of these parameters results in a 

minimum of three potential performance maps for fatigue that could be available in the near-

term, though this requires some sensor technology development.  Inclusion of muscle activity, or 

separating available measurands in EEG and eye movement biomarkers could increase the 

number of possible performance maps to as many as 21.  While possible, the amount of 

information provided by 21 maps may be overwhelming, and not improve the quality of 

information significantly over a smaller set of maps.  Developers must analyze all network 

modules to determine the appropriate set of maps that provide sufficiently reliable information 

with acceptable data processing and storage requirements. 
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4.2.4 Mental Trauma 

 Mental trauma includes several disorders which may occur after exposure to events 

involving grave danger, violence or tragedy (Harvey, 1996).  Post-Traumatic Stress Disorder 

(PTSD) is one of the possible disorders of specific concern to the U.S. Army (Seal et al., 2010; 

TRADOC, 2008).  Mental trauma is a function of the nature and duration of the individual‟s 

exposure to events, the specific characteristics of the causal event, and other environmental 

factors (Harvey, 1996).  Soldiers are more likely than the average person to be exposed to 

traumatic events.  The potential for near-term and chronic deleterious effects from disorders like 

PTSD, make early identification of mental trauma a high priority for the Army (Seal et al., 2010, 

TRADOC, 2008). 

 Research indicates that heartbeat measures may reliably indicate an individual is 

suffering from PTSD.  These findings indicate that baseline and continuous monitoring of 

individual heart rate could aid the diagnoses of PTSD based on predictable differences in 

responses between sufferers and non-sufferers (Cohen et al., 1998; Shalev et al., 1998).  Other 

research also indicates that skin response and muscle activity may also indicate the presence of 

PTSD, but only in the appropriate context (Casada et al., 1998).  Appendix D provides more 

detail on the identified relationships between the discussed biomarkers and mental trauma. 
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Figure 4-15 Mental Trauma Bayesian Network Module 

 Figure 4-15 shows the Bayesian network module for mental trauma.  Based on the 

predictable relationships between the biomarkers discussed above and the maturity of the 

associated sensor technology, it is feasible that real-time monitoring of Soldiers could result 

immediately in increasing the timely and reliable identification of Soldiers suffering from PTSD.  

The high-cost currently being incurred by the Army and the nation due to PTSD (e.g. Seal et al., 

2010; Tanielian & Jaycox, 2008) should justify immediate efforts to validate the findings and 

research, and deployment of a sufficient sensor suite to achieve early identification of mental 

trauma.   

4.2.5 Physical Trauma 

 Physical trauma includes all sudden physical injury to the body resulting in wounds or 

shock.  Major trauma may lead to body system failure, permanent injuries or death (Martin, 

2010; Søreide, 2009).  The physically demanding and violent nature of combat significantly 

increases a Soldier‟s risk of physical trauma (TRADOC, 2008).  Accordingly, the Army has 

already directed some efforts to the detection of physical trauma in real-time with the Warfighter 

Physiological Status Monitoring (WPSM) program (Borsotto et al., 2004).  The detection of 

physical trauma is relatively easier than detection of other impact parameters due to the fact that 
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biomarkers tend to change significantly with physical trauma, and this often results in 

performance failure.  Other impact parameters however, tend to initially demonstrate subtle 

changes in biomarkers with negative but non-catastrophic effects on performance.  If not 

mitigated, dangerous levels of other impact parameters can also lead to performance failure, but 

the goal is to detect early, non-catastrophic effects, which is more difficult (Friedl, 2007a).  

 Figure 4-16 shows the Bayesian network module for physical trauma.  The availability of 

technologically mature sensors indicates that broad assessment of physical trauma may be 

possible in the near term.  However, the number of physical injuries that are possible will likely 

require a greater number of sensors and embedded processing algorithms to discern the actual 

injury and its impact on performance in real time.  For example, the oxygen saturation biomarker 

is indicative of only certain injuries and not necessarily general physical trauma (Sasser et al., 

2006).  While injuries of this type are prevalent on the battlefield, and important to performance 

monitoring, the Army requires a system that identifies and classifies multiple types of physical 

trauma.  Skin and body temperature biomarkers may provide some indication of physical trauma 

(Little and Stoner, 1981), though skin temperature is highly coupled with other factors, and non-

invasive body temperature sensors have extremely high costs as discussed in Section 4.1.   

 

Figure 4-16 Physical Trauma Bayesian Network Module 

 In general, monitoring of physical trauma is likely more feasible in the immediate and 

near-term than other impact parameters.  However, comprehensive assessment of the impact 
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parameter may require numerous sensors and complex processing algorithms to accurately 

classify the form of trauma.  Developers should leverage the work from the WPSM system, 

which also uses a Bayesian framework (Borsotto et al., 2004) and likely has some compatibility 

with the structure proposed in this report.  Developers should also support the development of 

EEG sensors, and seek to include EEG measures into a physical trauma sensor module.  

Research has demonstrated high levels of effectiveness in identifying and classifying the degree 

of Traumatic Brain Injury (TBI) in the short and long term (Thatcher et al., 2001).  TBI has been 

an increasingly common affliction for recent combat veterans and it has few outwardly visible 

symptoms (Tanielian and Jaycox, 2008).  Any increase in the ability to diagnose TBI could have 

significant positive effects on treatment and performance.  
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4.2.6 Ambiguity 

 Ambiguity represents the anticipation of unknown future outcomes that result from 

imperfect information.  The lack of information may be related to an individual‟s role, the 

environment or external actors, including the enemy (Monat, Averill & Lazarus, 1972).  

Ambiguity is present in all combat operations, and its prevalence is likely to increase in future 

operations due to the increasing complexity of the battlefield (TRADOC, 2008).   

 

Figure 4-17 Ambiguity Bayesian Network Module 

Figure 4-17 displays the Bayesian network module supported by relationships to 

biomarkers discussed throughout Section 4.1.   Appendix D discusses these relationships 

specifically with regard to ambiguity.  The research supported biomarker relationships and their 

associated sensor technology indicate that the feasibility of assessing ambiguity in real-time is 

promising.  One challenge that may arise in assessing ambiguity is the similarity of biomarker 

responses to other impact parameters.  Experience of ambiguity correlates with elevated heart 

rate, galvanic skin response and blood pressure measures (Wilson, 2001; Greco & Roger, 2001, 

2003).  These same measures also increase with physical exertion.  Therefore, assessing 

ambiguity and its expected effects on Soldier performance will require some other processing 

capability, likely including muscle activity, that can identify context in order to reliably assess 

the impact parameter related to biomarker increases. 
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4.2.7 Information Overload 

 Individuals have finite processing abilities that limit the amount and rate of information 

input they can effectively receive and use.  Information overload refers to a state where input of 

available information exceeds the individual‟s processing capabilities, and is a function of the 

amount of information and the time available to process it (Milford & Perry, 1977).  Once 

information overload occurs, processing is either slowed or stops completely until the amount of 

input is reduced or time allows for sufficient processing (Schroder, Driver & Streufert, 1967).  

Information overload results in decreased performance of tasks that require processing of 

information, and may result in task failure, especially in time-constrained situations (Hahn, 

Lawson & Lee, 1992; Peters et al., 1984).  Future missions will likely present Soldiers with more 

information than ever before.  The availability of this information4 then requires analysis and 

evaluation abilities that past missions only required of senior leaders (TRADOC, 2008).  

Therefore, identification of the state of information overload in real-time could significantly 

assist the Soldier adjust to the demands of future missions. 

 Assessment of information overload in real-time is likely feasible in the near-term with 

some development required with regard to sensor technology and processing algorithms.  Heart 

rate variables have some correlation with mental workload, though separation of changes in these 

variables due to physical activity remains a challenge (Hering, 1999).  Some research has shown 

success in using EEG variables to classify workload, but the high level of variance due to 

individual differences requires long system learning periods (Berka et al., 2005 & 2007).  

Pupillometry may be the most predictive biomarker of mental processing and information 

overload (Peavler, 1974), but unfortunately pupillometry sensor technology does not appear 

accessible in the near-term.  The most likely approach for real-time monitoring of information 

overload in the near-term is likely EMG sensors on the lateral frontalis muscle, which rises 

predictably with mental workload (Fridlund et al., 1986; De Waard, 1996).  Appendix D 

discusses the research supported correlations between information overload and the addressed 

biomarkers.  Figure 4-18 shows the Bayesian network module supported by the research 

supported correlations. 

                                                

4 Information processing time can be shortened and made more reliable if the information can be presented to the 

Soldier in a clear and visual format. 
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Figure 4-18 Information Overload Bayesian Network Module 

4.2.8 Mission Duration 

 The mission duration impact parameter includes measurement of the time spent 

performing a task and the associated level of effort.  Mission duration also represents the 

cumulative load of operations that may involve performance of multiple tasks over an extended 

time period.  The resource demands of tasks or missions are cumulative and generally result in 

decreased performance as mission duration increases (Maclean et al., 2009).  Mission duration 

interacts with other impact parameters such as sleep deprivation and fatigue.  While this 

interaction is acknowledged, the model proposed in this report does not explicitly portray these 

relationships because the quantification of these relationships are not presently well understood 

(Board on Army Science and Technology, 2009).  Future development requires better definition 

of these relationships in order to improve the model‟s accuracy and reliability.  U.S. Army 

doctrine currently plans for 72-hour operations in contingency deployments which last up to 15 

months.  Deployed Soldiers may be engaged in mission task performance for 10-12 hours per 

day on average (Board on Army Science and Technology, 2009; TRADOC, 2008).  These 

anticipated demands coupled with the knowledge that such demands are cumulative, require 

assessment of mission duration impacts on Soldier performance. 
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Figure 4-19 Mission Duration Bayesian Network Module 

Assessment of the cumulative effects of mission duration in real-time is likely feasible, 

but some challenges remain.  Figure 4-19 shows the Bayesian network module for mission 

duration.  The “Clock” node is not a biomarker; rather it represents the fact that either the sensors 

or central processing hubs of a performance monitoring system will require the ability to time-

stamp recorded data.  Since mission resource demands have cumulative effects, the time spent on 

individual tasks will affect the remaining performance resources available from the individual 

Soldier.  The starting resource level for each Soldier will be a function of individual ability, 

training and mission effects requiring detailed documentation of the Soldier throughout training 

and deployment.   

 Heart rate and body temperature biomarkers generally represent the cumulative physical 

resource demands related to mission duration (Gonzalez-Alonso et al., 1999).  Blood pressure 

measures may indicate more general effects of excessive mission duration, though the supporting 

research acknowledges the requirement for further validation (Hayashi et al., 1996).  The 

combination of these biomarkers generates one to three potential performance maps to describe 

mission duration effects on the Soldier, depending on the resource demands of interest (i.e. 

physical or cognitive).  These maps are likely insufficient for highly reliable measurement, 
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especially given the need for research validation for blood pressure measures.  Therefore, 

assessment of mission duration requires additional research into indicators of the cumulative 

effects of mission demands.   

4.2.9 Threat 

 The threat impact parameter refers to abnormal experiences with the perceived possibility 

of adverse outcomes, including personal injury or death.  Fear is a normal response to high levels 

of threat which results in physical and psychological responses.  Soldiers operate in unique 

conditions that frequently expose them to threat (TRADOC, 2008).  Therefore assessment of 

threat in real-time is pertinent to monitoring Soldier performance.   

 

Figure 4-20 Threat Bayesian Network Module 

Research indicates that three biomarkers evaluated in this report may reliably indicate an 

individual‟s response to threat.  Unfortunately all related biomarkers lack adequate sensor 

maturity for immediate incorporation into a Soldier performance monitoring system.  Figure 4-

20 shows the Bayesian network module for threat with the research supported biomarker nodes.  

Research indicates that facial stresses and pupillometry measures may be the most reliable 

measures of individual response to threat (Black & Yacoob, 1997; Bitsios et al., 2004).  

However, none of this research demonstrated monitoring of an ambulatory subject.  EEG 

measures show some correlation, though the effect is localized which may affect reliable 

measurement depending on sensor technology maturity (Kostyunina & Kulikov, 1996).  Due to 
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the nascent state of remote sensor technology for the evaluated biomarkers, only one two-

dimensional performance map (Threat vs. EEG) is likely feasible in the near-term assuming 

moderate sensor development.  Assessment of the threat impact parameter therefore requires 

significant development efforts prior to inclusion in an real-time performance monitoring system. 

4.2.10 Energy Balance  

 Individuals require adequate metabolic energy to perform.  This energy comes primarily 

from muscle glycogen and blood glucose. Physical and cognitive effort depletes these resources 

(Sabapathy, Morris & Schneider, 2006).  Oxidation of fat stores may also provide energy for 

physical efforts of low to moderate intensity (Romijn et al., 1993).  Individuals replenish energy 

stores via intake of food.  Soldiers in training and combat frequently experience irregular food 

intake, which could negatively affect the Soldiers energy balance (TRADOC, 2008). 

 Multiple studies have demonstrated success in determining energy expended via 

monitoring of heart rate and muscle activity measures (Ceesay et al., 1989; Rennie et al., 2000).  

Figure 4-21 displays the Bayesian network module for energy balance with these relationships.  

While the sensor technology necessary to assess physical energy expenditure is adequately 

mature for immediate use, energy expenditure is only one part of defining energy balance.  

Energy replenishment via the intake and digestion of food also affects the balance of metabolic 

energy stores.  Food intake and digestion is difficult to measure, since simply providing Soldiers 

with food and time to consume it does not guarantee that all food issued will be consumed by 

that Soldier.   
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Figure 4-21 Energy Balance Bayesian Network Module 

 Monitoring physical energy expenditure may neglect cognitive energy expenditure 

requirements.  Blood glucose is the primary source of energy for the brain and evidence suggests 

that decreased levels of blood glucose result in cognitive performance decreases (Board on Army 

Science and Technology, 2009).  Therefore, blood glucose is a potentially useful biomarker for 

energy balance which this report does not formally evaluate.  While glucose monitoring could 

potentially account for two sources of energy (i.e. blood glucose and fat oxidation), it does not 

monitor muscle glycogen.  Additionally, external reviews of blood glucose sensor technology 

indicated that minimally invasive sensors still required some development as of 2006 (Friedl, 

2006). 

 In summary, Figure 4-21 indicates the potential for at least one performance map to 

describe the energy balance impact parameter.  However, the factors discussed in the paragraphs 

above suggest that the impact parameter cannot be adequately assessed in real-time given the 

biomarkers evaluated in this report. 

4.2.11 Impact Parameter Conclusions and Recommendations 

 The preceding paragraphs of this section included discussion of the relevance of ten 

impact parameters, and the feasibility of assessing those parameters in real-time using evaluated 
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biomarkers.  In review, eight of the ten impact parameters can be reliably assessed with 

biomarkers evaluated in the present research either immediately or in the near-term given modest 

sensor technology development.  A formal evaluation of the relative importance of the impact 

parameters with regard to measuring performance is also appropriate.   

 Table 4-13 presents normalized rankings of the ten evaluated impact parameters.  These 

rankings are a function of the impact parameters‟ relevance to Soldier performance measures, 

and the associated performance measures‟ importance to successful execution of typical infantry 

riflemen tasks.  Appendix D discusses the ranking methodology and results in greater detail.  The 

three most important impact parameters are reasonable based on their relevance to Soldier 

operations discussed above.  Sleep deprivation and  fatigue are constant threats during 

continuous operations; and threat is a unique and extreme condition with which Soldiers must 

routinely cope.  However, none of the three appear to be feasible for immediate real-time 

assessment.  Moderate sensor technology 

development could achieve assessment of sleep deprivation 

and fatigue in the near term, but assessment of threat may 

require significant development efforts.  Given Brigadier 

General S.L.A. Marshall‟s assessment: “Once the fighting 

begins, we are dealing with a different man” (Marshall, 

1950, p. 51), assessment of threat should be a high priority 

for Soldier performance system developers.  Some may 

question the relatively low range of value from most 

important to least important impact parameter (10 to 5.67).  

Earlier paragraphs of this section discussed how each 

evaluated impact parameter is commonly present in military 

operations.  Additionally, the present research selected the impact parameters based on evidence 

that they affected Soldier performance.  Therefore, it would be more surprising to see one or 

more impact parameters with low rankings.  So while ambiguity and energy balance may not be 

as important to maintaining high levels of Soldier performance as sleep deprivation, they are not 

inconsequential impact parameters.   

Table 4-13 Impact Parameter 

Rankings 

Sleep Deprivation 10.00 

Fatigue 8.43 

Threat 8.26 

Stress 7.92 

Physical Trauma 7.78 

Information Overload 7.16 

Mission Duration 7.08 

Mental Trauma 6.69 

Energy Balance 6.26 

Ambiguity 5.67 
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 4.3 SOLDIER PERFORMANCE MEASURES 

 Measuring Soldier performance in real-time requires establishment of performance 

metrics which are relevant to Army tasks and respond predictably to impact parameters.  

Measuring individual task performance for all required tasks is a potential method, though it 

would likely be resource prohibitive in the near-term.  U.S. Army doctrine presents tasks in very 

fine detail, with nine individual tasks related to the M16 Rifle alone (HQDA, 2009).  The task 

definitions cover every Soldier occupational specialty resulting in thousands of well-defined 

tasks.  Individual Soldiers may be responsible for maintaining proficiency for hundreds of 

specific tasks at any given time.  Baseline documentation of individual performance abilities on 

these tasks would require far more time than could be reasonably allocated.  It would also require 

significant on-board processing capabilities in a fielded system that may be unachievable in the 

near-term.    

U.S. Army doctrine organizes the defined tasks cited above into general categories such 

as communicate, move, navigate, weapons, etc.  The categories relate to ranges of tasks that 

require similar sets of abilities.  This report proposes to measure performance of those abilities 

via a limited set of Soldier Performance Measures.  This report identifies nine Soldier 

Performance Measures and correlates them with ten Army task categories.  Appendix F provides 

descriptions of the Soldier task categories evaluated for this research.  While the chosen set of 

Soldier Performance Measures may not be entirely comprehensive, validation of the set via 

comparison with the ability taxonomy in the U.S. Department of Labor Employment and 

Training Administration‟s Occupational Information Network (O*NET) Content Model indicates 

the set is representative of most human abilities of interest (Fleishman, Costanza & Marshall-

Mies, 1999; O*NET Resource Center, 2011).  Appendix E contains definitions of all Soldier 

Performance Measures, their assessed relevance to Army task categories, and the research 

supported relationships with evaluated impact parameters.  The remaining paragraphs in this 

section define the evaluated Soldier Performance Measures, explain their relevance to 

performance of Soldier tasks and review the relationships of the measures to evaluated impact 

parameters.  The section concludes with a proposed method of ranking of Soldier Performance 

Measures based on mission-specific task priorities.              
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4.3.1 Decision Making 

 Decision making refers to a Soldier‟s ability to assess available information, understand 

mission priorities, develop courses of action and allocate resources to achieve successful 

performance (HQDA, 2005; Bickel, 2009).  This performance measure does not simply pertain 

to an individual‟s ability to take decisive action rapidly.  Rather it includes the individual‟s 

ability to make rational decisions based on available information and time (HQDA, 2007).   

While decision making is an essential leadership ability (HQDA, 2005), individual 

Soldiers also must possess some ability to allocate available resources in order to take initiative 

in the absence of specific orders.  During movement, leaders are responsible for selecting routes 

and directing movement formations.  When in contact with the enemy, leaders may still direct 

some movement, but Soldiers select appropriate individual movement techniques based on the 

form of enemy contact, terrain and purpose of the mission.  Soldiers must also be capable of 

selecting appropriate steps of first aid treatment based on their assessment of injury to a wounded 

Soldier.  Such decisions are critical, as some actions could worsen injuries (HQDA, 2009).  

Appendix E provides multiple examples of Army task categories which require leader and 

Soldier decision making abilities. 

Research indicates that stress, threat and information overload may adversely affect an 

individual‟s decision making ability.  Higher levels of stress and threat tend to reduce an 

individual‟s ability to rationally process all available alternatives, and result in greater emotional 

rather than analytical decision making (Keinan, 1987; Gordon & Arian, 2001).  High information 

processing requirements tend to lead to reductions in the accuracy of selecting optimal courses of 

action (Speier, Valacich & Vessey, 1999; Hwang & Lin, 1999).  Appendix E discusses these 

relationship identified in research in more detail.   

     Figure 4-22 presents the Bayesian network module formed by combining the effects of 

relevant impact parameters on decision making. Similar to the color (and letter) scheme used in 

Section 4.2, green (G) indicates the feasibility of measuring the parameter in real-time.  Yellow 

(A) indicates a partial lack of relevant research in measuring the parameter or the requirement for 

some technology development in order to measure the parameter.  Red (R) indicates a significant 

lack of relevant research or sensor technology which indicates measurement is not feasible in the 

near term.  The Bayesian network modules at the Soldier Performance Measure level facilitate 

combination of multiple performance maps discussed Section 4.2 in order to describe a Soldier‟s 
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performance capability in real-time.  These combinations are similar to performance envelopes 

discussed by Tesar et al. (2005).  Ashok and Tesar (2007) describe multiple methods for 

combining performance maps, though combination for assessing Soldier Performance Measures 

may require additional combination methods due to the lack of independence between some 

impact parameters.   

 

Figure 4-22 Decision Making Bayesian Network Module 

Research indicates that it is feasible to provide partial assessment of decision making 

ability changes in real-time.  Information overload and stress related performance maps are 

achievable in the near term as discussed in Section 4.2.  Assessment of threat may not be 

feasible, which will affect the uncertainty of a decision making performance envelope.  The 

Bayesian network structure proposed in this report facilitates the propagation of uncertainty 

information along with the associated performance data.  This allows presentation to the user 

(i.e. Soldier or leader) of assessed real-time ability with a specified level of uncertainty.  The 

user may then incorporate both elements of information into the planning and execution of 

assigned tasks or missions. 

4.3.2 Responsiveness 

 Responsiveness refers to the ability to quickly react to specified stimuli.  This includes 

simple reaction time, and the associated muscle movements required for the immediate response 

(Fleishman, Costanza and Marshall-Mies, 1999).  Responsiveness is a crucial ability for Soldiers 
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given that slow reactions to enemy contact could result in serious injury or death.  The basic task 

of rifle marksmanship requires Soldiers to quickly acquire and engage enemy targets, and to 

quickly correct weapon malfunctions (HQDA, 2007 & 2008). Similarly, the complex task of 

patrolling requires high levels of responsiveness, as patrols expect to make contact with the 

enemy or non-combatants in various forms depending on the purpose of the patrol (HQDA, 

2007).  Appendix E lists multiple Soldier task categories that require responsiveness. 

 Research suggests that multiple impact parameters affect human responsiveness.  Figure 

4-23 illustrates the complexity that results from the number of potential relationships.  Appendix 

E describes the literature supported relationships between responsiveness and the identified 

impact parameters.  Sleep deprivation is the most prevalent impact parameter that affects Soldier 

responsiveness.  Multiple studies confirm negative effects on responsiveness related to all forms 

of sleep deprivation.  Some indicate that total sleep deprivation of even one day (i.e. 24 hours) 

has effects on responsiveness that are similar to legal limits of alcohol intoxication (Williamson 

& Feyer, 2000).  Mission duration also negatively affects responsiveness, indicating that risk will 

increase with the length of operations (Maclean et al., 2009).  Lieberman et al. (2002) collected 

data that indicated decreases in responsiveness due to the combined effects of sleep deprivation, 

stress and fatigue.  This type of research is needed, in addition to research that isolates the effects 

of single impact parameters, in order to understand the interaction of multiple impact parameters 

and fully document Soldier performance capabilities.  In a separate study, Lieberman (2002) 

found that some nutrition supplementation improved responsiveness from otherwise degraded 

levels.   This information, if properly presented, provides the user with potential choices to 

mitigate negative performance effects.   
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Figure 4-23 Responsiveness Bayesian Network Module 

Based on the available documentation and sensor technology, tracking changes of 

responsiveness performance in real time is feasible in the near term.  The primary focus to 

improve this monitoring should be with regard to sleep deprivation due to the frequency of this 

impact parameter in training and combat operations (TRADOC, 2008).  Additionally, increasing 

the reliability and accuracy of responsiveness performance assessments may require 

development of new methods for combining performance maps from coupled impact parameters 

(e.g. fatigue and mission duration). 

4.3.3 Perception 

 The perception Soldier performance measure refers to the abilities of the human sensory 

system, primarily sight and hearing.  Visual perception includes abilities to see at varying 

distances, and light conditions.  Aural perception (hearing) includes the ability to hear and 

recognize sounds at different volumes, and to localize the source of the sound (Board on Army 

Science and Technology, 2009; Fleishman, Costanza & Marshall-Mies, 1999).  The nature of 

combat requires high levels of sensory awareness in order to identify threats and collect 

information relevant to mission accomplishment.  The task of information collection, part of the 

Army‟s Every Soldier is a Sensor (ES2) concept, requires perception abilities by definition.  

Soldiers must actively observe the environment for all forms of relevant information (HQDA, 
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2008).  Surveillance tasks also require perception to identify enemy activity of interest within a 

Soldier‟s assigned sector (HQDA, 2008). 

 

Figure 4-24 Perception Bayesian Network Module 

Figure 4-24 shows that most impact parameters which affect responsiveness also affect 

perception; they do so in similar ways.  Real-time measurement of perception is likewise feasible 

in the near-term with sufficient performance map development.  The similarity between 

perception and responsiveness performance measures may be due in part to the requirement for 

the combination of the abilities in simple performance measurement tests.  Simple reaction time 

tests, frequently used in the published literature to demonstrate changes in performance, present 

the subject with visual or auditory stimuli, and then require the subject to take some action, 

normally requiring some motor response.  In such cases, decreased performance could be due to 

degraded perception of the stimuli, or degraded responsiveness.  While the end effect on task 

performance is the primary measure of concern, identification of the specific limiting measure 

may be important in task allocation.  A commander may be willing to assume some risk by 

assigning a Soldier with degradation in one performance measure, but not the other to select 

tasks.  For example, if conducting a presence patrol during a stability operation, a Soldier 

collecting information from local civilians may perform acceptably with requisite levels of 

perception but degraded responsiveness.  In contrast, a Soldier in the same unit with 
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responsibility for maintaining security of the patrol‟s perimeter must maintain high levels of both 

performance measures.      

4.3.4 Memory Effectiveness 

 Given that Soldiers are responsible for performing hundreds of distinct tasks to standard, 

memory effectiveness is an inherent measure for tracking performance in real-time.  Memory 

effectiveness includes the Soldier‟s ability to recall learned information such as equipment 

capabilities and information from operation orders.  It also encompasses the ability to retain 

information related to complex task skills (Board on Army Science and Technology, 2009; 

Fleishman, Costanze & Marshall-Mies, 1999).   

 While all tasks require some memory effectiveness, maintaining high levels of this 

measure are crucial for first aid and Chemical, Biological, Radiological and Nuclear (CBRN) 

contamination tasks.  First aid tasks rely on retention of procedures for multiple injuries ranging 

from open chest wounds to treatment of shock.  Failure to recall the indicators of specific 

injuries, or the appropriate treatment methods could decrease a wounded Soldier‟s probability of 

survival thereby reducing unit effectiveness and morale (HQDA, 2007).  In CBRN scenarios, 

Soldiers must be prepared to use assigned equipment and other indicators to properly classify the 

type of contamination on the battlefield.  While initial protection measures for most types of 

contamination may be similar, the decontamination procedures require accurate assessment.  

Rapid effective decontamination is necessary for the unit to decrease its protection posture, 

allowing Soldiers to reduce the amount of equipment worn which will increase fighting 

effectiveness (HQDA, 2008).  Appendix E specifies memory effectiveness requirements for all 

Soldier task categories. 

 As with perception and responsiveness, sleep deprivation has negative effects on memory 

effectiveness, specifically the ability to retain skills for performing tasks (e.g. Van Dongen et al., 

2003; Durmer and Dinges, 2005).  Lieberman et al.‟s (2002) study which highlighted the 

combined effects of stress, sleep deprivation and fatigue on performance found similar decreases 

in memory effectiveness.  Mental trauma, specifically PTSD, may also decrease memory 

effectiveness (Vasterling et al., 2002; Bremner,1994).  Appendix E describes these and other 

research supported correlations between impact parameters and memory effectiveness. 



149 

 

 

Figure 4-25 Memory Effectiveness Bayesian Network Module 

 Prevalent impact parameters appear to have negative effects on memory, which has the 

potential to affect performance on all tasks.  Figure 4-25 shows the Bayesian network structure 

for assessing performance envelopes related to memory effectiveness.  Based on the identified 

impact parameter relationships, real-time assessment of memory effectiveness is feasible in the 

near-term.  In application, this information is relevant to both the individual Soldier and small 

unit leader.  The Soldier recognizing, through properly presented performance maps and 

envelopes for visual interpretation, that his memory skills have degraded may slow down task 

performance (assuming the mission allows) verify correct performance and reduce errors.  The 

leader, in planning task allocation for an upcoming mission, may select Soldiers with high levels 

of the Soldier performance measure for memory intensive tasks, such as the role of combat 

lifesaver.     

4.3.5 Skill Acquisition 

 The ability to acquire new skills is fundamental to a Soldier‟s training.  The ability also 

remains important once a Soldier deploys into a theater of operation.  The skill acquisition 

Soldier performance measure assesses a Soldier‟s ability to receive new information and 

organize it in such a manner that allows its application to the successful performance of tasks at a 

later time (Fleishman, Costanza and Marshal-Mies, 1999).  The primary purpose of training is to 

provide new information for later use, so skill acquisition abilities are necessary for training in 



150 

 

all Soldier categories.  In combat, Soldiers must maintain high levels of skill acquisition in order 

to adapt to changing enemy tactics, techniques and procedures especially with regard to 

Improvised Explosive Device (IED) tasks.  Soldiers in all operational environments must receive 

intelligence information from an operations order, then interpret and apply that information 

during patrols and information collection missions.   

 Memory effectiveness and skill acquisition both relate to the retention and application of 

task skills.  Therefore, both performance measures demonstrate similar correlations with impact 

parameters as shown in the Bayesian network module in Figure 4-27.  Appendix E describes 

multiple impact parameter correlations with skill acquisition performance.  Of note, the 

correlations between the stress impact parameter and skill acquisition provide important 

information to leaders responsible for planning training.  The Army executes tough and realistic 

training events in order to prepare Soldiers for the harsh conditions of combat (HQDA, 2008).  

Evidence indicates that some stress related to task performance has positive effects on skill 

acquisition, but stress that is unrelated to the task tends to decrease skill acquisition (LePine, 

LePine & Jackson, 2004).  Therefore, leaders could use the information presented in a Soldier 

performance model for planning stressful and effective training, as opposed to training that is 

simply stressful.  Leaders could also use the real-time information presented to identify when 

training may no longer be effective due to unacceptable degradation in skill acquisition 

measures.  This would allow conservation of training resources while improving training 

outcomes.  
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Figure 4-26 Skill Acquisition Bayesian Network Module 

 4.3.6 Communication Effectiveness 

 Communication effectiveness is a critical component of successful Soldier performance 

in combat.  The communication effectiveness Soldier performance measure refers to the ability 

to understand and express information through speech and writing (Fleishman, Costanza and 

Marshall-Mies, 1999).  This Soldier performance measure shares a similar name with a defined 

Soldier task category: communication.  The task category includes abilities related to the Soldier 

performance measure as well as the technical skills required to operate Army communication 

equipment.  The performance measure is also required for the Soldier to operate as a member of 

a patrol when understanding commands and concise accurate reporting is necessary for mission 

success.   

In the current operating environment, with media personnel frequently embedded in units, 

individual Soldiers must be able to clearly present information in response to the media‟s 

questions (TRADOC, 2008). 

 Review found no literature that objectively discussed how communication abilities 

change in response to evaluated impact parameters.  Additional reviews are underway at the time 

of this writing.  In general, communication is a controlled cognitive function that will likely 
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demonstrate similar responses to impact parameters as other executive cognitive functions such 

as decision making (Shadrick, 2011).     

4.3.7 Endurance 

 A Soldier‟s ability to physically endure the harsh conditions of combat facilitates 

successful performance of many combat tasks (HQDA, 2010).  The endurance Soldier 

performance measure includes the ability to continue physical and mental performance for 

extended periods of time (Fleishman, Costanza and Marshall-Mies, 1999).  The level of 

remaining endurance is a function of task load as well as performance time.  Combat is a 

physically demanding operation, and Soldiers require high levels of endurance to conduct 

movement during missions so that they arrive at the objective prepared to fight (HQDA, 2007).  

Soldiers also require endurance to execute casualty evacuation during first aid tasks, and in order 

to endure the additional physical burdens of operating in a CBRN contaminated environment 

(HQDA, 2007). 

 

Figure 4-27 Endurance Bayesian Network Module 

 Figure 4-27 shows the Bayesian network module for endurance.  This report suggests that 

real-time tracking of endurance capability is possible in the near-term despite the challenges 

involved in assessing the energy balance impact parameter discussed in Section 4.2..  Tracking 

energy expenditure in real-time is feasible.  That information can at least inform Soldiers when 

additional calorie intake may be required.  Additionally, multiple studies have demonstrated that 

individuals will almost universally demonstrate physical exhaustion when the body temperature 

biomarker reaches a level between 38ºC and 40.5ºC (e.g. Gonzalez-Alonso et al., 1999).  More 
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accurate prediction of the exhaustion temperature point is possible with limited testing, and tends 

to be a function of individual physical training levels.  While the reviewed literature does not 

explicitly provide a predictable link between fatigue and endurance, fatigue represents a 

depletion of resources that leads to decreased performance.  Since endurance is a measure of 

performance resources, it is likely that additional research could define a predictable relationship 

between the two parameters.  The dashed line in Figure 4-27 indicates the likelihood of a 

relationship without adequate documentation.     

4.3.8 Motor Control 

 The motor control Soldier performance measure refers to abilities necessary to control 

fine and gross motor movements in the performance of task.  This includes the commonly 

referred to abilities of dexterity and balance (Fleishman, Costanza and Marshall-Mies, 1999).  

Since combat requires physical task performance, successful performance requires the 

maintenance of minimum levels of motor control.  Task categories like weapons marksmanship 

and first aid require higher levels in order to hold weapons steady, and to effectively apply field 

dressings or splints.   

 

Figure 4-28 Motor Control Bayesian Network Module 

 The Williamson and Feyer (2000) study (cited previously) found that sleep deprivation 

(which had similar effects on responsiveness as alcohol intoxication) also affects motor control 

abilities.  Other studies confirm that sleep deprivation decreases fine motor control, like that 
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required of surgeons (Taffinder et al., 1998), and that motor control decreased as a result of 

fatigue (Morris & Miller, 1996).  Appendix E has descriptions of the findings from these studies.  

Figure 4-28 shows the Bayesian network node that results from identified relationships between 

these impact parameters and motor control.  Real-time tracking of motor control abilities is likely 

feasible in the near-term given sufficient sensor technology development.       

4.3.9 Emotional Control 

 Emotional control refers to the Soldier‟s ability to understand and manage their emotions 

under duress.  Soldiers must understand the impact of their emotions on themselves and their 

fellow Soldiers (TRADOC, 2008).  As previously stated, Soldiers often operate in close 

proximity to media personnel on the modern battlefield.  Loss of emotional control while being 

filmed by international journalists could lead to adverse operational effects.  Soldiers must also 

understand the importance of maintaining emotional control when dealing with the local non-

combatant populace during patrols.  Loss of control, especially in a stability environment, could 

greatly restrict a unit‟s freedom of maneuver if local personnel develop negative opinions about 

U.S. presence due to Soldier behavior.   

 

Figure 4-29 Emotional Control Bayesian Network Module 

 Figure 4-29 shows a potential Bayesian network module for emotional control.  A review 

of published research found that threat was the only evaluated impact parameter shown to 

objectively impact emotional control (Gordon & Arian, 2001).  This may be due in part to the 
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ethical considerations of human research.  It would not be acceptable to put humans into 

conditions that may result in loss of emotional control.  However, some research indicates that 

some levels of fatigue and sleep deprivation result in increased subject tension and anger 

(Lieberman et al., 2005). It is then feasible that extreme levels of these impact parameters could 

lead to high irritability which could then result in degraded emotional control.  The dashed lines 

in Figure 4-29 indicate the hypothesized relationships between the impact parameters and 

emotional control that currently lack adequate research validation.  Developers should attempt to 

verify this hypothesis, possibly via empirical case studies of incidents where someone was 

known to have lost emotional control. 

4.3.10 Soldier Performance Measure Conclusions and Recommendation 

 This section discussed the feasibility of monitoring nine measures of Soldier performance 

in real-time based on research-supported relationships with impact parameters evaluated in 

Section 4.2.  Measurement of eight of the nine evaluated impact parameters is feasible with 

development of adequate biomarker sensor technology and improved empirical definition of 

identified relationships.  This section also briefly discussed the relevance of the selected Soldier 

performance measures to ten Army task categories.  In formally evaluating their importance, the 

present research prioritized the task categories based on the expected importance and 

performance frequency of those categories during a extended deployment for an infantry 

rifleman.   

Section 4.4 will discuss some potential impacts of the 

underlying assumptions for these priorities; 

Appendix E discusses the ranking methodology and 

results in greater detail.  Table 4-14 shows the 

resulting normalized rankings of the evaluated 

Soldier performance measures.  As with the impact 

parameters, the nine Soldier performance measures 

have a relatively narrow range from highest to lowest 

rank which should be expected.  This section 

described the relevance of each performance measure 

to Army doctrinal tasks.  Therefore, all will have some importance in maintaining task 

Table 4-14 Soldier Performance 

Measure Rankings 

Perception 10.00 

Responsiveness 9.12 

Memory Effectiveness 8.31 

Skill Acquisition 7.98 

Decision Making 7.36 

Communications 7.34 

Dexterity 4.70 

Endurance  4.51 

Emotional Control 4.49 
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performance levels.  Also similar to the impact parameter rankings, the most important Soldier 

performance measures require some development effort to increase the feasibility of their 

assessment in real-time.  Since the Soldier is the Army‟s most important resource (O‟Neill, 

2011), Soldier performance system developers should prioritize these development efforts in 

order to improve performance assessment abilities.  

4.4 SOLDIER PERFORMANCE MODEL CONCLUSIONS AND RECOMMENDATIONS 

4.4.1 Preliminary Soldier Performance Model 

 The stated goal of this chapter was to present a preliminary model of Soldier performance 

in the form of a Bayesian network capable of generating performance maps and envelopes.  The 

previous three sections have discussed construction of the model elements from biomarker 

sensors to impact parameters, and finally to Soldier performance measures.  Figure 4-30 

pictorially represents the combination of all the component modules detailed above into the 

preliminary Soldier performance model. 

 

Figure 4-30 Preliminary Soldier Performance Model 

 Figure 4-30 is not independently informative aside from providing some insight into the 

complexity of measuring Soldier performance in real-time.  The figure may lead some to 

mistakenly classify the approach as an Artificial Neural Network (ANN).  ANNs and 

performance maps derived from Bayesian networks are both empirical, or data-driven models.  

However, the two types of models structure the empirical data differently for operator decision 
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making.  Development of ANN models often incorporates little or no knowledge of the physical 

processes being modeled (Thompson & Kramer, 1994).  The models only correlate system 

outputs with known system inputs to arrive at a system model.  Modelers of ANNs refer to this 

correlation as the systems “learning period” (Psichogios & Ungar, 1992).  The result is that the 

underlying mathematics of the ANN determines how inputs relate to outputs.  The system may 

even establish relationships between parameters that have no physical relationship, simply 

because a statistically significant correlation occurred during the “learning period.”  On the other 

hand, performance maps begin with a known or hypothesized model of the system, and plan 

collection of data based on that information.  In doing so, the performance maps have physical, 

as well as mathematical, meaning and they reduce the errors associated with assumptions 

necessary to derive full analytical models (i.e. performance maps create structure for information 

collection in order to dramatically improve the decision making process).  In addition, 

performance maps visually present those input and intermediate parameters that are most 

important to the operator (Ashok & Tesar, 2010).  Unfortunately, the model as presented is based 

primarily on research data with only a limited understanding of the physical relationships 

between parameters.  So the model in its current state represents only a modest improvement 

over models possible via ANN modeling techniques.  Therefore, improvements of the model 

require efforts to collect information and expertise from all fields to increase understanding of 

human reactions to impact parameters both physiologically and with regard to performance 

measures.  The modular structure of a performance map framework not only allows 

improvements to the existing model, it also provides a method for fielding immediately those 

elements of the model with sufficient reliability while less mature elements continue 

development.       

 One valid observation possible from Figure 4-30 is that the model currently proposed 

represents a flat or parallel structure.  This indicates that the model will require more data than if 

the model exhibited a more serial structure.  For example, in the case of skill acquisition, the 

model requires independent and joint probability data for five impact parameters (i.e. stress, 

sleep deprivation, fatigue, ambiguity and mental trauma) and nine biomarkers (i.e. heart rate, 

skin response, pupillometry, body temperature, facial stresses, EEG, blood pressure, and muscle 

activity).  This is due to the fact that the model currently incorporates all identified relationships.  

However, reliable assessments may not require use of every possible relationship.  For example, 
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Healy and Picard (2005) demonstrated the ability to assess stress with 97.4% accuracy using 

only three biomarkers (i.e. heart rate, skin response, and muscle activity) while the model 

presented in Figure 4-30 shows six relationships between biomarkers an stress, thus more than 

doubling the amount of data available for assessments.  It is unlikely that collection and 

processing of data for the additional three biomarkers would result in a sufficient increase in 

prediction certainty that would justify the costs.  Achieving a better understanding of the 

physical processes affecting performance in real-time, may result in a more efficient serial model 

structure.  This would improve the feasibility of real-time decision making by simplifying the 

processing requirements for Soldier performance assessment.   

4.4.2 Model Parameter Rankings 

 Sections 4.1 through 4.3 each presented rankings for the parameters discussed in those 

sections.  Those rankings represent the relative importance of that parameter within the evaluated 

category, and are based on the Soldier task prioritization.  For all the rankings presented in the 

previous sections, the task priorities represented the expected average importance of each 

category for an infantry rifleman over the course of a one-year combat deployment.  Table 4-15 

provides a summary of the task priorities and rankings.  As discussed previously, perception and 

responsiveness rank very high in importance.  This ranking matches the expectations for an 

infantry Soldier in combat whose primary objective will be to maintain security by identifying 

enemy and obstacles, and responding accordingly to achieve a given task and purpose.  If applied 

to a live mission, the current Soldier performance model would prioritize performance envelopes 

as combinations of these measures, which will prioritize the requisite performance maps. 
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Table 4-15 Soldier Performance Model Parameter Rankings 

Task Category 
Soldier Performance 

Measure Impact Parameter Biomarker 

Movement/Navigation 10 Perception 10.0 
Sleep 
Deprivation 10.0 EEG 10.0 

Weapons 
Marksmanship 9 Responsiveness 9.1 Fatigue 8.4 Heartbeat 8.7 

Communication 8 
Memory 
Effectiveness 8.3 Threat 8.3 

Muscle 
Activity 8.6 

IED/UXO/Mines 7 Skill Acquisition 8.0 Stress 7.9 
Blood 
Pressure 7.8 

First Aid 6 Decision Making 7.4 
Physical 
Trauma 7.8 

Facial 
Stresses 6.6 

Chemical/Biological/ 
Radiological/Nuclear 5 Communications 7.3 

Information 
Overload 7.2 Pupillometry 6.4 

Surveillance 4 Motor Control 4.7 
Mission 
Duration 7.1 

Eye 
Movements 6.1 

Patrolling 3 Endurance  4.5 
Mental 
Trauma 6.7 

Skin 
Response 5.6 

Information Collection 2 
Emotional 
Control 4.5 

Energy 
Balance 6.3 Temperature 3.9 

Individual Conduct & 
Laws of War 1     Ambiguity 5.7 

Oxygen 
Saturation 2.5 

 

 The table above demonstrates the ability for the framework to prioritize performance 

maps and envelopes for the average Soldier and mission.  However, Soldiers perform a broad 

range of missions, and performance demands for leaders differ somewhat from their 

subordinates.  Table 4-16 shows how the model parameter rankings change when a Soldier 

changes task priorities for an infantry squad leader preparing to conduct a presence patrol during 

stability operations in a village where there is a lower probability of enemy contact.  

Immediately, one recognizes that decision making and communications become the squad 

leader‟s most important performance measures.  This change should be expected, since the squad 

leader has additional responsibilities to make decisions for the squad throughout an operation, 

and he or she must communicate those decisions effectively to his or her subordinates.  The 

change in task priority has a smaller influence on impact parameter ranking, though information 

overload does become more important.  This change concurs with the fact that leaders will be 

responsible for processing greater information loads than individual Soldiers.  Interestingly, the 
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biomarker rankings demonstrate very small changes.  This may indicate that the military values 

of the evaluated biomarkers are relatively stable across Soldiers and missions, although 

confirmation of this finding requires additional research.   

Table 4-16 Squad Leader Performance Model Parameter Rankings 

Task Category 
Soldier Performance 

Measure Impact Parameter Biomarker 

Patrolling 10 Decision Making 10.0 
Sleep 
Deprivation 10.0 EEG 10.0 

Movement/Navigation 9 Communications 10.0 Threat 8.6 Heartbeat 8.7 

Communication 8 Skill Acquisition 9.3 Fatigue 8.3 Muscle Activity 8.5 

Information Collection 7 
Memory 
Effectiveness 8.6 Stress 8.2 Blood Pressure 7.7 

Individual Conduct & 
Laws of War 6 Perception 8.2 

Information 
Overload 7.8 Facial Stresses 6.6 

First Aid 5 Responsiveness 7.8 Physical Trauma 7.7 Pupillometry 6.5 

Surveillance 4 
Emotional 
Control 6.2 Mental Trauma 7.2 Eye Movements 6.1 

IED/UXO/Mines 3 Endurance  4.2 
Mission 
Duration 6.9 Skin Response 5.7 

Weapons 
Marksmanship 2 Motor Control 3.1 Ambiguity 6.3 Temperature 3.9 

Chemical/Biological/ 
Radiological/Nuclear 1     Energy Balance 6.2 

Oxygen 
Saturation 2.5 

4.4.3 Recommendations for Future Research and Development 

 Section 4.1 discussed initial evaluations of sensor technology for ten potential 

biomarkers.  In review, sufficient technology exists for immediate measurement of heartbeat, 

skin response, muscle activity and blood oxygen saturation with little to no development 

required.  Technology for EEG, blood pressure, eye movements and body temperature require 

some further development prior to fielding in an operational environment.  Based on the assessed 

military value of these measurands, development efforts should focus primarily on development 

of EEG sensors for operational use.  The EEG sensors highlighted in Section 4.1 and Appendix 

B provide a starting point from commercially available EEG sensors.  Sensors for facial stresses 

and pupillometry will require larger development efforts, and may not be feasible in the near-

term.  The rankings for these measurands indicate that development of suitable sensors would 
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provide value to a Soldier performance system, though their development should be secondary to 

development for EEG and blood pressure sensor technology. 

 Based on the sensor technology assessment and evaluation of research supported 

relationships, four impact parameters could likely be assessed in real-time almost immediately.  

Sensor technology, specifically EEG, blood pressure and eye movement sensors, is the primary 

limiter of the impact parameters which still require additional development.  However, increased 

understanding of psychophysiological responses to impact parameters may reduce the amount of 

sensor technology development required.  Therefore a balanced development effort is prudent. 

 With regard to Soldier performance measures, the primary development effort must be to 

establish means to measure and assess communications.  This ability is essential for leadership 

performance, and also important for the individual Soldier.  Significant research effort should 

also focus on improving the measurement of decision making and perception abilities which are 

highly important for leaders and individual Soldiers respectively.   

 Several paragraphs above have stated the need for improved understanding of human 

responses to impact parameters both physically and with regards to performance.  The National 

Academies‟ Board on Army Science and Technology (2009) confirmed that such an 

understanding does not exist at present.  The multiple research efforts cited in this report present 

only a miniscule amount of the information that would be required to achieve such 

understanding, and develop a reliable comprehensive model of human performance.  Therefore, 

extensive data collection related to Soldier combat performance should begin immediately.  This 

report recommends immediate development and fielding of a preliminary Soldier sensor suite to 

a small unit (e.g. infantry company) designated for extensive testing.  The sensor suite could then 

monitor Soldiers under high intensity training conditions, similar to those undertaken during 

preparation for combat deployments.  The data collected over this time period would require 

detailed analysis to confirm the relationships presented in the model, and improve processing 

algorithms to reliably and efficiently identify impact parameters and changes in performance.  

The intended output for such an effort would be development of a set of baseline, or “classic” 

Soldier performance maps.  These maps would describe average groups of Soldiers based on a 

select number of relevant identifying factors (e.g. age, gender, training/experience, 

height/weight, etc.).  The analysis should also identify those areas of the maps with the highest 

level of uncertainty due to individual differences.  System developers could then use that 
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information to design a limited number of experiments required which a unit could perform upon 

a Soldier‟s assignment in order to personalize the performance maps to that individual.  The 

performance maps would then refresh themselves as the sensors collect data throughout the 

Soldier‟s career, thus providing reliable real-time performance information for the Soldier and 

the unit. 

 Real-time performance measurement of the Soldier is not a stand-alone effort.  Increased 

awareness about the Soldier‟s capabilities in real-time facilitates improved understanding of the 

unit‟s capabilities as well.  Future research should examine how individual capabilities combine 

in organizations to produce capabilities of the organization as a unit.  Evaluation of the impacts 

of assigned equipment and resources must also be part of the evaluation of unit capability.  The 

goal for future development should be that equipment is adaptable to the individual Soldier such 

that performance attributes of the combined Soldier-weapon/vehicle system and the unit are 

always maximized (O‟Neal, 2011).   

This chapter discussed the structure for a preliminary Soldier performance map.  The 

following chapter will discuss what improvements remain to improve the model for Soldier use 

in real-time.  The next chapter will also describe how Soldiers and small-unit leaders can use 

performance maps to improve their operational capabilities in multiple ways. 
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Chapter 5 Required Development and Potential Applications 

 The previous chapter presented a preliminary model for Soldier performance based on 

research supported relationships between select parameters.  The model has the potential to 

generate useful performance maps and envelopes in real-time to support Soldier and leader 

decision making.  However, the model requires empirical data in order to make the probabilistic 

assessments necessary to create the performance maps and envelopes.  Some of the reviewed 

literature suggests that sufficient data exists to begin making assessments regarding Soldier state 

and performance, though the relationships would still require validation for Soldier tasks under 

simulated combat conditions.  Many of the identified relationships likely do not have sufficient 

data, and will require efficiently designed experiments to collect data in order to generate the 

potential performance maps and envelopes, thereby increasing the accuracy and reliability of 

the model.  Still other relationships identified in the model suffer from a lack of maturity in 

wearable sensors for the identified biomarkers.  This chapter provides an initial assessment of the 

state of the Soldier Performance Model (SPM), and categorizes the potential performance maps 

into the groups described above.  This chapter highlights other potential improvements to the 

model that would increase accuracy and reliability of the performance maps and envelopes.  This 

chapter also includes an explanation of how Soldiers, in situ, could use the performance maps 

and envelopes generated from the model to improve their performance.  The chapter concludes 

with several brief scenarios illustrating the usefulness of a real-time SPM in representative 

combat conditions. 

5.1 POTENTIAL PERFORMANCE MAPS 

 The Soldier Performance Model (SPM) presented in Chapter 4 yields 70 potential three-

dimensional (3D) performance maps resulting from two biomarker measurands assessing the 

state of one impact parameter.  As discussed in Chapter 4, sensor technology for the 

pupillometry and facial stresses biomarkers will likely require long-term development efforts in 

order to achieve remote monitoring capability in combat conditions.  Therefore, 19 potential 

performance maps (of the suggested 70) across five impact parameters will remain unavailable in 

real-time until such development occurs.  Table 5-1 presents the performance maps limited by 

presently available sensor technology.  The table provides the figures with the corresponding 
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Bayesian causal network modules for each set of impact parameter maps outlined in Chapter 4.  

The last row of the table indicates one additional performance map for energy balance 

representing energy replenishment.  Chapter 4 did not pictorially display this map, although 

Section 4.2 did discuss the need for such a map.  The present research found no sensors adequate 

for accounting for Soldier energy replacement.  Therefore, the potential performance map for 

that parameter is categorized with other sensor technology limited maps. 

Table 5-1 Sensor Technology Limited Soldier Performance Maps 

Impact Parameter (z) Biomarker (x) Biomarker (y)  Associated Figure 

Stress 

Facial Stresses Heart Rate 

4-12 Stress Bayesian Causal 
Network Module 

Facial Stresses Muscle Activity 

Facial Stresses Skin Response 

Facial Stresses Body Temperature 

Facial Stresses Blood Pressure 

Sleep Deprivation 

Pupillometry Muscle Activity 

4-13 Sleep Deprivation Bayesian 
Causal Network Module 

Pupillometry Eye Movement 

Pupillometry Blood Pressure 

Pupillometry EEG 

Fatigue 

Facial Stresses Muscle Activity 

4-14 Fatigue Bayesian Causal 
Network Module 

Facial Stresses Eye Movement 

Facial Stresses Body Temperature 

Facial Stresses EEG 

Information Overload 

Pupillometry Muscle Activity 
4-18 Information Overload 

Bayesian Causal Network Module 
Pupillometry Heart Rate 

Pupillometry EEG 

Threat 

Pupillometry EEG 
4-20 Threat Bayesian Causal 

Network Module 
Pupillometry Facial Stresses 

Facial Stresses EEG 

Energy Balance  
(Replinishment) Other  Other 

N/A 

    The remaining 51 (of 70) impact parameter performance maps (see Tables 5.3 & 5.4) 

possible from the SPM have varying degrees of completeness based on the reviewed literature.  

Some maps derive from research that has already demonstrated the accurate assessment of 

impact parameters from biomarker measurands.  Development of these maps may require only 

limited data collection efforts aimed at validating the transferability of the documented 
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relationships and the robustness of the algorithms used to assess the impact parameters.  Other 

maps contain relationships that evaluated research indicates are likely, but the relationships are 

not well defined.  Achieving the ability to present these maps in real-time will require significant 

data collection efforts in order to define and verify the relationship.  The remaining paragraphs of 

this section discuss the potential maps in these two categories based on the literature reviewed in 

the present research, as well as a brief discussion on the data required to generate useful 

performance maps.  Expanded reviews of the literature may justify reclassification of the 

performance maps discussed below. 

5.1.1 Empirical Data Required for Performance Maps 

 Discussion of the specific data required to build performance maps from Bayesian causal 

networks is necessary prior to explaining the categorization of potential maps.  Bayesian 

networks (see Chapter 4) define the probabilistic relationships between selected parameters.  The 

definitions may be stored in the form of conditional probability tables (Ashok & Tesar, 2007).  

Figure 5-1 displays a simplified Bayesian network module for stress using the heart rate, skin 

response and muscle activity biomarkers.  The module as shown could potentially generate three 

visual 3D performance maps: PMStress,1 = f(heart rate, skin response); PMStress,2 = f(heart rate, 

muscle activity), PMStress,3 = f(muscle activity, skin response).  In the 51 potentially feasible 

maps, the biomarker not visually presented is considered constant for purposes of presentation, 

although layering of maps is possible to show the effects of the third biomarker.   

 

Figure 5-1 Simplified Stress Bayesian Causal Network Module 

 Table 5-2 shows a hypothetical excerpt of a conditional probability table correlating to 

the module shown in Figure 5-1.  The top three rows of the table refer to biomarker 

measurements.  The bottom three rows represent the probability of the measured individual 
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experiencing a discrete level of stress given the biomarker measurand values for that column.  

For example, an individual with a heart rate of 60 beats per minute (bpm), a galvanic skin 

response (conductivity) of 10.0 microsiemens (μS), and an electromyography reading at a 

specified muscle of 0.7 millivolts (mV) is 50% likely to be at a medium level of stress based on 

the table.  In probabilistic terms, the medium stress level is the expected value of stress, and this 

would be the value displayed on a 3-dimensional performance map at the corresponding 

biomarker values.  The table as presented would display a map with stress as a function of skin 

response and muscle activity with heart rate constant.  The system model would then require 

several such tables corresponding to different heart rates.   

Range and precision of the biomarker measurements and the impact parameters may be 

modified to suit the needs of the system developer and operator.  Increases in range and precision 

of measurements will result in higher accuracy of the assessed impact parameter.  However, 

these increases require additional data collection, the cost of which may eclipse the value of the 

gained accuracy.   Simple review of the potential ranges for the biomarkers displayed in Figure 

5-1 (see Andreassi, 1989) indicates that using the precision levels shown in Table 5-2 for 

galvanic skin response and electromyography along with evaluating heart rate at 20 beats per 

minute intervals would result in a requirement for 700 individual data points.  The statistical 

analysis required to generate conditional probabilities for the table will require multiple 

measurements for each data point.  Therefore design of efficient experiments that provide 

reliable assessments for the least amount of required data collection is essential to developing a 

cost-effective performance monitoring system5.  Definition of impact parameters that allow 

transfer of data across a wide range of conditions will also improve the feasibility of developing 

a useful system in the near-term. 

  

                                                

5 A model of this process applied to measurement of electromechanical actuator performance maps exists at the 

University of Texas Robotics Research group in: Test Methodology for Electromechanical Actuators by J. 

Janardhan and D. Tesar, 2008. 
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Table 5-2 Hypothetical Stress Conditional Probability Table 

Heart Rate (bpm)     60 

GSR (μS) 1.0 10.0 

EMG (mV) 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 

Stress – Low 0.9 0.85 0.75 0.6 0.25 0.9 0.8 0.6 0.25 0.1 

Stress – Med 0.1 0.15 0.2 0.3 0.5 0.1 0.2 0.3 0.5 0.4 

Stress –High 0 0 0.05 0.1 0.25 0 0 0.1 0.25 0.5 

5.1.2 Performance Maps with Potential for Near-Term Achievability 

 This section discusses potential performance combinations supported by research that 

indicates that reliable assessments of impact parameters are achievable in the near-term.  For the 

present research to classify a performance map as achievable, specific efforts must have shown 

the ability to accurately assess an impact parameter via some combination of evaluated 

biomarkers, or multiple efforts must indicate a well established predictable relationship between 

an impact parameter and biomarker.  Table 5-3 summarizes the estimated 26 of 70 performance 

maps characterized as achievable in the near-term (see Chapter 4). 
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Table 5-3 Near-term Achievable Performance Maps 

Impact Parameter (z) Biomarker (x) Biomarker (y) Figure 

Stress 

Heart Rate Muscle Activity 
4-12 Stress Bayesian Causal 

Network Module Heart Rate Skin Response 

Muscle Activity Skin Response 

Sleep Deprivation 

Muscle Activity Eye Movements 
4-13 Sleep Deprivation Bayesian 

Causal Network Module Muscle Activity EEG 

Eye Movement EEG 

Fatigue 
Muscle Activity Body Temperature 4-14 Fatigue Bayesian Causal 

Network Module Eye Movement EEG 

Mental Trauma 
Heart Rate Muscle Activity 4-15 Mental Trauma Bayesian 

Causal Network Module Heart Rate Skin Response 

Physical Trauma* 

Oxygen Saturation Muscle Activity 

4-16 Physical Trauma Bayesian 
Causal Network Module 

Oxygen Saturation Skin Temperature 

Oxygen Saturation Body Temperature 

Oxygen Saturation EEG 

Muscle Activity Skin Temperature 

Muscle Activity Body Temperature 

Muscle Activity EEG 

Skin Temperature Body Temperature 

Skin Temperature EEG 

Body Temperature EEG 

Information Overload 
Heart Rate EEG 4-18 Information Overload 

Bayesian Causal Network Module Muscle Activity EEG 

Mission Duration 

Heart Rate Mission Time 
4-19 Mission Duration Bayesian 

Causal Network Module Heart Rate Body Temperature 

Mission Time Body Temperature 

Energy Balance  
(Expenditure) Heart Rate Muscle Activity 

4-20 Energy Balance Bayesian 
Causal Network Module 

5.1.2.1 Potential Stress Performance Maps (3) 

 Healy and Picard (2005) demonstrated the ability to combine heart rate, Galvanic Skin 

Response (GSR) and ElectroMyoGraphy (EMG) readings to assess a driver‟s stress level over 5-

minute windows at a 97.4% true positive rate.  While Healy and Picard did not publish the 

details of the algorithm used to combine the biomarker measurands, their success indicates that 

data exists to assess stress levels for humans engaged in real-world tasks.  Healy and Picard 

demonstrated their algorithm on automobile drivers, which requires relatively small physical 
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efforts.  Validation of their algorithm for application in a Soldier performance monitoring system 

will require testing on Soldiers simultaneously engaged in more physically strenuous and 

cognitively stressful tasks in order to determine the algorithm‟s ability to separate changes in the 

biomarkers due to physical activity from those caused by a mental stress response.  This data 

suggests that three stress performance maps are possible with limited validation efforts: PMStress,1 

= f(heart rate, skin response); PMStress,2 = f(heart rate, muscle activity), PMStress,3 = f(muscle 

activity, skin response)6. 

5.1.2.2 Potential Sleep Deprivation Performance Maps (3) 

 Three sleep deprivation performance maps are likely achievable based on initial review 

of the literature: PMSleep Dep,1 = f(muscle activity, eye movement); PMSleep Dep,2 = f(muscle 

activity, EEG), PMSleep Dep,3 = f(eye movement, EEG).  Multiple studies have used actigraphy 

(i.e. accelerometers to identify major muscle movements) measurements to identify occurrences 

of sleep (e.g. Balkin et al., 2004; Doran, Van Dongen & Dinges, 2001).  Actigraphy 

measurements may be effective for determining when someone sleeps, and could potentially 

incorporate with the Sleep, Activity, Fatigue and Task Effectiveness (SAFTE) model discussed 

in Chapter 3 to provide an assessment of sleep deprivation.  However, research has shown that 

individuals have a wide range of susceptibility to sleep deprivation (Van Dongen et al., 2004), so 

an analytical model that does not account for such individual differences will have a high level of 

uncertainty in its assessments.  Therefore, accurate assessment of an individual‟s level of sleep 

deprivation requires evaluation of other measurands. Multiple studies have shown EEG 

measurements to be reliable indicators of sleep deprivation (e.g. Borbely & Acherman, 1999; 

Caldwell, Hall & Erickson, 2001).  Additional studies have used eye movement measurements to 

accurately identify sleep deprivation in simulated vehicle driving tasks (e.g. Rowland et al., 

2005).  Several of the studies cited in this paragraph claim success in identifying sleep 

deprivation with one of the evaluated biomarkers.  However, when attempting to identify sleep 

deprivation distinct from other possible impact parameters and to account for individual 

                                                

6 These maps match the example maps presented in Figure 5-1 and Table 5-2.  While the general trends of data 

coincide with the trends published by Healy and Picard (2005), the data in Table 5-2 is hypothetical and does not 

come from Healy and Picard‟s work.   
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differences, combination of multiple biomarkers is appropriate.  The data which previous 

research has demonstrated success with should provide the necessary elements for initial 

performance maps to be validated by Soldiers in simulated combat conditions.  

5.1.2.3 Potential Fatigue Performance Maps (2) 

 Table 5-3 proposes that development of two fatigue performance maps consisting of four 

distinct biomarkers is achievable in the near term: PMFatigue,1 = f(muscle activity, body 

temperature); PMFatigue,2 = f(eye movement, EEG).  While the availability of data for four 

biomarkers could result in development of six performance maps, this research suggests only two 

based on a distinction between mental and physical fatigue.  Nybo (2008) and Gonzalez-Alonso 

et al. (2008) demonstrated reliability in predicting fatigue based on body temperature 

measurements.  Changes in these measurements depend in part physical activity levels, which 

muscle activity measurements could indicate.  Using muscle activity measures may require some 

development, but the high reliability of body temperature in predicting fatigue makes such 

performance maps achievable in the near term.   

 Sufficient data also likely exists to develop fatigue performance maps using eye 

movement and EEG biomarkers.  Lal et al. (2003) claimed 90% reliability it classifying fatigue 

among three discrete states.  Dinges et al. (1998) correlated eye movement measures with lapses 

in alertness.  Ji, Zhu & Lan (2004) used eye movement measures in a Bayesian framework to 

successfully identify fatigue in automobile driving simulations.  Their success indicates that eye 

movement data already exists in a format ready for incorporation to the framework presented in 

the present research.  Although, like the work done by Healy & Picard (2005), this data requires 

validation of transferability to Soldier tasks in combat conditions.  Ji, Zhu & Lan‟s model also 

incorporates other environmental factors not accounted for in the current Soldier performance 

model.  Section 5.2 discusses these parameters in greater detail.       

5.1.2.4 Potential Mental Trauma Performance Maps (2) 

 Heart rate variables have shown reliable predictive ability of mental trauma in multiple 

studies (e.g. Cohen et al., 1998; Shalev et al., 1998).  Knowledge of heart rate measure baselines 

for an individual increases the reliability of the measures, which strengthens the need to monitor 
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Soldiers in real-time.  Combination of heart rate measures with other biomarkers could also 

improve reliability of mental trauma assessments, especially when coupled with appropriate 

screening evaluations (e.g. Casada et al., 1998).  Therefore, this report proposes two mental 

trauma performance maps for near-term development and validation:  PMMental Trauma,1 = f(heart 

rate, muscle activity); PMMental Trauma,2 = f(heart rate, skin response). 

5.1.2.5 Potential Physical Trauma Performance Maps (10) 

 The U.S. Army has already undertaken efforts to identify physical trauma to Soldiers via 

the Warrior Physiological Status Monitoring (WPSM) program (see Borsotto et al., 2004).    The 

WPSM utilizes a Bayesian framework similar to that presented herein.  This indicates that the 

Army already possesses significant amounts of validated data, which could be presented visually 

to the Soldier.  The data gained from the WPSM effort exceeds any physical trauma research 

cited by this report.  Therefore, the selection of maps suggested for development in Table 5-3 is 

only a subset of those possible from WPSM data.  Of note, Thatcher et al. (2001) claims to have 

achieved accurate classification of traumatic brain injury via evaluation of 16 EEG variables.  

While a processing algorithm would be required to consolidate the EEG variables into a useful 

form for visualization, such data should be incorporated to WPSM data to improve timely 

identification of such injuries.   

5.1.2.6 Potential Information Overload Performance Maps (2) 

 Table 5-3 proposes two information overload performance maps for near-term 

development and validation: PMInformation Overload,1 = f(muscle activity, EEG); PMInformation Overload,2 

= f(heart rate, EEG).  This report bases this recommendation primarily on the work of Berka et 

al.(2005,2007) which indicates high reliability (~95% success rate) in classifying mental 

workload levels using EEG measurements.  Adoption of Berka et al.‟s algorithms and 

incorporation with other biomarker data in a Bayesian framework should improve prediction 

capabilities.  This will also allow visual presentation of performance maps to indicate when an 

individual is reaching the limits of his or her mental processing capabilities.   
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5.1.2.7 Potential Mission Duration Performance Maps (3) 

 Mission duration accounts for the time spent on a mission or task along with the 

associated level of effort.  Work by Gonzalez-Alonso et al. (1999) demonstrated some of the 

effects of heart rate and body temperature on an individual‟s ability to perform physically 

perform over time.  Chapter 3 demonstrated the feasibility of creating performance maps from 

this work.  Gonzalez-Alonso et al.‟s work demonstrates the feasibility of developing three 

mission duration performance maps: PMMission Duration,1 = f(heart rate, mission time); PMMission 

Duration,2 = f(heart rate, body temperature), PMSleep Dep,3 = f(mission time, body temperature).  For 

physical mission duration, body temperature is likely the key limiting biomarker as discussed 

with regards to fatigue above. 

5.1.2.8 Potential Energy Balance Performance Maps (1) 

 Chapter 4 indicated that assessment of energy balance in real-time was not feasible in the 

near term due to the inability to assess energy replenishment.  However, a performance map to 

evaluate energy expenditure is almost certainly possible in the near-term: PMEnergy Balance,1 = 

f(muscle activity, heart rate).  Reenie et al. (2000) and Ceesay et al. (1989) both demonstrated 

the ability to accurately assess energy expenditure via heart rate and muscle activity at levels 

near or above 99%.  Presenting this data visually is possible with the available data, and doing so 

to the Soldier would increase his or her understanding of the need to take in energy based on 

mission demands.   

5.1.3 Performance Maps Requiring Additional Data Collection Efforts 

 This section discusses the remaining 25 of 70 performance maps that are possible given 

the information presented in Chapter 4 related to the development of the Soldier performance 

model.  While some studies demonstrated the ability to use measured physiological parameters to 

successfully identify impact parameter levels, other studies simply demonstrated that some 

correlation between the parameters existed.  In these cases, performance maps visually 

presenting the relationships between biomarkers and impact parameters are possible, but the 

apparent data lacks sufficiency for use in real-time.  Therefore, where possible relationships 

exist, Soldier performance system developers must collect data as described previously to 
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confirm the relationships and define their changes relative to the evaluated biomarkers.  Table 5-

4 presents the 25 performance maps that are possible from the preliminary Soldier performance 

model, but that require additional data to adequately define performance. 

Table 5-4 Potential Performance Maps Limited by Available Data 

Impact Parameter (z) Biomarker (x) Biomarker (y) Figure 

Stress 

Heart Rate Body Temperature 

4-12 Stress Bayesian Causal 
Network Module 

Heart Rate Blood Pressure 

Muscle Activity Body Temperature 

Muscle Activity Blood Pressure 

Skin Response Body Temperature 

Skin Response Blood Pressure 

Body Temperature Blood Pressure 

Sleep Deprivation 

Muscle Activity Blood Pressure 
4-13 Sleep Deprivation Bayesian 

Causal Network Module Eye Movement Blood Pressure 

Blood Pressure EEG 

Fatigue 

Muscle Activity Eye Movements 

4-14 Fatigue Bayesian Causal 
Network Module 

Muscle Activity EEG 

Eye Movement Body Temperature 

Body Temperature EEG 

Mental Trauma Muscle Activity Skin Response 

4-15 Mental Trauma Bayesian 
Causal Network Module 

Ambiguity 

Heart Rate Skin Response 

4-17 Ambiguity Bayesian Causal 
Network Module 

Heart Rate EEG 

Heart Rate Blood Pressure 

Skin Response EEG 

Skin Response Blood Pressure 

EEG Blood Pressure 

Information Overload Heart Rate Muscle Activity 

4-18 Information Overload 
Bayesian Causal Network Module 

Mission Duration 

Heart Rate Blood Pressure 
4-19 Mission Duration Bayesian 

Causal Network Module Mission Time Blood Pressure 

Blood Pressure Body Temperature 

5.1.3.1 Stress Performance Maps (7) Requiring Additional Data 

 Table 5-4 lists seven stress performance maps with insufficient data to support use in the 

near-term.  All seven maps have either body temperature or blood pressure as reference 
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parameters.  Research by Marraziti et al. (1992) supported the inclusion of these relationships 

into the preliminary Soldier performance model.  This research measured the stated biomarkers 

in a control state and immediately prior to an academic test assumed to induce stress.  While the 

research found statistically significant changes in the two biomarkers, it failed to address 

multiple levels of stress that may have been due to the subjects‟ past academic performance or 

preparation time for the upcoming test.  The binary evaluation of a single stressful situation does 

not adequately describe stress in a way that is likely to result in visually useful information to the 

Soldier under combat conditions.  Therefore, development of the seven stress performance maps 

listed Table 5-4 requires additional empirical research to track stress relative to body temperature 

and blood pressure.  Soldier performance system developers should focus development efforts 

first on the three stress performance maps identified previously in Table 5-3.  If Healy & 

Picard‟s (2005) work can be validated and transferred to multiple tasks with accuracy similar to 

that previously achieved (~97.4%), performing data collection experiments for additional 

biomarkers may not be economically efficient.  

5.1.3.2 Sleep Deprivation Performance Maps (3) Requiring Additional Data 

 The preliminary Soldier performance model presented in Chapter 4 showed a relationship 

between blood pressure and sleep deprivation based on research by Ogawa et al. (2003).  Ogawa 

et al. showed a statistically significant change in diastolic blood pressure after 24-hours of total 

sleep deprivation.  The research provided few data points, and does not describe how blood 

pressure may change with partial sleep deprivation, or long term total sleep deprivation.  The 

research also included only male subjects.  Therefore, definition of the relationship between 

blood pressure and sleep deprivation requires additional data collection efforts.  As with stress, 

Soldier performance system developers should pursue such efforts only if justified by 

deficiencies in accuracy or reliability from the performance maps discussed previously and listed 

in Table 5-3. 

5.1.3.3 Fatigue Performance Maps (4) Requiring Additional Data 

 As discussed above, fatigue performance maps may describe physical or mental fatigue.  

The fatigue performance maps presented with Table 5-3 used muscle activity and body 



175 

 

temperature measures for assessing physical fatigue and EEG and eye movement measures to 

assess mental fatigue. Other combinations of these four biomarkers mix the nature of fatigue, and 

may not be appropriate for combination into fatigue performance maps.  However, some 

interdependence between an individual‟s mental and physical state likely exists.  So validation of 

the combinations as useful performance maps requires additional empirical research.   

Table 5-4 does contain one fatigue performance map that is more feasible than the others 

presented.  Brain temperature varies with some dependence on core body temperature, and 

affects mental fatigue (Bautmans et al., 2008; Miller, 2009).  Therefore, combination of body 

temperature with EEG measures may be an appropriate method for assessing mental fatigue.  

Such a combination requires development to define the relationship between core body 

temperature and brain temperature, as well as the data collection effort to assess how changes in 

brain temperature affect individual fatigue.  Therefore, the performance map is categorized 

appropriately as requiring additional data, but Soldier performance developers should prioritize 

the performance map using body temperature and EEG above others presented in Table 5-4.      

5.1.3.4 Mental Trauma Performance Map (1) Requiring Additional Data 

 Table 5-3 identified potential mental trauma maps which used muscle activity and skin 

response as being achievable in the near-term.  Table 5-4 indicates that the mental trauma 

performance map using these two biomarkers in combination requires significant data collection.  

The research supporting inclusion of these relationships into the preliminary Soldier performance 

model showed correlation between the variables but did not fully define the correlation (Casada 

et al., 1998).  While the research regarding heart rate and mental trauma provided clear 

quantifiable relationships which may be independently sufficient to assess mental trauma (Cohen 

et al., 1998; Shalev et al., 1998).  Therefore, combining heart rate with either muscle activity or 

skin response should only improve the accuracy and reliability of the assessment.  The two 

biomarkers, absent heart rate, lack sufficient data to result in accurate assessments of mental 

trauma. 
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5.1.3.5 Ambiguity Performance Maps (6) Requiring Additional Data 

 Table 5-4 shows six potential ambiguity performance maps based on the preliminary 

Soldier performance model which require additional data collection efforts.  Wilson (2001) 

identified changes in heart rate and skin response attributable to poor video and audio 

presentation quality.  The research indicates that a relationship likely exists, but is not sufficient 

for real-world use where the source of the ambiguity is unknown.  Knyaszev, Sovostyanov and 

Levin (2005) found that changes in EEG measurements correlated with situations of uncertainty, 

but the authors noted differences between their findings and those of other researchers.  

Knyaszev, Sovostyanov and Levin indicated that the nature or cause of the uncertainty may 

affect the physiological response.  Therefore, adequate definition of the relationship requires 

additional research.  Greco and Roger (2001) found correlations between experienced ambiguity 

and blood pressure measures, though these differences depended heavily on an individual‟s 

predisposition to anxiety.  Also, this research used self-reporting methods to assess ambiguity 

which are known to have questionable reliability (Zak, 2004).   

 The present research assesses no ambiguity performance maps as achievable in the near 

term.  The most significant barrier to achieving such maps may be the lack of objective scales for 

measuring an individual‟s tolerance for ambiguity.  Greco and Roger (2003) noted this 

deficiency in their research, as well as the lack of predictive ability found in the current scales.  

Evaluations discussed in Chapter 4 showed that ambiguity was the least important impact 

parameter of those evaluated in the present research.  However, evaluation did not indicate that 

ambiguity was unimportant.  Therefore, the absence of near-term ambiguity performance maps 

does not preclude the development of a valuable Soldier performance system in the near-term, 

but development efforts toward achieving such maps would likely improve the system‟s 

performance.   
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5.1.3.6 Information Overload Performance Map (1) Requiring Additional Data 

 The potential information overload performance map presented in Table 5-4 with heart 

rate and muscle activity as the reference biomarkers is similar to the mental trauma performance 

map in Table 5-4 discussed previously.  Berka et al.(2005 & 2007) indicated that EEG may be 

independently sufficient to assess information overload.  Therefore incorporation with other 

relevant biomarkers likely leads to useful performance maps.  Absent EEG measurements, 

research presenting correlations between mental effort and heart rate (Hering, 1999) and muscle 

activity (Fridlund et al., 1986; De Waard, 1996) does not appear adequate to generate a useful 

performance map. 

5.1.3.7 Mission Duration Performance Maps (3) Requiring Additional Data 

 Table 5-4 lists three potential mission duration performance maps requiring additional 

data.  All three maps have blood pressure as one of the reference biomarkers.  Research by 

Hayashi et al. (1996) indicated the relationship between mission duration and blood pressure.  

However, by their own admission the data presented required further validation.  Therefore, the 

use of blood pressure to assess mission duration requires additional empirical data.   

5.2 IMPROVING THE PRELIMINARY SOLDIER PERFORMANCE MODEL (SPM) 

 The goal of the present research is to demonstrate a framework for monitoring Soldier 

performance in real-time in order to improve Soldier performance and leader decision making 

and resource management.  The model presented thus far has shown some near term benefits are 

possible.  However, the model in its current state is not comprehensive, and lacks some elements 

relevant to measuring Soldier performance in real time.  This section explicitly identifies some of 

the model‟s deficiencies and discusses possible measures to improve the model. 
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5.2.1 Incorporation of Environmental Parameters 

 Chapter 3 presented some potential performance maps derived from other research that 

showed the effect of environmental parameters such as air temperature, humidity (Hancock & 

Vasmatzidis, 1998) and light conditions (Ji, Zhu & Lan, 2004) on impact or performance 

parameters.  The present research objectively assessed sensors of neurophysiological parameters 

but not of potential wearable environmental sensors.  In some cases, sensors may not be required 

for an individual Soldier system as the information could be transmitted from a central location 

and assumed constant throughout the unit‟s area of operations.  The Soldier performance model 

must account for environmental conditions whether sensed or transmitted.  At a minimum, 

prevention of exhaustion (extreme fatigue resulting in mission failure) and physical trauma (i.e. 

heat injuries) requires knowledge of some environmental parameters (See Gonzalez-Alonso, 

1999 and Pandolf et al., 1986).  Therefore, further Soldier performance system developers should 

prioritize incorporation of appropriate environmental parameters into the preliminary Soldier 

performance model.    

5.2.2 Horizontal Parameter Relationships 

 The preliminary Soldier performance model presented in Chapter 4 contains only vertical 

relationships from biomarkers to impact parameters, and impact parameters to Soldier 

performance measures.  In reality, horizontal relationships exist among some biomarkers.  For 

example, the human baroreceptor reflex relates heart rate to blood pressure (Steptoe, 1980), but 

the preliminary Soldier performance model omits this relationship.  Some impact parameters are 

also related, such as fatigue and mission duration.  This report defined fatigue as performance 

decrement due to time on task.  By definition, as the mission duration impact parameter increases 

the probability of fatigue must also increase.  The preliminary Soldier performance model does 

not account for this relationship.  The present research aimed to investigate the feasibility of 

assessing Soldier performance in real-time via neurophysiological monitoring in a structured 

framework.  The preliminary Soldier performance model demonstrates the feasibility of such 

assessments.  In order to comprehensively measure performance, the Soldier performance model 

must account for relationships such as those cited above. 
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 Inclusion of horizontal parameter relationships becomes imperative when the goal 

becomes to combine developed performance maps of assessed impact parameters into 

performance envelopes representing Soldier performance measures.  Ashok and Tesar (2007) 

presented a preliminary list of eight methods of performance map combination to produce 

secondary performance maps or performance envelopes.  Many of these methods require that 

reference parameters (parameters located on the x and y axes) be normalized and independent.  If 

two impact parameters are not independent, producing useful performance envelopes requires a 

definition of the relationship between the two parameters.  Therefore, research is necessary to 

develop additional methods of combining performance maps for dependent parameters. 

 The appropriate combination of performance maps into envelopes and decision surfaces 

is how a performance map framework concisely presents meaningful information to the user.  In 

the Soldier‟s case, he or she may want to prioritize specific performance attributes based on his 

or her assigned tasks.  For example, a Soldier assigned to an observation post wants to maintain a 

high level of vigilance.  A Soldier assigned as a designated marksman wants to maintain steady 

muscle control.  In a comprehensive performance monitoring system, the Soldier could select 

from a menu of specific task foci (see Table 5-5) that required variable combinations of general 

Soldier performance measures (e.g. perception, endurance, emotional control, etc.).  The system 

would use the Soldiers task selection to combine relevant maps in order to present the Soldier 

with a real-time assessment of his or her state, along with an indication of how to improve or 

maintain his or her current levels to best match the selected task.  Presentation of this 

information will also require research and training of self-regulation methods.  For example, 

elevated skin response readings may indicate elevated stress levels.  Soldiers would need to have 

some training in stress mitigation techniques (e.g. breathing or concentration exercises) in order 

to reduce stress levels and maintain performance capabilities (i.e. a form of in situ self-

regulation).   
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Table 5-5 Hypothetical Task/Condition Menu to Generate Performance Envelopes 

1. Watch for Enemy 

2. Move w/out Enemy Contact (Specify condition – e.g. urban, mounted/dismounted) 

3. Maneuver under Enemy Contact (Specify Condition) 

4. Engage Targets (Select Weapon System) 

5. Conserve Energy (Maximize Endurance) 

6. Report Critical Information 

7. Affect Local Populace 

8. Reduce Obstacles 

9. Operate Contaminated (i.e Chemical or Biological Agent protection) 

10. Maximize Recovery 

The task menu presented in Table 5-5 represents high level commands that the Soldier 

would select to call up a performance envelope specific to his or her task and conditions.  Prior 

to fielding, development is necessary to establish and certify relevant combinations of 

performance maps and envelopes for each menu selection7.  For example, a Soldier assigned 

with the task of “Affect Local Populace” (Task 7 in Table 5-5) may be responsible for gaining 

the trust of civilians in the area of operations and enlisting their assistance in achieving security 

or humanitarian relief efforts.  This task requires some combination of communication, 

perception, and emotional control capabilities at a minimum (i.e Soldier Performance Measures 

discussed in Chapter 4 and Appendix E).  When the Soldier selects his task from the menu, the 

system combines the Soldier‟s current perception, communication and emotional control 

performance maps into a task specific envelope.  The system may also display a “required” 

performance envelope representing the minimum required level of task performance based on 

                                                

7 The discussion in this paragraph represents a future vision of a Soldier Performance monitoring system.  While 

this research establishes the initial framework for such a system, achieving this vision will require significant 

development efforts.  After development of relevant performance maps, the next step is appropriate combination of 

those maps to create performance envelopes related to general Soldier performance measures described in Chapter 

4.  The Army must then objectively define standards for specific Soldier tasks in terms of the general Soldier 

performance measures.  When this development occurs, the vision described here is achievable and Soldiers will 

have greater insight into their real-time capabilities, their need for specific training, improved self-awareness and 

required/desired support from unit members and leadership.    
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doctrinal standards or as specified by unit leadership.  In doing so, the Soldier becomes visually 

aware of his or her ability to complete the assigned task.  If the system shows the Soldier has 

more than sufficient performance capability, the Soldier gains confidence in his ability to 

perform.  If not, the Soldier becomes aware of the fact prior to mission failure, and can take 

action with his or her leadership to increase capabilities or reduce task demands.          

Because performance envelopes present information quickly, they have the power to 

significantly improve self-awareness, while not adding significantly to the Soldier‟s task load.  

The increased awareness gives the individual Soldier greater control over his performance, and 

thereby increases his or her confidence to make quality decisions in the face of formidable 

challenges.  Development of these tools, as well as development and coupling of similar tools for 

the Soldier‟s equipment should be a major topic for continuous research and evaluation. 

5.2.3 Validate Effects of Combined Parameters 

 Most existing research attempts to identify the physiological correlations of a single 

impact parameter, or to investigate a single impact parameter‟s effect on Soldier performance 

measures (Conway et al., 2007; Hancock et al., 2007).  These efforts are scientifically sound 

attempts to isolate the effects of known impact parameters.  However, impact parameters rarely 

exist in isolation outside of a laboratory.  Therefore, understanding the effects of isolated impact 

parameters is of little utility unless it is coupled with an understanding of impact parameter 

effects in the presence of other impact parameters (Hancock & Szalma, 2008).  Lieberman et al. 

(2002) observed performance decrements in Soldiers exposed to sleep deprivation, information 

overload, stress, and other abnormal environmental parameters.  This demonstrated the potential 

effects of multiple impact parameters, but Lieberman et al. did not discuss any attempt to 

quantify the levels of the distinct impact parameters or to identify how the combined effects 

differed from isolated effects found elsewhere.  Impact parameters may have additive or 

multiplicative effects when combined, or one impact parameter may dominate others under 

certain conditions.  Therefore, Soldier performance system developers must undertake efforts to 

examine how impact parameters affect performance in various combinations, and how those 

combinations correlate with changes in biomarkers related to more than one of the impact 

parameters under evaluation.  
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5.2.4 Improve Definition and Measurement of Parameters 

 The National Academies Standing Committee on Military Nutrition Research (2004) 

stated: “The greatest barrier to advances in performance monitoring has been the lack of suitably 

defined performance outcome measures (p. 18).”  The preliminary Soldier performance model 

discussed in Chapter 4 defined impact parameters and Soldier performance measures based on 

selections from the literature.  However, the model has not quantitatively defined normalized 

scales of measurement for these parameters.  Such definition may be difficult, but it is absolutely 

essential to capitalizing on research done to date.  Therefore, objective definition of Soldier 

performance model parameters, including the translation of clinical data to real-world 

application, should among the highest priorities of system developers.   

5.3 POTENTIAL APPLICATIONS OF PERFORMANCE MAPS AND ENVELOPES FOR THE SOLDIER 

 Thus far, this report has established the need to monitor Soldier performance, 

demonstrated the feasibility of creating performance maps from physiological data, and proposed 

a structure of a Soldier performance model.  This section aims to provide examples of the 

benefits Soldiers would achieve through use of a performance map based model.  The section 

demonstrates, through discussion and presentation of brief scenarios, how Soldiers could use 

performance maps to avoid performance failure or injury, and as a means towards self-

improvement.  The section also discusses how small-unit leaders could use performance maps 

and envelopes to plan allocation of resources in real-time, and in training management.   

5.3.1 Individual Soldier Applications and Scenarios 

 Mental trauma, including Post-Traumatic Stress Disorder (PTSD), has affected increasing 

numbers of U.S. service members returning from deployments to Iraq and Afghanistan.  Unlike 

physical injuries, these afflictions often go unnoticed by family and fellow service members.  

Research suggests that approximately half of returning service members suffering from PTSD 

seek help with the condition, and of those approximately half actually receive adequate care.  

Improving these ratios via early detection of PTSD has the potential to save over $1,000 dollars 

per returning Soldier (Tanielian & Jaycox, 2008).  Performance maps derived from monitored 
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biomarkers relating to mental trauma have the potential to increase the number of PTSD suffers 

seeking treatment.  

Examining the costs associated with disability compensation due to chronic PTSD, the 

cost savings become even more impressive.  Figure 5-2 shows the results of cost projections of 

Department of Defense and Veterans Affairs for PTSD disability compensation.  Appendix G 

contains the supporting facts and assumptions for these projections.  If implemented now, a 

performance monitoring system that empowered Soldiers to seek early self-treatment has the 

potential to save up to $285 billion dollars over the next twenty years, saving up to $35 billion 

dollars in 2030 alone.  This potential return justifies an immediate increase in investments 

toward individual Soldier performance monitoring.  

 

Figure 5-2 Disability Cost Projection Graph 

As an example on how performance maps could increase treatment of PTSD, consider a 

Soldier that knows from initial baseline testing and continuous use of his Soldier performance 
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monitoring system that his baseline resting heart rate is approximately 62 beats per minute.  

While participating in a patrol, the Soldier‟s unit makes contact with the enemy via improvised 

explosive devices and small-arms fire.  The Soldier escapes physical injury, and performs well 

during the combat action, though he vividly remembers shrapnel and bullets striking the vehicle 

he used for cover.  The Soldier‟s performance monitoring system recorded sharp rises in heart 

rate and skin conductivity during the combat action, which was expected and is normal.  

However, five days after the event the Soldier‟s resting heart rate has not returned to its original 

baseline, instead his heart rate remains around 75 beats per minute while he is relaxing.  While 

the Soldier does not fully understand why his heart rate has changed, he can visually see on his 

mental trauma performance map (see Table 5-3) or similar performance envelopes, that his 

increased heart rate indicates an increase in the probability of him suffering from mental trauma 

(Shalev et al., 1998).  The Soldier may have also had difficulty achieving restful sleep.  Coupling 

his personal awareness with the information provided by his performance monitoring system 

reduces the Soldier‟s fear about being perceived as weak if he seeks help.  The performance 

monitoring system documented a physical change in the Soldier warranting medical treatment.  

Therefore, the Soldier is armed with the numerical knowledge and enhanced confidence to seek 

early treatment within a week of the causal event, thereby increasing his chances of recovery 

(Tanielian & Jaycox, 2008). 

 Performance maps have the potential to increase Soldier operational effectiveness in 

addition to identifying the need for medical treatment.  In U.S. Army doctrine (HQDA, 2008), 

information enhances other elements of combat power by increasing a leader‟s or Soldier‟s 

situational understanding.  However, humans have a finite ability to receive and process 

information (Gruner, 1990).  This measure of this ability depends on the amount and type of 

information, as well as the time available to process it (HQDA, 2005).    Therefore the principles 

of war also demand clear and concise orders for simple plans in order to ensure understanding 

(HQDA, 2008).  While doctrine presents theories, application of tenets and principles at the 

small unit level requires more objective measurement and lessons learned.   

Squad leaders routinely issue their Soldiers operations orders.  These orders may be very 

detailed for upcoming extended operations with sufficient planning time, but more often they are 

brief fragmentary orders concerning near-term tasks.  Ideally, leaders conduct rehearsals or 
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receive confirmation briefs from subordinates after issuing orders in order to ensure 

understanding (HQDA, 2005).  Tactical situations do not always allow for such review measures.   

A Soldier equipped with a real-time performance monitoring system would have a 

documented baseline mental processing capability, along with the physiological correlates (e.g. 

EEG, heartbeat, and muscle activity) that indicate changes in real-time processing (Berka et al., 

2005, 2007; Mayser et al., 2003).  The system would visually present these parameters in terms 

of information overload or processing performance maps (see Table 5-3).  As the Soldier‟s squad 

leader issues a fragmentary order, the Soldier pays close attention in order to understand his role 

in the scheme of maneuver.  Although enemy contact is not eminent8, the squad must move 

quickly and the squad leader does not intend to conduct any formal rehearsals.  However, as the 

squad leader progresses through his order, the subordinate‟s performance monitoring system 

detects physiological signals indicating the Soldier is approaching his maximum information 

processing capability.  The system then alerts both the Soldier and his squad leader of the 

potential performance decrement via presentation of the Soldier‟s information processing 

performance map.  While this alert adds interruption in a time constrained environment, it 

provides the Soldier and the leader pertinent information that assists them in deciding how to 

allocate Soldier resources.   

The tenets of Army operations state that leaders must balance unit agility and initiative 

with taking the time to synchronize resources in order to most effectively mass combat power at 

the desired place and time (HQDA, 2008).  In the case presented, the squad leader now 

understands that one of his subordinates may not fully understand the plan as communicated.  

The squad leader combines this knowledge with his situational understanding of the higher unit‟s 

mission, and the time available. The squad leader can then use his professional judgment to 

determine if it is appropriate to re-present the information to the Soldier, reduce the affected 

Soldier‟s task load, or to assume some risk and proceed with the operation as planned.       

                                                

8 This report frequently refers to monitoring performance in real-time.  However, this report does not propose that 

Soldiers or leaders should consult performance maps and envelopes when in direct fire contact with the enemy, or 

when the security of the unit is threatened.  The system framework proposed in this report intends to enhance 

Soldier and small unit leadership capabilities, not to take the place of combat leadership in a combat environment. 
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 In addition to preventing adverse performance decrements, and increasing friendly 

situational awareness for real-time operations, the Soldier performance monitoring framework 

discussed in the present research empowers the individual Soldier to seek self-improvement.    

The U.S. Army Training and Doctrine Command suggests that Soldiers of the future must 

possess higher levels of self-awareness, including the ability to assess and correct one‟s own 

weaknesses (TRADOC, 2008).  The framework presented in this report increases the Soldier‟s 

self-awareness because the data required to populate the Soldier performance monitoring system 

serves as a documented baseline of a Soldier‟s performance capability.   

In practice, a Soldier may recognize, both through review of his performance map library 

and anecdotal observations from recent training events that he is particularly susceptible to 

performance decrements brought on by relatively small levels of stress.  Most Soldiers want to 

perform well, be valuable assets to their unit, and advance in the Army.  The knowledge 

presented in the presented Soldier‟s stress performance maps empowers him to work with his 

leadership and institutional education assets to develop a personalized training plan to improve 

his ability to perform assigned tasks under stress. 

5.3.2 Small Unit Leader Applications and Scenarios 

 Army units such as battalions and brigades have professional trained staffs responsible 

for collecting and analyzing information in order to generate effective plans and orders.  Smaller 

units such as platoons and squads do not have such assets.  So a single leader is responsible to 

receive orders from higher headquarters, and develop plans for his or her subordinates (HQDA, 

2005).  Specifically the infantry squad leader, who has the least amount of training relative to 

other leaders (e.g. platoon leader, platoon sergeants, company commanders, etc.), will be 

responsible for the operations and welfare of eight subordinate Soldiers with no organic 

assistance9.  Operating at the forward edge of the battlefield being responsible for the actions of 

individual Soldiers, a squad leader may issue multiple orders for every order that his unit 

receives from company or battalion headquarters.  A performance map based framework to 

                                                

9 Platoon leaders and platoon sergeants will of course assist and mentor squad leaders in order to facilitate mission 

success.  Still, the squad leader has the ultimate responsibility for his squad. 
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improve situational awareness of assigned Soldiers can significantly improve the squad leader‟s 

state of information for decision making without adding significantly to the work required to 

gather such information.   

 Consider a squad leader executing an area reconnaissance patrol with his squad, perhaps 

augmented with additional Soldiers from another squad for the mission.  The patrol arrives at its 

planned forward release point, though the movement was tougher than expected due to high 

temperatures, high humidity and thick vegetation.  As he conducts his final preparations for 

executing reconnaissance of the objective, the squad leader is concerned about the physical toll 

of the movement to this point, and his Soldiers‟ ability to effectively execute the mission as 

planned.  He reviews the individual Soldiers‟ perception and endurance performance envelopes.  

The visual presentation format allows him to quickly evaluate each Soldier‟s current state against 

each other and mission requirements.  Based on his review, the squad leader re-organizes his 

security and surveillance elements in order to assign the Soldiers with the highest current 

perception ability to the surveillance tasks.  The squad leader is still concerned that endurance 

may be a limiting factor in completing the mission including the movement back to the unit 

patrol base.  The endurance performance envelopes indicate that food intake could increase 

endurance levels, but eating and the additional movement in such proximity to the enemy would 

be tactically inappropriate.  The squad leader must decide if he should reduce observation 

requirements to the minimum essential elements he received in the operations order, or to 

execute the full reconnaissance plan and modify the return movement plan to mitigate the risk of 

low endurance.  The squad leader decides that he can allow time on the movement back for 

Soldiers to replenish their energy, at that time he can transmit the essential information obtained 

during the reconnaissance to his headquarters.  The mission will take longer than initially 

planned, but it will achieve all of its planned objectives. 

 Small unit leaders are responsible for their Soldiers actions in real time during mission 

execution, and they are also responsible for training and developing their Soldiers to prepare for 

upcoming missions.  As part of this responsibility, small unit leaders plan training based on the 

missions they expect to perform and the current training level of their Soldiers.  The Army refers 

to this process as a Mission Essential Task List (METL) crosswalk (HQDA, 2003).  Executing 

the process fully can be very time consuming depending on the range of essential tasks, and the 
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composition of the unit.  For example, units that must prepare simultaneously for high intensity 

conflict and stability operations may need proficiency in tens or even hundreds of supporting 

sub-tasks.  If the unit consists of several new Soldiers, as often happens after deployments when 

returning Soldiers end their enlistment or transfer to new assignments, the proficiency of the unit 

in these sub-tasks will be undocumented.  Time and resources rarely permit units in this situation 

from achieving expert proficiency on all possible tasks.  A performance map based system 

however, will provide small-unit leaders with knowledge of individual Soldier capabilities, 

including newly assigned Soldiers that will come to the unit with documented baseline 

performance maps.  Evaluation of the Soldier‟s performance envelopes will then allow rapid 

assessment of proficiency for the METL crosswalk.  This facilitates prioritization of training 

time and resources to achieve the maximum proficiency possible on the most important tasks. 

 Assume an Army staff sergeant takes on a new assignment as a light infantry squad 

leader.  He has deployed multiple times as a rifleman and fire team leader, but this is his first 

assignment as a squad leader.  Like him, six of his eight assigned Soldiers arrived at the unit 

within the past 60 days.  The unit anticipates receiving orders to deploy to an overseas 

contingency operation within the next nine months.  Like the previous deployments, the squad 

leader expects they will conduct operations ranging from raids on known terrorist safe houses, to 

presence patrols requiring professional engagement with the local populace.  While executing 

these diverse operations will be difficult, the squad leader believes that training his new Soldiers 

with limited time will be equally as difficult for them. 

 The platoon leader, under direction from the company commander, is executing the unit‟s 

METL crosswalk as part of the unit‟s training plan.  He asks the new squad leader to evaluate his 

squad and provide recommendations on training priorities.  The squad leader complies by 

evaluating his Soldier‟s 3-D performance envelopes for all Soldier performance measures and 

compares their assessed measures with the required performance levels for the expected tasks.  

The squad leader also considers his past deployment experiences, and recalls what limitations he 

and his fellow Soldiers had experienced.  First, the squad leader knew that light infantry 

operations were hard physical work and the expected area of operations had a harsh climate that 

would increase the level of difficulty.  Therefore, the squad leader recommended that the platoon 

make operational fitness training a priority.  Secondly, the squad leader had personally witnessed 
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how poor Soldier discipline in the presence of the local populace could eliminate the progress 

gained from months of effort.  So he recommended that the platoon leader conduct stressful 

patrol training with simulated local civilians on the battlefield in order to improve Soldier‟s 

emotional control and communication abilities under stress.  With these recommendations, the 

squad leader referred the platoon leader to the skill acquisition performance envelopes.  The 

squad leader acknowledged that the unit must optimize its available training time.  However, he 

warned the platoon leader that trying to do too much at the expense of sufficient recovery time 

could reduce the Soldier‟s abilities to learn new tasks, which would waste valuable training time.   

In addition to providing recommendations for unit training priorities, the squad leader 

recognized that his new role would him to make more decisions affecting other Soldiers than any 

of his previous assignments.  Understanding the importance of his new responsibilities, the squad 

leader requested help from the platoon leader in incorporating training aimed at improving his 

personal decision making performance envelope. 

5.4 CHAPTER CONCLUSIONS 

 This chapter specified 70 performance maps that are possible based on the preliminary 

Soldier performance model presented in Chapter 4.  This chapter then presented evaluation of the 

potential maps resulting in the identification of 26 maps that may have sufficient data for 

validation, 25 maps as potential but requiring additional data, and 19 maps limited by current 

sensor technology.  The chapter then provided several recommendations to continue 

development and improve the Soldier performance model.  The most important recommendation 

is the establishment of objective measures of Soldier performance that have meaning to Soldier 

tasks.  Several scenarios demonstrated how performance maps and envelopes can improve 

individual Soldiers operational performance and well-being.  Presented scenarios also 

demonstrate how units can improve operational decision making and training efficiency via use 

of performance maps and envelopes.         

 The performance map based SPM represents the beginning of a new level of situational 

awareness that could be available to the Soldier.  Improvements in the model, as well as 

development of real-time performance monitoring tools for the Soldier‟s equipment have the 
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potential to quickly provide reliable information to the Soldier and combat leader far beyond 

what presently exists.  This increase in information adds complexity to the Soldier‟s decision 

process.  As this complexity increases, mission configuration management tools will be 

necessary to ensure that the benefit of the gained information outweighs the load on the Soldier 

due to the added complexity.   

When leaders can be aware of the status of their Soldiers and equipment in real-time, they 

will have the power to confidently allocate resources to achieve assigned mission objectives.  

Any possible combination of Soldiers and equipment (e.g. vehicles, weapons, radios, 

ammunition, etc.) represents a unique capability set that is more or less well suited to a given 

mission.  However, evaluation of performance maps and envelopes for each Soldier or piece of 

equipment would overwhelm a leader who may have hundreds of possible maps and envelopes 

available to review.  Therefore, a mission configuration manager becomes necessary to quickly 

evaluate possible combinations.   

The mission configuration manager would provide analysis and recommendations of the 

most appropriate alternatives based on priorities set by the leader, and recent lessons learned.  

The leader could then evaluate a limited number of suitable ranked alternatives, as opposed to 

hundreds of potential ones.  The mission configuration manager would not dictate which course 

of action the leader should execute.  Rather it would provide information on the unit performance 

parameters created by each alternative.  The leader would then apply his or her judgment in 

selecting the appropriate course of action.   

A mission configuration manager also facilitates rapid incorporation of lessons learned.  

A Soldier with a specific piece of equipment would represent a unique performance package 

based on the Soldier‟s documented performance with the piece of equipment.  As the Soldier‟s 

experience and training with the equipment increased, the mission configuration manager would 

immediately update the appropriate Soldier performance maps and envelopes to display the 

increased performance potential.  For example, Private Jones, a young Soldier recently assigned 

to a deployed unit, may have conducted only familiarization training and firing of the M2 .50 

caliber Machine Gun.  The performance map combination of Private Jones and the M2 would 

indicate a lower performance potential relative to Soldiers with more training and demonstrated 
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proficiency.  While on patrol, Private Jones manned an M2 Machine Gun in a High-Mobility 

Multipurpose Wheeled Vehicle (HMMWV) turret.  Enemy insurgents engaged the patrol with 

small arms fire.  Private Jones displayed a high level accuracy with the weapon, neutralizing the 

target.  During the patrol‟s de-brief and After Action Review (AAR), the patrol leader 

acknowledged Private Jones‟ performance and recorded the action in the mission configuration 

manager.  The AAR is a standard Army procedure following all training and operational 

missions (HQDA, 2008).  The configuration manager would provide a tool to quickly record 

relevant performance information from the AAR and apply that information to future mission 

planning. 

A mission configuration manager will require development of additional performance 

map and envelope combination techniques.  It will also require development of appropriate 

norms for Soldier and equipment performance maps.  Norms are numerical descriptions of 

individual performance maps and envelopes that aid decision making (see Ashok & Tesar, 2007 

for a detailed discussion of norms).  These development efforts may be longer term than the 

Soldier performance model, but they are necessary to achieving the full potential of the SPM 

framework.  
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Chapter 6 Conclusions 

 The individual Soldier is the United States Army‟s most important asset (TRADOC, 

2006).  Future missions will place Soldiers in complex stressful conditions that will require high 

levels of physical and mental abilities (Scales, 2008; Standing Committee on Military Nutrition 

Research, 2004).  The research presented in this report aims to lay the foundation for a 

technology to enable the Soldier to succeed and thrive in these challenging environments.  The 

goal of this research was to structure a framework using Bayesian network supported 

performance maps and envelopes in order to focus Soldier performance monitoring efforts.  The 

desired outcomes from the application of this framework are improved Soldier performance, 

improved decision making, and improved situational awareness.  If successful, the framework 

would present opportunities to greatly increase Soldier and unit intelligence via awareness of 

Soldier, unit, and even equipment capabilities in real-time (Tesar, 2011).     

6.1 NEED FOR THE PRESENT RESEARCH 

6.1.1 Soldier Performance Conditions and Expectations 

 Soldiers perform in a unique operating environment.  High levels of stress, danger and 

sleep deprivation coupled with the potential for extreme weather environmental conditions add to 

the performance challenges that Soldiers face (TRADOC, 2008).  These conditions affect Soldier 

performance and well being.  Evidence indicates that combat conditions can produce 

performance decrements in Soldiers similar to alcohol intoxication (Lieberman et al., 2002), and 

that performance changes vary widely among Soldiers and over time in the same Soldier 

(TRADOC, 2008).  Soldiers are also much more likely to experience mental trauma disorders 

such as Post-Traumatic Stress Disorder (Seal et al., 2010).  Despite these facts, the U.S. Army 

does not objectively measure the state of the individual Soldier at any point in his or her active 

career (Army Science Board, 2011).  Instead the Army has focused many more resources on 

improving the performance of Soldier equipment rather than improving the individual Soldier 

(Scales, 2008).     
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6.1.2 Leader and Unit Performance Expectations and Conditions 

 U.S. Army small unit leaders have greater responsibilities than their subordinate Soldiers 

while facing the same, or worse operating conditions (e.g. leaders often suffer from greater sleep 

deprivation than their subordinates) (TRADOC, 2008).  Leaders are responsible for making 

decision and allocating resources under battlefield conditions that have very high levels of 

uncertainty.  Contributing to this uncertainty is the unknown effects of combat conditions on the 

performance of friendly forces.  The small unit‟s combat power relies heavily on the real-time 

performance capabilities of its assigned Soldiers.  One primary responsibility of the small unit 

leader is the continuous assessment of his or her unit‟s ability to accomplish its assigned 

missions (HQDA, 2005).  Without a method for monitoring Soldier performance in real-time, the 

leader must rely on his or her experience and judgment, which may also be degraded due to 

harsh combat conditions. 

 During training small unit leaders are responsible for planning and allocating limited 

training resources to prepare their subordinates for combat.  Soldiers and units may be 

responsible for maintaining proficiency in tens or even hundreds of collective tasks.  Often 

available training time and resources are insufficient to train for all tasks to the desired level of 

proficiency.  Therefore leaders attempt to allocate training resources in a way that maximizes 

proficiency on the most important tasks (HQDA, 2003).  Current methods for assessing unit 

readiness are time consuming, and inadequate in a unit with a high ratio of new Soldiers.  A 

system to document Soldier performance capabilities in a structured way is necessary to assist 

leaders in planning efficient and effective training in order to maximize unit performance 

capabilities.    

6.1.3 Doctrinal and Technological Framework 

The U.S. Army‟s Training and Doctrine Command (TRADOC, 2008) predicts that future 

combat conditions will be no less demanding, and will likely require higher levels of Soldier 

self-awareness.  Soldiers of the future will have access to increased amounts of information at 

lower levels of command.  U.S. Army Doctrine states that information enhances other elements 

of combat power (HQDA, 2008).  However individual Soldiers have finite abilities to process 

received information (Gruner, 1990).  Therefore a requirement will exist to organize this 

information in a way to enable Soldiers to process and use the information.  Recent gains in 
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computational technology have made possible powerful data processing, communications, and 

visualization tools (Tesar, 2011).  These gains make it feasible to monitor a Soldier‟s 

performance in real-time, while presenting the information in a manner that rapidly informs the 

individual Soldier and small unit leader.  The Army has recognized the need to better equip the 

Soldier for the future battlefield (e.g. O‟Neill, 2011; Bacon, 2011).  Now is the time to apply the 

appropriate resources to enhance the capability, and therefore operational value of the individual 

Soldier. 

6.1.4 Requirements for Monitoring Soldier Performance in Real-Time 

 No system exists to monitor Soldier performance in real-time (Friedl, 2007a; Army 

Science Board, 2011).  Additionally, the Army lacks a sufficient framework for collecting and 

disseminating new information to individual Soldiers (Rasch, Kott & Forbus, 2002).  The present 

report proposes a system level framework to monitor Soldier performance and effectively present 

the collected data in real time in a way that enhances Soldier and small unit leader capabilities.  

This framework does not intend to replace leadership judgment; instead it aims to present 

reliable information to the leader to improve the leader‟s judgment and decision making. 

      A system to monitor Soldier performance requires objective performance measures, 

methods of assessing those measures as they change due to present conditions and a means to 

present relevant information to the monitored Soldier.  Performance capabilities and responses to 

stressors vary widely among individuals (Cooper, 2002).  Army leaders must understand the 

effects of battlefield stressors on friendly forces in order to make good decisions (HQDA, 2005).  

So the system must also be capable of documenting individual baseline performance and 

expected responses to multiple conditions.  Analytical models that predict responses of the 

“average” individual, and account for the effects of single forms of stress are therefore 

inadequate to comprehensively monitor Soldier performance. 

 The performance map framework supported by Bayesian network performance modeling 

proposed in this report addresses the requirements of a real-time Soldier performance monitoring 

system.  The performance measures proposed represent general but relevant measures that 

facilitate transferability to a wide range of tasks while not requiring overwhelming testing on 

every task.  The Bayesian network model provides a structure for collecting data that can assess 

performance capability in real-time, and can adjust for individual differences due to the empirical 
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nature of the model.  The proposed performance maps and envelopes have the potential to 

rapidly present performance information to the Soldier to enable understanding on how to 

optimize his or her performance.    

6.2 REVIEW OF PRESENT RESEARCH 

 This section reviews some previous work on human performance research, and illustrates 

how the present research provides a framework for structuring future research in order to 

enhance its benefit.  The Section discusses the application of performance maps, the 

development of the preliminary Soldier Performance Model (SPM) and evaluation of relevant 

biomarker sensors necessary to assess Soldier state in real-time. 

6.2.1 Performance Maps 

6.2.1.1 Challenges in Monitoring Real-Time Performance 

Significant research exists on how human performance changes under varying conditions.  

Chapter 2 of this report documented several of these efforts.  Much of the research fails to meet 

the requirements of a Soldier performance monitoring system described above.  Individuals have 

large variance in performance and responses to stress, even when those individuals receive 

nearly identical training (Cooper, 2002).  Existing research tends to document the “average” 

individual and is therefore of limited value, so empirical modeling becomes appropriate despite 

the additional resources required compared to analytical modeling.  Most existing research is 

also singularly focused on isolated conditions without regard to incorporation with other efforts.  

This prevents presentation of comprehensive performance information.  Finally, most research 

aims to distinguish areas of failure from areas of acceptable adaptation.  This binary approach 

merely enables failure avoidance and does not provide the Soldier with information to improve 

decision making and resource allocation.    

6.2.1.2 Benefits of a Performance Map Framework 

 Performance maps address several of the challenges of real-time Soldier performance 

monitoring.  Performance maps visually present information to facilitate rapid understanding, 

they provide methods to combine relevant maps in order to achieve a more complete parametric 

description of a Soldier‟s performance capability and they provide a method to document the 
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ongoing performance characteristics of a specific individual.  Performance maps allow 

immediate visualization of the most important parameters affecting performance in a given 

situation (Ashok & Tesar, 2007).  The visual aspect of performance maps mean that the human 

decision maker can rapidly evaluate his own and his subordinates‟ current state against required 

performance parameters without necessarily understanding the physical phenomenon causing 

performance changes.  This enables the Soldier to maintain higher levels of effectiveness 

throughout a complex or threatening operation.  The appropriate combination of performance 

maps into envelopes readily identify the limiting performance factors, and can therefore focus 

the individual‟s effort to reduce that limitation (i.e. self-regulation).   

 A basic goal of a useful performance map is to describe the operating ranges to include 

all good, bad and catastrophic operating regions.  This is a significant improvement over the 

limited binary go/no-go methodology proposed in some research.   Presentation of not only 

performance limits, but also description of how performance changes as the individual 

approaches the limit empowers the human decision maker to optimize performance parameters 

rather than simply avoiding failure.  This also demonstrates how one Soldier may differ from the 

average, and provide him or her with data necessary to seek self-improvement targeted at 

reducing weaknesses and maximizing strengths. 

 The goal of a performance map framework is to rapidly and concisely present meaningful 

information to the user via appropriate combination of performance maps into envelopes and 

decision surfaces.  Figure 6-1 shows a hypothetical performance envelope that demonstrates the 

potential increase in operational capability afforded by increasing operator access to real-time 

performance information.  Often imposed performance limits are based on single points of 

measure that do not apply reliably across a broad range of operating conditions (see Section 

2.1.1.1).  By fully documenting an individual Soldier‟s performance capability, it becomes 

possible to extend performance beyond expected “safe” levels.  Performance maps presenting 

information in a continuous manner along with associated uncertainties allows the human 

decision maker to assess the potential risks of operating under certain conditions against the 

expected tactical or training value to be achieved by the planned operation.  Therefore 

performance maps empower human decision makers, while a system that triggers alarms 

generated from dangerous operating conditions based on a binary determination limits human 

decision makers. 
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Figure 6-1 Conceptual Visualization of Performance Envelopes (Yoo and Tesar, 2002) 

 The Army demands high levels of performance in increasingly complex missions (e.g. 

Krueger, 2008; Johnson II, 2000), and Soldier performance and response to these conditions 

varies in a highly non-linear way.  These performance trends are difficult to model analytically 

(Hancock & Szalma, 2008).  Performance maps begin with a hypothesized model of the 

monitored system and plan collection of data based on that model.  Performance maps combine 

empirically collected data from the individual in order to parametrically document him or her.  In 

addition to collected data, the performance map framework allows inclusion of other information 

gained from research or external evidence to improve the model without affecting existing 

information.  Therefore the model supporting the performance map can self-update throughout a 

mission (and during the Soldier‟s career) to reliably document performance changes.  Soldiers 

and leaders are often unaware of performance changes that occur under stress (Standing 

Committee on Military Nutrition Research, 2004).  Empowering Soldiers with increased 

situational awareness of their performance condition in real-time has the potential to improve 

the probability of mission success while reducing risks of injury.     

6.2.1.3 Potential Soldier Performance Maps  

 While human performance research lacks a unifying structure to incorporate it into 

information meaningful to the lay person, some research efforts present information that is 

readily transferrable to a performance map framework.  Section 3.3 of this report demonstrated 
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the process to create performance maps both from empirical research and analytical models 

resulting in 19 potential Soldier performance maps (see also Appendix A).  Figures 6-2 and 6-3 

show two examples of such maps, both derived from empirical research data presented in the 

literature.  Figure 6-2 clearly displays to the user that his or her physical endurance will be 

limited as skin temperature and heart rate increase (see Section 3.3.1.3).  Heart rate is a function 

of physical effort, which the operator has some control over.  Therefore, such a map could 

inform a Soldier and enable him or her to take action to prevent exhaustion.  Figure 6-3 

demonstrates that a Soldier‟s responsiveness is affected by the relative amount of daily sleep (i.e. 

duty cycle) and the time of day (i.e. a circadian effect – see Section 3.2.1.2.3).  A Soldier on 

sentry duty could use this map to predict if he or she would be able to continue the task for the 

duration of the expected mission.  If the map indicated that task performance may become 

unacceptable, the Soldier could take action to prevent mission failure (e.g. seek allowance for 

longer rest periods, or redundancy via assignment of another sentry).    
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Figure 6-2 Remaining Physical Endurance as a function of Skin Temperature and Heart Rate (see 

Section 3.3.1.3) 
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Figure 6-3 Responsiveness vs. Duty-Cycle and Time of Day (see Section 3.3.2.4) 

While the maps presented in Section 3.3 and Appendix A are not explicitly presented in 

the research that provided the supporting data, performance maps do not necessarily represent a 

significant departure from existing methods.  Figures 6-4 and 6-5 show very similar information.  

Figure 6-4 was presented in the literature demonstrating the Sleep, Activity, Fatigue, and Task 

Effectiveness (SAFTE) model‟s performance in assessing the effect of sleep deprivation on 

cognitive effectiveness (see Hursh et al., 2004).  The various lines on the graph depict the effects 

on cognitive performance on a series of tests based on the average amount of daily restorative 

sleep.  A trained decision maker could use this information to determine necessary shift cycles to 

maintain minimum or optimal performance levels based on mission requirements.  Figure 6-5 

represents a potential performance map derived from the SAFTE model where the duty cycle 

represents the average proportion of waking hours per day (i.e. duty cycle @ 1.0 indicates no 

sleep during a 24-hour period).  Presentation of the information in a 3-D performance map 

format (Figure 6-5) includes the same data presented in the 2-D plot (Figure 6-4) while allowing 

for presentation of duty cycle on a continuous scale, and the inclusion of starting cognitive 
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levels10.  The study data presented in Figure 6-4 used to validate the SAFTE Model came from a 

clinical study where subjects were provided the opportunity to achieve maximum rest levels as 

baselines for the experiment.  Soldiers in training and on deployment will face new mission 

requirements without necessarily being able to achieve adequate rest.  Therefore the additional 

information facilitated by the 3-D performance map (Figure 6-5) provides relevant data to the 

Soldier in a relevant visual format.  The Soldier flash drive displays a marker on the map in a 

social media display for immediate self awareness by the Soldier.   

 

Figure 6-4 SAFTE Model against Sleep Dose-Response Study Data [Hursh et al., 2004] (see 

Section 2.3.1.3) 

                                                

10 Note that in the SAFTE Model, Reservoir Level (Rt/Rc) has a linear correlation with cognitive effectiveness. 
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Figure 6-5 Post-Mission Sleep Reservoir Level vs. Duty Cycle and Starting Reservoir Level 

based on SAFTE Model (see Section 3.3.2.3) 

6.2.1.4 Performance Map Operations in Existing Research 

RRG development of performance maps have focused primarily on electro-mechanical 

systems prior to the present research.  Section 6.2.1.3 showed that performance maps present 

data that is similar to data presented in human performance research, and may even improve 

upon that presentation.  However, the human performance research literature also contains some 

examples of performance map operations similar to those described by Ashok & Tesar (2007).  

These examples may provide insight as to what performance map techniques should be 

developed in order to achieve real-time Soldier performance monitoring. 
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Figure 6-6 shows a two-dimensional (2D) plot of empirical data collected during nine 

different swimming exercise sets.  The curves on the plot represent the continuous tracking of 

left arm (x-axis) versus right arm (y-axis) position.  From the images an experienced swimming 

coach can identify the consistency of a swimmers stroke as well as determine the efficiency of 

the stroke via analysis of the curve‟s shape (Telea, de Hillerin & Valeanu, 2007).  By analyzing 

the graphs with an experienced swim coach (i.e. relevant performance expert), Telea, de Hillerin 

and Valeanu (2007) were able to derive simple measurements to quickly compare the quality of 

different exercise sets.  Frames A, B, H & I show indications for measurements dx and dy which 

represent the time when one arm is stationary.  Addition of these two measures provides a 

measure of efficiency, where a lower value represents more efficient exercise.  Equation 6-1 

shows the mathematical relationship used to evaluate exercise efficiency.  When the presented 

equation is true, it indicates that the exercise represented by map A is more efficient than the 

exercise represented by map H.  This math could be easily extended to detect the percentage of 

improvement with regards to efficiency for an individual over time, or to compare the relative 

efficiency among multiple athletes.  This technique for combining data from a map to arrive at a 

single value measure of a performance parameter is similar to norms as described by Ashok and 

Tesar (2007 – see also Section 5.4).  While Ashok and Tesar (2007) did not develop this specific 

norm, Telea, de Hillerin and Valeanu‟s (2007) work indicates that norms are appropriate in 

Soldier performance maps. 

                      (6-1) 
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Figure 6-6 2D Empirical Map with Norms (Telea, di Hillerin & Valeanu, 2007) 

Much of the human performance research literature contains graphical representations of 

single parameters, or multiple parameters displayed as separate curves on the same independent 

axis.  However, this research proposed meaningful combination of multiple parameters in order 

to improve awareness of relevant performance information.  Figure 6-7 presents an example 

from the literature regarding performance changes in surgeons over time.  In this case, 

performance is measured by instances of patient deaths following surgery where CUSUM: Xt 

provides indication of significant increases in the surgeon‟s mortality rate, and CUSUM: Zt 

indicates significant decreases in the rate.  The top set of two graphs present the changes in 

mortality rates based only on the proportion of patient outcomes without accounting for other 

factors.  The bottom set shows the changes when patient risk information is accounted for (i.e. 

young relatively healthy patients have a lower risk of dying after surgery than elderly patients 
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with other complicating conditions).  Whereas the top graph would seem to indicate significant 

improvement in performance, the bottom graph shows that performance remains relatively 

constant throughout the monitored period (Steiner et al., 2000).  Equation 6-2 shows the 

mathematical means for the non-risk adjusted scores (i.e. top set of graphs) and Equation 6-3 

shows the mathematical computation for the risk-adjusted scores (i.e. bottom set of graphs).  By 

comparison, inclusion of the risk data (pt) adds complexity to the mathematical operations (See 

Steiner et al., 2000 for a full discussion of all elements in the equations).  However, modern 

computational systems are capable of handling this complexity (Tesar, 2010), and output is 

much more useful due to the incorporation of the relevant information.     

The techniques demonstrated by these graphs are not ideal; they attempt only to identify 

unacceptable changes in performance in a binary (i.e. Go/No-Go) manner.  The method could 

be improved by identifying more subtle changes in performance, and incorporation of additional 

factors that may affect surgical performance (e.g. surgeon experience, formal training, time of 

surgery, etc.).  This would enable surgeons to identify which parameters affect their 

performance both positively and negatively, and thereby improve performance and patient 

outcomes.  While not ideal, Steiner et al.‟s (2000) research demonstrates the usefulness of 

combining multiple parameters in order to derive useful human performance information. 
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Figure 6-7 Example of Improving Performance Data via Parameter Combination (Steiner et al., 

2000) 
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6.2.1.5 Recommendations for Future Performance Map Development 

 Performance maps can significantly improve information handling and presentation, but 

further development is necessary to maximize their benefit (i.e. this effort is only a framework to 

carefully structure map acquisition and utilization development).  The Robotics Research Group 
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(RRG) at the University of Texas at Austin has developed a preliminary set of methods for 

combining performance maps (Ashok & Tesar, 2007).  These methods are valuable but do not 

sufficiently account for all relevant combinations.  A map is a remarkable reservoir of 

information.  A valid extraction methodology must present performance relevant indicators with 

physical meaning to the Soldier for his or her real-time assessment.  Most methods developed to 

date require reference parameters to be normalized and independent.  However, physiological 

reference variables proposed to monitor Soldier performance in this report often are 

interdependent.  Therefore, development of additional combination methods will be necessary to 

achieve a comprehensive performance map framework.  The Robotics Research Group (RRG) at 

the University of Texas at Austin has just finished a major compendium of five papers (Ashok, 

Krishnamoorthy & Tesar, 2011) where a call is made to the research community to meet this 

need.    

 Empirical modeling methods, such as those proposed to support the Soldier Performance 

Model (SPM) require significant data collection efforts.  The value of documenting the 

performance characteristics specifically for each individual Soldier can justify the application of 

the necessary resources to support those efforts.  However, efficient design of experiments to 

generate useful performance maps with the least amount of data collection requirements is 

essential to minimizing the cost of the effort.  A model of the process to design experiments 

applied to the measurement of electromechanical actuator performance maps exists at the RRG 

in: Test Methodology for Electromechanical Actuators by J. Janardhan and D. Tesar, 2008. 

 Performance maps can visually present performance information across wide ranges of 

potential operating conditions.  Norms are numerical descriptions of individual performance 

maps that aid decision making.  Ashok and Tesar (2007) demonstrated the derivation and 

application of an initial set of performance map norms with meaning for electromechanical 

actuators.  Development of additional norms is appropriate for Soldier performance maps that 

can increase the value of information presented to Soldier and leaders.  It is recommended to 

create in-depth performance maps for up to 5 Soldiers in 10 distinct classes.  Then each Soldier 

trained for patrol duty would have limited data taken to use his personal data to adapt one of the 

10 distinct classes of maps which best fit his individual capability.  This should prove to be a 

cost-effective means to acquire and embed each Soldier‟s maps (and envelopes) on his or her 

personal flash drive. 
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6.2.2 Bayesian Network Modeling of Soldier Performance 

 Performance maps are a useful method of presenting relevant performance information to 

the Soldier in a way that facilitates rapid understanding.  Management of the data to populate 

Soldier performance maps requires an integrated structure in order to facilitate appropriate 

combination of data to present on command relevant parameters of interest to the user.  Bayesian 

networks provide this structure that facilitates propagation of data along with associated 

uncertainties that can inform the user about the reliability of the presented data.   

6.2.2.1 Existing Methods of Measuring Human Performance 

 Precise definition of how performance changes in the presence of multiple forms of stress 

does not yet exist.  However, military historians (e.g. Marshall, 1950) and scientists (e.g. Harris, 

Hancock & Harris, 2005; Hancock & Szalma, 2008) conclude that combat conditions do degrade 

performance prior to causing observable injury or incapacitation.  Figure 6-8 shows how the 

performance of different members of a mechanized infantry platoon will degrade during 

continuous operations as a percent of their initial capabilities.  The Figure indicates that since at 

least 1985, the Army has understood that Soldier performance changes markedly over the course 

of a mission.  Yet the Army has still not fielded a method for measuring Soldier performance in 

real-time.  Nor have they made this critical data available to the Soldier in a meaningful and 

effective process.   
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Figure 6-8 Degradation of performance in mechanized infantry Soldiers during continuous 

operations.  [Kopstein et. al., 1985] 

 The U.S. Army has engaged in efforts to improve monitoring Soldiers in real-time that do 

deserve some notice.  Specifically, the Warfighter Physiological Status Monitoring (WPSM) 

program (see Borsotto et al., 2004 & Oleng et al., 2005) represents an initial step towards 

continuous Soldier monitoring.  The WPSM includes a wearable suite of sensors that 

continuously monitor a Soldier‟s physiological condition.  The WPSM‟s primary goals were to 

prevent non-battle injuries (e.g. heat stroke) and to optimize casualty management (Oleng et al., 

2005).  Colonel Karl Friedl who worked on the program indicated that performance monitoring 

was included in the system‟s long-term goals, but also acknowledged that the detection of 

physical trauma demonstrated during WPSM tests was easier than the detection of changes in 

performance measures (Friedl, 2007a).  The WPSM did use a Bayesian framework similar to the 

network proposed in this report.  Therefore, data from the WPSM program is likely transferrable 

to a performance maps system.  This report recommends that the Army leverage the work done 

on the WPSM in order to establish a base for performance monitoring development efforts 

suggested here.   
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6.2.2.2 Drawbacks of Existing Methods 

 Most existing research regarding human performance identifies the physiological 

correlates of a single form of stress, or the effects of single forms of stress on performance 

(Conway et al., 2007; Hancock et al., 2007).  These efforts provide some information on human 

performance, but without understanding how various forms of stress affect an individual in 

concert, the research findings have limited utility (Hancock & Szalma, 2008).  Because such 

research represents the vast majority of the information currently available, achieving a complete 

understanding of human performance under combat conditions is not likely in the near-term 

(Standing Committee on Military Nutrition Research, 2004; Hancock & Szalma, 2008).  

However continuous monitoring of the Soldier may provide benefit before a complete 

understanding is achieved based on current knowledge (Board on Army Science and 

Technology, 2009).  The National Academies‟ Standing Committee on Military Nutrition 

Research (2004) suggested that appropriate combinations of physiological parameters could 

provide useful information on individual Soldier performance.  The Bayesian network model 

proposed in this report begins implementation of this suggestion, though the model does require 

further refinement.   

 Artificial Neural Networks (ANNs) are empirical modeling techniques that some have 

proposed for application to monitoring of human performance (e.g. Reifman, 2004).  While these 

models can generate effective solutions in some cases, and are similar in some respects to 

Bayesian network supported performance maps, they often fail to provide the same level of 

insight to the user.  ANNs require significant learning periods prior to employment (270 -900 test 

data points – Psichogios & Ungar, 1992; Thompson & Kramer, 1994).  These learning periods 

define the limitations of employment for the ANN.  In other words, ANNs offer no useful 

information for conditions that were not incorporated in the learning period.  Therefore, updating 

of ANN to novel conditions or significant changes in the monitored individual could require 

additional maintenance data collection efforts.  Bayesian networks can begin from a general 

analytical model and be refreshed based on new information without significant redesign.  These 

factors make Bayesian network models preferable to ANN for the purpose of Soldier 

performance monitoring.   



211 

 

6.2.2.3 Defining Soldier Performance Measures 

 Measurement of Soldier performance capability in real-time requires definition of 

objective performance measures that reliably relate to Soldier task performance.  Measuring task 

performance directly could provide valid results, but the number of required tasks would result in 

overwhelming data collection efforts and not facilitate transferability of performance information 

as novel tasks develop (e.g. Counter-Improvised Explosive Device (IED) tasks are high priorities 

today, but did not exist 20 years ago).  Therefore general performance parameters are 

appropriate.  This research has proposed nine Soldier Performance Measures that could likely be 

combined to represent the available and required performance levels for most military tasks.  

Some research indicates that combination of elemental performance measures to assess task 

performance potential is feasible (e.g. Kondraske, 2006).   

The present research proposed the set of Soldier Performance Measures based on 

performance attributes highlighted by the Board on Army Science and Technology (2009) and 

U.S. Army Literature on the Human Dimension (HQDA, 2008).  While the set may not be 

comprehensive, validation against the Department of Labor Employment and Training 

Administration‟s Occupational Information Network (O*NET) Content Model suggests the set 

represents most abilities of interest (Fleishman, Costanza & Marshall-Mies, 1999; O*NET 

Resource Center, 2011).   
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Table 6-1 displays the nine Soldier Performance Measures along with their rankings of 

importance for an infantry rifleman Soldier during a contingency deployment  

(see Section 4.3.10).  A ranking of 10.00 represents 

the most important measure to Soldier performance.  

The rankings derive from the assessed relevance of 

each performance measure to multiple Army task 

categories, and the importance of the task categories 

to the expected mission (see Section 4.3 and 

Appendix E).  Accordingly, Soldier Performance 

Measure rankings will change based on the mission, 

and the monitored Soldier‟s role in that mission.  The 

rankings in Table 6-1 show a relatively low range 

from most to least important (10 to 4.49).  This low range is reasonable considering that the 

general Soldier performance measures apply to multiple Soldier task categories (see Section 4.3 

and Appendix F), and that the rankings correspond to an average deployment.  Rankings for a 

specific Soldier and mission may show a larger range from most to least important based on the 

number of different tasks assigned to the Soldier.  Appendix E provides a detailed explanation of 

the ranking process.  In a future system, these rankings could be used to pre-load prioritized 

performance maps and envelopes on a Soldier‟s system based on expected performance 

requirements.   Upon accession into the Army, Soldiers would require some form of testing to 

document their baseline levels for all relevant Soldier Performance Measures.  Data collected 

during training, testing and deployments would then update the Soldier‟s baseline performance 

maps during the entire course of his or her career, thereby documenting the growth in abilities 

due to Army experience and also providing a data timeline to more accurately treat a Soldier 

after trauma or when he leaves the service.   

6.2.2.4 Defining Soldier Impact Parameters 

 Defining relevant Soldier Performance Measures and acquiring individual baselines of 

those measures provide only an initial set of information related to a Soldier‟s overall potential.  

Monitoring performance in real-time requires assessment of those conditions that impact 

performance.  This report refers to such conditions as Soldier Impact Parameters, and selected an 

Table 6-1 Soldier Performance 

Measures and Rankings 

Perception 10.00 

Responsiveness 9.12 

Memory Effectiveness 8.31 

Skill Acquisition 7.98 

Decision Making 7.36 

Communications 7.34 

Dexterity 4.70 

Endurance  4.51 

Emotional Control 4.49 
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initial set of 10 of these parameters.  The present research selected these parameters based on 

information from the National Academies‟ Board on Army Science and Technology (2009) 

report, Opportunities in Neuroscience for Future Army Applications  and the U.S. Army Study 

of the Human Dimension in the Future 2015-2024 (TRADOC, 2008).  The proposed parameters 

are not a comprehensive set, and future development efforts should define and incorporate 

additional impact parameters as appropriate.   

  Section 4.2 and Appendix D demonstrated a method to rank the evaluated impact  

parameters based on their relative importance to evaluated 

Soldier Performance Measures.  Table 6-2 shows the 

proposed impact parameters along with their potential 

rankings for an infantry rifleman during an extended 

deployment.  Higher numerical rankings indicates that an 

impact parameter has greater relevance to key measures of 

performance, and a ranking of 10.00 represents the most 

important impact parameter in the selected set.  As with the 

rankings for the Soldier Performance Measures, the rankings 

depend on mission requirements and the monitored Soldier‟s 

assigned tasks for the mission.  These rankings prioritize the associated performance maps with 

the most relevance to the current mission.  The ranking range shown in Table 6-2 (10 to 5.67) is 

relatively small.  This small range is expected however, due to the fact that the selected impact 

parameters are all likely to have significant impacts on task performance (see Section 4.2).   

 Impact parameter performance maps are the result of combining data regarding the 

probability of the significance of an impact parameter given sensed changes in relevant 

biomarkers.  Figure 6-9 shows a reduced Bayesian network module for the stress impact 

parameter (see Section 4.2.1 for a full discussion of the stress impact parameter module).  The 

module as shown can generate three distinct 3-D performance maps via different combinations 

of two of the three relevant biomarkers.  The data for the module can be stored in a conditional 

probability table that provides the combined probabilities of different levels of stress given 

different combinations of biomarker measurements.  Table 6-3 shows an excerpt from a 

hypothetical conditional probability table (see Section 5.1.1 for more discussion on the data 

required to populate a Bayesian network module).  

Table 6-2 Impact Parameters 

and Rankings 

Sleep Deprivation 10.00 

Fatigue 8.43 

Threat 8.26 

Stress 7.92 

Physical Trauma 7.78 

Information Overload 7.16 

Mission Duration 7.08 

Mental Trauma 6.69 

Energy Balance 6.26 

Ambiguity 5.67 
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Figure 6-9 Simplified Stress Bayesian Causal Network Module 

Table 6-3 Hypothetical Stress Conditional Probability Table 

Heart Rate (bpm)     60 

GSR (μS) 1.0 10.0 

EMG (mV) 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 

Stress – Low 0.9 0.85 0.75 0.6 0.25 0.9 0.8 0.6 0.25 0.1 

Stress – Med 0.1 0.15 0.2 0.3 0.5 0.1 0.2 0.3 0.5 0.4 

Stress –High 0 0 0.05 0.1 0.25 0 0 0.1 0.25 0.5 

The eventual goal of Soldier performance monitoring should be the appropriate 

combination of impact parameter performance maps into performance envelopes that accurately 

present information on Soldier performance measures to the user.  Additional research is 

required to develop appropriate combination techniques for these operations.  However, this 

research shows that 70 distinct Soldier performance maps are feasible based on evaluated impact 

parameters and their physiological correlates (a.k.a. biomarkers- see Section 4.1 and Appendix 

C).  Collection and structuring of these maps is a necessary first step towards monitoring Soldier 

performance in real-time (see Section 3.1.2 and introduction to Chapter 4).  Based on the 

published literature regarding assessment of impact parameters, and available sensor technology 

this research proposes that 26 performance maps (see Section 5.1.2) are achievable in the near-

term (see Table 6-4).  These maps are based on relationships that have demonstrated predictive 

validity in the research, and have adequate sensor technology for assessment in the near-term 

(see Section 4.1 and Appendix B).  This report recommends immediate data collection and 
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testing efforts to begin construction of the “classic” forms of these maps11.  For the remaining 

maps, 25 of the 70 maps require additional data and research validation, and 19 performance 

maps require significant biomarker sensor technology development (see Section 5.1 for lists of 

maps in these categories).   

  

                                                

11 The term “classic” map refers to a necessary baseline performance map that would describe the average Soldier 

(in perhaps 10 distinct classes).  While insufficient for monitoring individuals with wide variability in performance, 

classic maps form the initial baseline from which to conduct efficiently designed experiments to document a specific 

Soldier.  These representative classic maps would be created from rigorous testing and monitoring of a select 

number of Soldiers during training and operation.  
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Table 6-4 Near-term Achievable Performance Maps (see Section 5.1.2) 

Impact Parameter (z) Biomarker (x) Biomarker (y) Figure 

Stress 

Heart Rate Muscle Activity 
4-12 Stress Bayesian Causal 

Network Module Heart Rate Skin Response 

Muscle Activity Skin Response 

Sleep Deprivation 

Muscle Activity Eye Movements 
4-13 Sleep Deprivation Bayesian 

Causal Network Module Muscle Activity EEG 

Eye Movement EEG 

Fatigue 
Muscle Activity Body Temperature 4-14 Fatigue Bayesian Causal 

Network Module Eye Movement EEG 

Mental Trauma 
Heart Rate Muscle Activity 4-15 Mental Trauma Bayesian 

Causal Network Module Heart Rate Skin Response 

Physical Trauma* 

Oxygen Saturation Muscle Activity 

4-16 Physical Trauma Bayesian 
Causal Network Module 

Oxygen Saturation Skin Temperature 

Oxygen Saturation Body Temperature 

Oxygen Saturation EEG 

Muscle Activity Skin Temperature 

Muscle Activity Body Temperature 

Muscle Activity EEG 

Skin Temperature Body Temperature 

Skin Temperature EEG 

Body Temperature EEG 

Information Overload 
Heart Rate EEG 4-18 Information Overload 

Bayesian Causal Network Module Muscle Activity EEG 

Mission Duration 

Heart Rate Mission Time 
4-19 Mission Duration Bayesian 

Causal Network Module Heart Rate Body Temperature 

Mission Time Body Temperature 

Energy Balance  
(Expenditure) Heart Rate Muscle Activity 

4-20 Energy Balance Bayesian 
Causal Network Module 

6.2.2.5 Identifying Biomarkers with Relevance to Impact Parameters 

 The average individual may possess a qualitative understanding of the impact parameters 

described in the previous section.  However objective measurement of the parameters via direct 

observation is necessary, but difficult.  The human body responds to impact parameters in 

physically observable ways such as changes in heart rate or temperature (Everly & Sobelman, 

1987).  If changes of such parameters, referred to in this report as biomarkers, occur predictably 

in the presence of impact parameters, physiological sensors could monitor the biomarkers in real-
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time to infer changes in impact parameter levels.  With a probabilistic assessment of impact 

parameters, the system could also assess expected changes in individual performance. 

 As an example of how a Soldier could make use of information presented via 

performance maps, consider the map presented as Figure 6-2 in Section 6.2.1.3 above.  At the 

beginning of a mission, the system may indicate that the Soldier has both low skin temperature 

and low heart rate indicating that remaining endurance levels are high.  During the progress of 

the mission, the Soldier‟s heart rate and skin temperature increase.   He or she sees this visually 

as a marker on the performance map and the marker‟s trajectory on the map since the mission 

began.  The Soldier would then realize that his or her endurance level is decreasing more rapidly 

than expected.  The system will not identify the specific cause of the unexpected change, which 

could range from over-exertion, adverse environmental conditions, illness or injury.  However, 

since the Soldier‟s performance maps are based on his or her own empirical data, the system can 

assist the Soldier in identifying what actions may stabilize his or her endurance levels.  The 

Soldier may examine options such as reducing effort via slowing movement or reducing his or 

her load (would reduce heart rate), or attempting to reduce body temperature via cooling the 

skin, or removing excess clothing.  As the Soldier‟s endurance levels return to acceptable levels 

(indicated visually as the marker moves on the relevant map to a more suitable location), he or 

she becomes able to proceed with the mission with increased confidence and reduced 

performance anxiety.  

 The present research reviewed literature across a broad range of diverse fields in order to 

find identified relationships between biomarkers and impact parameters.  Ideally, biomarkers 

would change continuously and predictably for every individual (Healy & Picard, 2005), but 

few, if any, ideal biomarkers exist.  However, multiple research efforts (see Section 4.1) 

indicated that combining measurements from multiple biomarkers can provide higher levels of 

predictability than single biomarkers when inferring an individual‟s current state (Board on 

Army Science and Technology, 2009).   
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In order to demonstrate the feasibility of a performance map framework for monitoring 

the Soldier, the present research reviewed a limited set of ten potential biomarkers (see Section 

4.1 and Appendix C).   

Previous efforts regarding human real-time performance 

monitoring (e.g. Board on Army Science and Technology, 

2009; Sung, Marci & Pentland, 2005), indicated several 

biomarkers with relatively mature sensor technology that 

were appropriate for evaluation in this report.  Table 6-5 

shows the selected set of evaluated biomarkers with their 

normalized rankings related to the informative value of the 

biomarker in assessing the presence of one or more impact 

parameters (see Section 4.1.11).  The rankings do not relate 

in any way to the sensor technology associated with the 

biomarkers; Section 6.2.3 discusses biomarker sensor evaluations.  Higher rankings indicate 

higher relevance to assessing impact parameters that are relevant to Soldier performance, and a 

ranking of 10.00 represents the most important biomarker in the selected set.  The rankings 

generally concur with information in the literature.  EEG signals can provide tremendous 

amounts of data relating to multiple impact parameters.  Heartbeat and muscle activity data also 

have broad applicability, while oxygen saturation has relatively low relevance to most of the 

impact parameters evaluated in the present research.  Similar to rankings for Soldier Performance 

Measures and Impact Parameters, biomarker rankings may change based on mission 

requirements and the Soldier role.  However, Section 4.4.2 demonstrated that the biomarker 

rankings varied less than rankings in the other two parameter categories for the presented 

scenarios.  These findings may indicate that the biomarker military values are relatively stable 

with regard to mission and Soldier tasks, though this finding requires additional validation. 

6.2.2.6 Potential Benefits of the Soldier Performance Model 

 Monitoring Soldier performance in real-time is a highly complex problem which must be 

dealt with.  The preliminary Soldier Performance Model (SPM) presented in this report (see 

Figure 6-10) shows research supported relationships between the 29 different parameters, and is 

likely incomplete (see Section 4.4.1).  The 70 potential performance maps identified in the 

Table 6-5 Normalized Biomarkers 

and Rankings 

EEG 10.00 

Heartbeat 8.72 

Muscle Activity 8.60 

Blood Pressure 7.78 

Facial Stresses 6.62 

Pupillometry 6.42 

Eye Movements 6.13 

Skin Response 5.60 

Temperature 3.93 

Oxygen Saturation 2.52 
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present research require large amounts of data, but the Bayesian network form of the SPM 

establishes a structure to efficiently design data collection efforts for maximum value (see 

Section 5.1.1).  When populated with data, the SPM can comprehensively assess Soldier 

performance capability in real-time, and provide the associated uncertainty of the assessment 

which empowers the human operator to make informed decisions.   

 

Figure 6-10 Preliminary Soldier Performance Model 

 While the overall problem presented in this report is complex, it requires massive long-

term development efforts to solve entirely but the benefit to the Soldier would warrant this level 

of effort.  The modular nature of the SPM supports fielding of a preliminary performance 

monitoring system that could provide immediate benefit.  Existing research literature suggests 

that sufficient information may already exist to begin validation of some relationships that 

Soldiers could use to improve performance and improve treatment of mental trauma.  Section 

5.3.1 and Appendix G discuss the potential of a real-time performance monitoring system to 

generate large cost savings by reducing the number of combat veterans requiring chronic 

treatment for Post-Traumatic Stress Disorder (PTSD).  Tanielian and Jaycox (2008) estimated 

that 30% of combat veterans will suffer from PTSD.  Of those, approximately 25% currently 

receive adequate treatment despite evidence that early treatment can prevent PTSD ailments 

from becoming chronic conditions (e.g. Seal et al., 2010).  In 2005, the annual cost to the U.S. 

Departments of Defense (DoD) and Veteran‟s Affairs (VA) for each veteran with a chronic 

PTSD sufferer was $21,500 (TheDenverChannel.com, 2010).  Figure 6-11 presents potential 
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savings to be gained by reducing the number of veterans afflicted with chronic PTSD conditions 

via early identification and treatment.   

 

Figure 6-11 Disability Cost Projection Graph 
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6.2.2.7 Recommendations to Improve the Soldier Performance Model (SPM) 

 The preliminary SPM presented in Section 4.4.1 provides structure for initial 

development efforts, but it remains incomplete.  Near term development efforts should seek to 

improve the SPM by defining objective scales for performance measures, including 

environmental parameters and horizontal parameter relationships, and design of efficient 

experiments to reliably document individual differences among Soldiers.   

 Section 4.3 defined nine Soldier performance measure categories, and justified their 

breadth via comparison with other taxonomies of human ability.  The presented definitions did 

not include quantifiable scales (of importance) of measuring continuous levels of the measures.  

The lack of such scales remains a significant impediment to monitoring Soldier real-time 

performance (Standing Committee on Military Nutrition Research, 2004).  Measures of Soldier 

performance should remain general in order to facilitate combination of relevant measures to 

assess performance on a broad range of tasks with limited testing requirements.  However, 

developers of a Soldier performance monitoring system must prioritize establishment of means 

to objectively evaluate the measures.  Continuous measurement may be unachievable initially, 

making discrete scales necessary.  However, developers should seek to create fine scales of 

measurement whenever possible.  Binary scales indicating only sufficient or insufficient levels of 

performance provide the operator more information than he or she would currently have, but 

such measurement enables failure avoidance rather than performance optimization and self-

regulation.   

 The preliminary SPM presented in Section 4.4.1 is highly parallel in its current state.  

This makes the model only a modest improvement over “black-box” artificial neural networks, 

and may require significant data processing requirements due to the needed combined probability 

information.  Addition of environmental sensors, and horizontal relationships among parameters 

in the same category (e.g. impact parameter to impact parameter relationships) can make the 

SPM more causal and thereby serial.  These additions could improve the model‟s assessments 

while reducing its data processing requirements.  Environmental sensors may include air 

temperature, humidity and light conditions.  These parameters can affect biomarkers (e.g. body 

temperature – Pandolf et al., 1985 – see Section 3.2.1.1.1) and impact parameters (e.g. fatigue –

Ji, Zhu & Lan, 2004 – see Section 2.3.1.1).  Relationships also exist between biomarkers (e.g. 

heart rate and blood pressure via baroreceptor reflex) and impact parameters (e.g. fatigue and 
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mission duration).  Inclusion of these relationships may increase the size of the SPM, but will 

make the relationships more causal rather than corollary which should improve assessment 

accuracy. 

 The SPM is an empirical model which means it requires significant amounts of observed 

data in order to generate reliable assessments of performance.  Exhaustive testing of every 

monitored Soldier would likely be resource prohibitive.  Therefore, initial data collection efforts 

should focus on identifying which performance map regions show the greatest inter-individual 

variance.  This would allow developers to focus experimental design efforts on those areas in 

order to document individual Soldiers with the lowest amount of test requirements, and facilitate 

transfer of those map regions shown to be reasonably constant for most individuals (see Sections 

4.4.3 &  5.1.1).    

6.2.3 Real-Time Biomarker Monitoring 

6.2.3.1 Requirements for Biomarker Sensors to Monitor Soldier Performance 

 Sufficient technology exists to measure all evaluated biomarkers in a clinical 

environment.  Reliably monitoring the biomarkers on a Soldier in combat environments 

generates sensor requirements above those for clinical devices.  Sensors must be minimally 

invasive and not impede Soldier operation in any manner while maintaining reliable data 

collection under harsh environmental conditions (Montgomery et al., 2004; Friedl, 2007a).  

Soldiers in a small-unit operate in close proximity to one another, and transmission of all 

performance data must be done with due regard to security of the transmission.  Therefore, 

sensors should be capable of reliably transmitting to remote receivers securely while maintaining 

accurate identification of the transmission source.  Finally, the proposed Soldier performance 

monitoring system requires significant data processing.  So sensors with embedded algorithms 

that translate raw sensor data into useful information are desirable in order to reduce central 

processing requirements (see Section 4.1.11).  Table 6-6 provides a summary of attributes that 

are desirable for sensors to be incorporated into a Soldier performance monitoring system.  No 

existing sensors achieve every desired attribute to maximum levels.  Trade-offs between the 

attributes will likely be necessary as development occurs.  The table presents the attributes in 

four categories: hardware, data collection, data processing and data transmission.      
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Table 6-6 Desired Sensor Attributes 

Attribute Description Reference 
Hardware Attributes 

Minimally Invasive 
(Biocompatibility) 

Sensor should not cause the individual frequent discomfort, 
or put at increased risk for infections or irritation.  However, 
the sensor must be resilient to field conditions such as mud, 

sweat, and sensor displacement. 

Friedl, 2007; Ren et al., 
2005 

Durable Able to perform in a combat operating environment Friedl, 2007 

Ease of integration 
into the system 

Ideally plug and play interfaces Krishnamoorthy and 
Tesar, 2005 

Portability Small and lightweight Ren et al., 2005; 
Krishnamoorthy and 

Tesar, 2005 
Data Collection Attributes 

Accuracy Closeness of agreement between measured and actual 
values, normally quoted as a fraction of the full scale output 

Krishnamoorthy and 
Tesar, 2005 

Sensitivity Ratio of change in the output electrical signal to a small 
change in the input physical signal; High sensitivity is 

desirable 

Krishnamoorthy and 
Tesar, 2005 

Resolution Minimum detectable signal fluctuation; in general high 
resolution is preferred 

Krishnamoorthy and 
Tesar, 2005 

Precision Closeness of agreement between independent sensor inputs 
under simulated conditions, aka repeatability or 

reproducibility 

Krishnamoorthy and 
Tesar, 2005 

Measurement 
Range 

Must match or exceed expected application requirements Krishnamoorthy and 
Tesar, 2005 

Retrievability Data must be correlated with historic information (i.e. time 
series, or event stamped data) 

Ren et al., 2005 

Data Processing Attributes 

Embedded Self-Test 
Routines 

Hardware able to contrast improbable data and major 
physical anomalies 

Friedl, 2007; 
Krishnamoorthy and 

Tesar, 2010  

Embedded Field 
Tested Predictive 

Algorithms 

Sensors/Systems capable of reliably translating raw data into 
useful performance information 

Friedl, 2007 

Data Transmission Attributes 

Minimized 
Bandwidth 

requirements 

Minimize frequency range between upper and lower cutoff 
frequencies representing the response time to instantaneous 

changes in physical signals, and the decay time for the 
sensor output to return to original values after a step change 

in physical signal by local sensor processing 

Friedl, 2007; 
Krishnamoorthy and 

Tesar, 2005 

Noise Electrical noise not intended for inclusion in the output signal; 
higher signal to noise ratio is preferred 

Krishnamoorthy and 
Tesar, 2005 

Energy aware 
communication 

Reduced transmission power to a minimum Ren et al., 2005 

Reliability Information collected and transmitted reliably while 
preventing the unauthorized re-direction or collection 

Ren et al., 2005 

6.2.3.2 Evaluation of Existing Biomarker Sensors 

 Development of the preliminary Soldier Performance Model (SPM) necessitated 

evaluation of potential sensors for the evaluated biomarkers.  The present research evaluated 33 
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individual sensors or sensor suites that were either in development or available commercially 

(see Section 4.1 & Appendix B).  Evaluation found that sufficient technology exists to monitor 

heartbeat, skin response and blood oxygen saturation with little or no required development.  

Sensors for ElectroEncephaloGram (EEG), blood pressure, eye movements and body 

temperature require some development, but are feasible in the near term (see Section 4.1).  

Sensors for facial stresses and pupillometry are immature for ambulatory monitoring in a combat 

environment, and will likely require significant development efforts prior to incorporation into a 

Soldier performance monitoring system.  Section 4.1 and Appendix B provide rankings for 

sensors in each biomarker category, as well as a separate evaluation for existing suites of sensors 

capable of monitoring multiple biomarkers.   

Table 6-7 shows rankings for the two most highly rated eye movement sensors (see 

Section 4.1.5).  The Military Value ranking is the normalized ranking for the appropriate 

biomarker for the sensor.  Therefore, if biomarker rankings change based on mission priorities, 

the military value of the sensor could change.  In the future, as more sensors become available, 

leaders could use this information to determine what sensors to incorporate for a given mission.  

Also important to note is that the normalized ranking as presented is specific to the biomarker 

category (i.e. an Eye Movement Sensor with a 10.00 ranking does not necessarily have the same 

technological maturity as a Heart Rate sensor with the same ranking).   
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Table 6-7 Eye Movement Sensor Rankings (see Section 4.1.5) 
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ETH Zurich 
EOG Goggles 6.13 7 6 3 1 4 9 8 7 # 10.00 

SR Research 
Eyelink II 6.13 4 3 4 3 6 1 8 3 # 7.11 

Section 4.1 and Appendix B also discuss evaluation of several biomarker sensor suites 

that simultaneously monitor multiple (4+) biomarkers.  Table 6-8 displays the normalized 

rankings for the evaluated sensors suites.  In the case of the sensor suites, the military value 

ranking represented the highest biomarker ranking for the monitored biomarkers in the suite.  In 

the present research, the QUASAR system was the only suite to include an EEG sensor, and its 

ranking therefore benefitted. 

Table 6-8 Biomarker Sensor Suite Rankings (see Section 4.1.11) 

          
Characteristic 
 
 
 
 
 
 
Sensor 

M
ili

ta
ry

 V
al

ue
 

B
io

co
m

p
at

ib
ili

ty
 

V
o

lu
m

e/
W

ei
gh

t 

D
u

ra
b

ili
ty

 

P
o

w
e

r 
C

o
n

su
m

p
ti

o
n

 

M
at

u
ri

ty
 

M
o

d
u

la
ri

ty
 

Em
b

ed
d

ed
 

P
ro

ce
ss

in
g 

C
o

st
 

  

N
o

rm
al

iz
ed

 R
a+

n
ki

ng
 

Rank Rank Rank Rank Rank Rank Rank Rank Rank 
  

QUASAR 
Physiological 
Sensor Suite 10 8 8 8 8 7 9 8 5 # 10.00 
MIT Media Lab 
MIThril 2003 8.72 8 8 8 7 6 10 9 7 # 9.01 
NASA/Stanford 
LifeGuard 8.72 7 9 8 2 5 8 2 6 # 6.72 

Sony ProComp+ 8.72 7 4 4 3 4 8 2 6 # 5.43 
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 While some evaluated sensors may be adequate, common deficiencies exist across many 

sensors.  Many sensors provide data suited for later analysis by a trained clinician, rather than 

data related directly to real-time performance.  Most sensors also lacked compatibility for 

incorporation with other sensors, though some systems successfully demonstrated incorporation 

of multiple sensors (see Appendix B).  Some sensors (e.g. ausculatory blood pressure sensors) 

require the monitored individual to remain stationary during measurement.  Such sensors are 

unacceptable for a Soldier performance monitoring system due to the physical nature of a 

Soldier‟s work. 

6.2.3.3 Recommendations for Sensor Technology Development 

 The goal of a Soldier performance monitoring system is to present useful performance 

information to a Soldier, who will have little appreciation for raw physiological data.  Therefore, 

the primary sensor development effort should be the incorporation of embedded algorithms to 

make use of collected data.  Medical, military and industrial researchers are all working on 

development of such systems in order to identify events of concern, reduce resource 

requirements and improve performance.  Soldier performance monitoring systems must leverage 

these efforts and direct them to meet the needs of the monitored Soldier. 

 Sensors for 7 of 10 of the evaluated biomarkers require at least some further 

development.  Resources to pursue sensor development will be limited and sensor development 

will compete with development of performance modeling, and envelope creation efforts for those 

resources.  Therefore Soldier performance system developers should prioritize efforts based on 

the military value of the monitored biomarker in addition to the current level of technological 

maturity (see Section 4.1.11).  For example, EEG sensors have the potential to provide 

tremendous amounts of relevant information and show potential for near term feasibility.  

Development of EEG sensors should then take precedence over facial stresses sensors which 

may provide value, but not at the level of EEG data, and will require large amounts of 

development resources to achieve suitable sensors.   
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6.3 RESEARCH CONCLUSIONS 

6.3.1 Potential Benefits of Present Research 

 The cost of developing a system to continuously monitor Soldier performance is high, but 

the potential benefits to improve the performance and well being of the Army‟s most important 

asset (the Soldier) justify the expenditure.  The sections below review some of the potential 

benefits from the research described in this report. 

6.3.1.1Improve Soldier Performance 

 Section 5.3.1 contains multiple scenarios that demonstrated how visual performance 

maps and envelopes, populated with relevant data specific to the individual Soldier could 

improve individual Soldier performance and well being.  One scenario demonstrated how 

performance maps could reduce the hesitance of a Soldier to seek necessary treatment for mental 

trauma events.  Based on data from Shalev et al. (1998), a performance map system would 

recognize a Soldier‟s heart rate failed to return to normal resting levels several days after a 

potentially traumatic event.  A mental trauma performance map would provide the Soldier 

information that his mind and body are reacting to a situation, and that he is not simply weak.  

This would increase the probability of the Soldier seeking help, and thereby reduce the 

likelihood of him becoming a chronic PTSD sufferer.   

The scenarios in Section 5.3.2 demonstrated how performance maps and envelopes have 

the potential to improve small unit operational decision making and training management.  One 

specific scenario explained how a squad leader could use performance information collected 

from himself and his subordinates to adjust mission parameters in order to achieve mission 

objectives while protecting the well-being of his or her Soldiers.  In the scenario, movement to 

an observation post was more difficult than expected, and it reduced his Soldiers‟ abilities.  The 

squad leader was then able to examine multiple options to either adjust actions on the objective, 

or the return movement plan.  Without this timely information, the squad leader may still be 

successful or the Soldiers could become incapacitated and fail the mission. With the information, 

the squad leader gains more control over both mission success and Soldier well-being.  

Empowering Soldiers and junior leaders with performance information in real-time, which they 

do not currently possess in an objective form, will enable them to measure their own 
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effectiveness in order to seek improvement, and to perform with less performance anxiety 

(Tesar, 2011).   

6.3.1.2 Improve Decision Making and Allocation of Resources 

 The ability to combine performance maps to create envelopes at multiple levels will 

provide leaders with the ability to assign tasks and allocate resources in ways that maximize 

performance capability.  In a given mission, the leader can compare current Soldier ability levels 

with task requirements, and match the Soldier to task in an appropriate manner.  Currently, this 

task allocation is based primarily on the leader‟s historical knowledge of his or her assigned 

Soldiers.  Performance maps have the potential to immediately update the leader on the current 

state of new and attached12 Soldier whom the leader may not know well; performance maps also 

can alert the leader as to when Soldiers he or she does know well are in need of recovery before 

such signs become visibly obvious. 

6.3.1.3 Improve Situational Awareness 

 Achieving and fielding a performance map based Soldier Performance Model (SPM) 

would represent a new level of friendly situational awareness in the hands of its primary 

beneficiary, the Soldier.  This increased awareness has the potential to increase the complexity of 

the Soldier‟s decision cycle.  However, the visual format of data presentation via 3-D 

performance maps and envelopes, coupled with the appropriate development of performance 

map norms to provide meaningful information as to where the Soldier is on his performance 

envelopes in an understandable format will reduce the overall burden on Soldiers and leaders. 

                                                

12 In Army operations, Soldiers from one unit may be “attached” to other units for a specific mission.  In these 

cases, the receiving unit becomes completely responsible for the performance and well-being of the attached 

Soldiers‟ throughout the mission.  A Soldier performance monitoring system has the potential to provide leaders of 

the receiving unit with in-depth performance information of the attached Soldiers that they do not currently receive.  
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6.3.2 Recommendations for Future Development 

6.3.2.1 Multi-Disciplinary Effort to Improve and Populate the Soldier Performance Model 

 The present research puts forth a bold proposal in order to greatly improve the 

capabilities of the individual Soldier, and thereby the Army as a whole.  Comprehensive 

understanding of human responses to the evaluated impact parameters is currently incomplete 

(Board on Army Science and Technology, 2009).  The necessary data collection required to 

populate the SPM will be a massive effort; the previous research cited in this report barely 

scratches the surface of what is needed.  To develop the entire system, synchronized efforts 

across a broad range of disciplines are necessary.  Development will require specialists in 

sensors, physiological monitoring and computational sciences for data presentation at a 

minimum.  Due to the considerable resources required to complete system development, a staged 

development plan is appropriate.  The effort would begin with a limited set of technologically 

mature sensors, which developers would use to populate a select number of high-priority, 

validated Soldier performance maps.  The initial development effort should focus on 

demonstrating feasibility, and showing the value to justify further development.  Future efforts 

would then add sensors and maps, which the Bayesian network allows relatively easily, with the 

eventual goal of a modular system capable of being reconfigured on-demand to meet mission 

requirements.    

6.3.2.2 Expand Performance Monitoring to Army Units and Equipment 

 Real-time performance measurement of the Soldier represents only one piece of the 

Army‟s combat power, albeit the most important piece.  Understanding performance capabilities 

of an Army unit requires understanding performance capabilities of the unit‟s equipment in 

addition to its personnel.  Future development efforts must define how those sets of capabilities 

combine to establish an overall unit capability.  This effort supports Assistant Secretary of the 

Army goals to make equipment adaptable to the individual Soldier such that performance 

attributes of the combined Soldier-weapon/vehicle system are always maximized (O‟Neill, 

2011). 
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6.3.2.3 Development of a Mission Configuration Manager 

 Increased friendly situational awareness fostered by real-time performance monitoring of 

Soldiers and their equipment will enable leaders to rapidly task organize to meet specific mission 

demands.  The increased amount of data will require additional tools to prevent the user from 

being overwhelmed.  A mission configuration manager software tool could aid Soldiers and 

leaders in making use of the increased data.  The mission configuration manager would rapidly 

examine all permutations of Soldiers and equipment, compare the resulting capability sets 

against mission requirements, and provide recommendations to leaders on which combinations 

are most appropriate.  The mission configuration manager would also facilitate rapid inclusion 

and analysis of new data or lessons learned.  Chapter 5 discusses the need and benefits of a 

mission configuration management tool in more detail.  Development of a mission configuration 

manager will require additional methods of combining performance maps and envelopes, as well 

as development of new performance map norms to aid decision making by providing concise 

descriptions of individual performance maps (Ashok & Tesar, 2007).  Development of a mission 

configuration manager would be a future development effort to be pursued after validation of an 

initial system. 

6.3.3 Conclusions Summary 

To date, the U.S. Army has dedicated far more resources to improving the performance 

of its weapons and equipment than it has the individual Soldier (Scales, 2008).  The result is that 

the Army is well-equipped, but fails to objectively measure the state of the Soldier at any point 

throughout his or her career (Army Science Board, 2011).  The in-depth measurement required to 

parametrically measure the Soldier‟s performance in real-time, as proposed in this report, will 

require significant resources and commitment from senior Army leaders.  However, it is possible 

to focus measurement efforts primarily on small unit infantry Soldiers, who comprise only 4% of 

the nation‟s uniformed service personnel, but suffer 81% of the combat deaths (Scales & van 

Riper, 2010).  Coupling this information with statements from the Army‟s Program Executive 

Office (PEO) Soldier indicating the intent to increase resources focused on the individual Soldier 

four-fold (Bacon, 2011), achievement of a real-time performance monitoring system becomes 

quite feasible.    
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 The following four tables summarize the significant outcomes of the present research.  

Table 6-9 presents key findings from the reviewed literature that demonstrate the need to monitor 

Soldier performance in real-time, as well as the feasibility of assessing Soldier performance via 

the methods proposed herein.  Table 6-10 shows ten results from the present research.  Included 

are the structuring of performance maps from existing research data and models that 

demonstrates the feasibility and utility of performance maps for human performance, along with 

the evaluation of the feasibility of 70 potential performance maps supported by existing research.  

Table 6-10 also summarizes the construction of the preliminary Soldier Performance Model 

(SPM), and provides references to sections for each result.  Table 6-11 summarizes the 

conclusions and recommendations resulting from the present research that identify the benefits of 

the proposed framework, and identify areas that need improvement.  Table 6-12 lists 13 tasks 

recommended for future work in the area of real-time Soldier performance monitoring necessary 

to achieve the goals presented in this report.  The list is not exhaustive, though achievement of 

all 13 tasks would yield significant progress towards empowering the individual Soldier and 

small-unit leader with real-time performance information.  Finally, Table 6-13 provides a brief 

description of the information contained in each of the seven supporting appendices to this 

report.  Appendix A primarily supports the work presented in Chapter 3.  Appendices B through 

F support the construction of the preliminary SPM discussed in Chapter 4 and its evaluation 

discussed in Chapter 5.  Appendix G provides supporting data and analysis for the cost-benefit 

analysis discussed in Section 5.3.1. 
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Table 6-9 Key Findings from the Literature 

# Key finding from the Literature Source 

1 The U.S. Army as a stated goal of monitoring Soldier 

performance in real-time in order to increase mission 

effectiveness. 

Friedl, 2007a  

(Section 2.2.1) 

2 The U.S. Army lacks a structured system for monitoring and 

sustaining Soldier performance. 

Army Science Board, 

2011 (Section 1.1) 

3 Performance is affected by the task being performed and the 

conditions under which performance occurs. 

Friedl, 2007b  

(Section 1.3) 

4 Combat conditions degrade performance prior to causing 

observable injury or incapacitation. 

Harris, Hancock & 

Harris, 2005  

(Section 1.2) 

5 Many clinical measures of individual ability have poor 

transferability to real-world applications. 

Friedl et al., 2007 

(Section 1.3) 

6 There is a critical lack of research regarding the interaction of 

multiple stressors and their combined effect on performance. 

Hancock & Szalma, 

2008 (Sec. 1.3) 

7 Continuous physiological monitoring could benefit Soldiers prior 

to the existence of a fully defined model of human performance. 

Board on Army 

Science and 

Technology (BAST), 

2009 (Section 1.2) 

8 An ideal biomarker varies continuously and predictably for every 

individual, but few if any ideal biomarkers exist. 

Healy & Picard, 2005 

(Section 4.1) 

9 Individuals display wide ranges of performance and responses 

to stress, even when they receive uniform training. 

Hancock & Weaver, 

2005 (Sec. 1.2) 

10 Combinations of sensed physiological parameter data has the 

potential to provide more definitive information than stand-alone 

parameter measurements. 

BAST, 2009 

(Section 4.1) 

11 The University of Texas at Austin's Robotics Research Group 

(RRG) has begun development of a universal decision theory 

based on performance maps that assist human decision makers 

in gathering relevant information, generating alternatives and 

evaluating outcomes. 

Ashok & Tesar, 2010 

(Section 1.1) 

12 Modern computational capabilities exist to handle the sensor 

fusion, recording and processing of collected data to facilitate 

adequate description of individual state 

Tesar, 2010  

(Section 2.2.3) 

13 Infantry squads represent approximately 4% of the U.S. 

Department of Defense’s uniformed service forces, but account 

for 81% of the U.S.’s combat deaths. 

Scales & van Riper, 

2010 (Section 1.3) 
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Table 6-10 Significant Research Results 

# Research Result Section Cross 

Reference 

1 Creation of 19 potential human performance maps from existing 

research data and analytical models. 

Section 3.3; 

Appendix A 

2 Demonstrated the potential to develop 70 visual 3-D 

performance maps with physical meaning relevant to Soldier 

performance from evaluated biomarkers and impact parameters. 

Section 5.1 

3 Identified 26 performance maps as feasible in the near-term 

based on existing sensor technology and supporting research. 

Section 5.1.2 

4 Identified 25 performance maps with sufficient sensor technology 

for near-term development, but requiring additional research 

validation. 

Section 5.1.3 

5 Identified 19 performance maps requiring significant sensor 

technology development prior to achieving relevant performance 

maps. 

Section 5.1 

6 Evaluation of 33 developmental and commercially available 

physiological sensors with regards to suitability for incorporation 

into a Soldier real-time performance monitoring system. 

Section 4.1; 

Appendix B 

7 Evaluation and ranking of 10 potential biomarkers with regard to 

their ability to assess the presence of Impact Parameters. 

Section 4.1; 

Appendix C 

8 Definition of 10 Impact Parameters and ranking relative to their 

impact on Soldier performance. 

Section 4.2; 

Appendix D 

9 Definition of 9 Soldier Performance Measures including ranking 

of relevance to Soldier task performance. 

Section 4.3; 

Appendix E 

10 Construction of a preliminary Soldier performance model in the 

form of a Bayesian network based on research supported 

correlations between biomarkers, impact parameter, and Soldier 

Performance Measures. 

Section 4.4 
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Table 6-11 Significant Conclusions and Recommendations 

# Conclusions & Recommendations Section Cross 
Reference 

1 Development of a real-time Soldier performance monitoring system will 
require a suite of sensors to measure physiological parameters, some 
method to translate measured parameters into performanc information, 
a method to present assessed information to the Solider in a useful way, 
and objective measures of Soldier performance. 

Section 1.3 

2 Performance maps supported by a Bayesian network model provide 
structure for data collection from physiological sensors, translation and 
subsequent visual presentation of meaningful performance data. 

Section 
6.2.1.2 

3 A real-time performance monitoring system must account for combined 
effects of impact parameters and differences among individual Soldiers. 

Section 
6.2.1.1 

4 Empowering the Soldier with increased awareness regarding their 
performance condition has the real potential to improve chances of 
mission success while reducing risks of injury. 

Section 
6.2.1.2 

5 Achieving optimal value from a Soldier performance monitoring system 
will require development of additional methods to combine performance 
maps in order to generate meaningful performance 
information/envelopes. 

Section 
6.2.1.4  

6 Developers should create 10 classes of classic performance maps 
based on various types of Soldiers in order to provide a baseline for 
application across the force. 

Section 
6.2.1.4  

7 The Army should leverage the work done on the Warfighter 
Physiological Status Monitoring program in order to establish a base for 
performance monitoring development. 

Section 
6.2.2.1 

8 General measures of performance are preferrable to documenting 
performance on specific tasks due to the need for transferability of 
application and the need to minimize baseline testing requirements. 

Section 
6.2.2.3 

9 Future development of the Soldier performance model should include 
incorporation of additional impact parameters supported by research. 

Section 
6.2.2.4 

10 A need for objective scales of measuring performance remains as a 
barrier to achieving real-time Soldier performance monitoring. 

Section 
6.2.2.7 

11 The preliminary Soldier Performance Model (SPM) can be improved via 
incorporation of environmental sensors and definition of relationships 
from biomarker-to-biomarker and impact parameter-to-impact 
parameter. 

Section 
6.2.2.7 

12 Existing sensors require improvement with regard to presentation of 
data that is useful to the sensed individual as opposed to a clinician. 

Section 6.2.3 

13 The U.S. Army should expand performance monitoring beyond the 
Soldier to include equipment and units; this development will require 
mission configuration management software to facilitate processing the 
large amounts of data generated by such systems. 

Section 6.3.2 

14 Monitoring Soldier performance in real-time is complex, and that 
complexity will increase.  The Bayesian network model proposed here 
can handle the complexity and be refreshed without disturbing the 
existing model. 

Sections 1.1 
& 4.4  
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Table 6-12 Recommended Future Work 

# Future Development Tasks 

1 Develop a method to create objective scales of measurement for cognitive performance. 

2 Develop methods to combine relevant performance maps into useful Soldier 

performance envelopes. 

3 Incorporate environmental sensors into the Soldier Performance Model (SPM). 

4 Improve the preliminary SPM by accounting for research supported relationships among 

biomarkers. 

5 Improve the preliminary SPM by accounting for research supported relationships among 

impact parameters. 

6 Structure an Army wide process for performance map acquisition nested within standard 

Army training events. 

7 Define a limited set of necessary reference (i.e. classic) performance maps that describe 

baselines for up to 10 distinct classes of Soldier (e.g. gender, body type, ASVAB Scores, 

etc.) 

8 Design efficient data acquisition methods to adapt classic reference maps to individual 

Soldiers during training with the minimum amount of required resources and time. 

9 Develop operational software and embedded hardware to enable collection, storage and 

processing of relevant performance maps and envelopes. 

10 Develop appropriate visualization aids for the Soldier to improve the usefulness of maps; 

Borrow techniques and incorporate social media devices in order to reduce training 

requirements. 

11 Develop in-depth operational scenarios in order to develop and validate appropriate 

mission sets. 

12 Develop a Mission Configuration Management tool in order to assist unit leaders in 

developing appropriate performance packages of Soldiers and equipment tailored to 

specific mission requirements. 

13 Develop an incorporated training system (i.e. embedded simulation capability) to allow 

nesting of performance monitoring system in existing leadership training. 
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Table 6-13Description of Appendices 

Appendix Description of Contents 

A 19 examples of performance maps structured from existing research with 

descriptions.   

B Descriptions and evaluations of 33 potential biomarker sensors. 

C Evaluations and rankings of 10 potential biomarkers used in the 

construction of the preliminary Soldier Performance Model (SPM).  

Evaluations include identification of potential sensors, and identified 

relationships with impact parameters for each biomarker. 

D Evaluation and rankings of the 10 Soldier impact parameters used in the 

construction of the preliminary SPM.  Evaluations include explanations of 

research supported relationships to biomarkers and Soldier performance 

measures. 

E Evaluation and rankings of the 9 Soldier performance measures used in 

the construction of the preliminary Soldier performance model.  

Evaluations include explanations of research suported relationships to 

impact parameters, and explanation of how the measures support Soldier 

tasks. 

F Descriptions of 10 general Army task categories that provide the real-world 

relevance for the evaluated Soldier performance measures. 

G Supporting information for the cost-benefit analysis presented in Section 

5.3.1 regarding potential reductions of combat veterans requiring treatment 

for chronic post-traumatic stress disorder (PTSD). 
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APPENDICES 

Appendix A Potential Soldier Performance Maps 

 This appendix contains a sample of performance maps created from analytical models 

and empirical research data from published literature.  The maps contained here are based on 

limited data sets, and would require significant refinement prior to use in a Soldier performance 

monitoring system.  The intent of presenting these immature performance maps is to demonstrate 

the feasibility and benefits of visually presenting performance information. 
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Dependent Parameter 

(z-axis) 

Reference or Control 

Parameters (x,y axes) 

Analytical Description 

Physical Endurance (d) Heart Rate (r) 

Core Body Temperature (r) 

Remaining Endurance = f(HR, CT) 

Map Generated from Empirical Data in 
Gonzalez-Alonso et al. 1999 

Description 

 Conditions & Assumptions for Map: 

- Empirical data was for trained endurance athletes with a constant effort (~60% 

VO2Max) 

- Endurance is defined as time until volitional exhaustion, not physiological failure 

- Experiment was conducted in an un-compensable hot environment (40 C, 19%RH); 

Lower temperature or RH would likely increase endurance time. 

 Relevant Information (What the Map tells the user): 

- Physical endurance approaches a firm limit at approximately 40C body temperature  

- A Soldier with an increasing body temperature may have limited performance 

- Tells the user what ability he or she has to continue at the specified level of effort 

 Information Required (What the Map fails to provide the user): 

- What is the impact of reducing the constant effort? (Likely non-linear increase in 

endurance.) 

- What is the impact of a temporary surge in effort? (Likely a reduction in endurance, 
depending on the frequency and allocation of recovery periods.) 

- - What is the impact of training? (Increased training increases endurance.) 
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Dependent Parameter 
(z-axis) 

Reference or Control 
Parameters (x,y axes) 

Analytical Description 

Physical Endurance (d) Heart Rate (r) 

Skin Temperature (r) 

P = f(HR,ST) 

Map Generated from Empirical Data in 

Gonzalez-Alonso et al. 1999 

 

Description 

 Conditions & Assumptions for Map: 

o Empirical data was for trained endurance athletes with a constant effort (~60% VO2Max) 

o  Endurance is defined as time until volitional exhaustion, not physiological failure 
o Experiment was conducted in an un-compensable hot environment (40 C, 19%RH)  

o Lower temperature or RH would likely increase endurance time. 

 Relevant Information (What the Map tells the user): 

o Tells the user what ability he or she has to continue at the specified level of effort 

 Information Required (What the Map fails to provide the user): 

o What is the impact of reducing the constant effort? (Likely non-linear increase in endurance.) 

o What is the impact of a temporary surge in effort? (Likely a reduction in endurance, 

depending on the frequency and allocation of recovery periods.) 

o What is the impact of training? (Increased training increases endurance to some ceiling.) 

 



240 

 

 

Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Vigilance (d) Time on Task (c) 
Effective Temperature (r) 

Vig = f(ET, T) 
Modified from model provided by 

Hancock and Vasmatzidis, 1998 

 

Description 

 Conditions & Assumptions for Map: 

o Map surface represents the average industrial worker‟s performance decrement due to 

exposure to high temperatures and time on task 

o Map assumes that complex tasks require increased vigilance;  
o The equation provided by Hancock and Vasmatzidis (1998) contains a constant related to 

task complexity.  

o The map uses an algebraically manipulated equation, that represents the constant as a 

variable dependent on Effective Temperature, and exposure time. 

 Relevant Information (What the Map tells the user): 

o Vigilance will decrease with time on task for all temperatures  

o Soldiers cannot perform guard duties indefinitely at heightened states of alert. 

o High temperatures decrease vigilance  

 Information Required (What the Map fails to provide the user): 

o If a short-break is provided, to what level of vigilance does the Soldier return to duty, and 

does the rate of decline remain the same? (Likely vigilance will increase from pre-break 

levels, but may exhibit a steep initial drop, like that seen in short duration tasks, until the 
original curve is reached.) 
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Body Temperature Change (d) Walking Velocity (c) 

Grade (r) 

M = f(Vw, G) 

Wex = f(Vw,G) 

From Pandolf et. al., 1986 

 

Description 

 Conditions and Assumptions for Map: 

o Equilibrium Core Temperature model presented in Pandolf et. al. (1986) is a linear 

combination of three elements – metabolic, dry heat exchange, and evaporative heat 

exchange 
o Presented map assumes packed dirt road as the terrain; Map is also dependent Soldier 

weight and load 

 Relevant Information (What does the map tell the user?) 

o Walking velocity is the primary contributor to increases in metabolically caused increases 
in body temperature; grade has little effect 

 Information Required (What the map fails to provide the user): 

o How do the inefficiencies of running impact the body temperature change as movement 

speed increases? (Likely the slope of increases will increase.) 
o Will someone with a higher aerobic endurance capacity have a significant decrease in 

slope compared with a person of lower aerobic capacity? 
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Body Temperature Change (d) Skin Temperature (r) 
Air Temperature (r) 

H(r+c) = f(Tdb,Tsk) 
From Pandolf et. al., 1986 

 

Description 

 Conditions and Assumptions for Map: 

o Equilibrium Core Temperature model presented in Pandolf et. al. (1986) is a linear 
combination of three elements – metabolic, dry heat exchange, and evaporative heat 

exchange  

o Model for dry heat exchange varies with body surface area and insulation due to clothing. 

 Relevant Information (What does the map tell the user?) 

o Higher skin temperatures allow the Soldier to reduce heat stress at Air Temperatures less 

than 40 degrees 

o Soldier is at greatest risk to heat stress when Air Temperature is high, and skin 

temperature is low 

 Information Required (What the map fails to provide the user): 

o  

o  
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Dependent Parameter 
(z-axis) 

Reference or Control Parameters 
(x,y axes) 

Analytical Description 

Body Temperature Change (d) Relative Humidity (r) 

Air Temperature (r) 

Emax = f(φa, Ta) 

From Pandolf et. al., 1986 

 

Description 

 Conditions and Assumptions for Map: 

o Equilibrium Core Temperature model presented in Pandolf et. al. (1986) is a linear 

combination of three elements – metabolic, dry heat exchange, and evaporative heat 

exchange 
o Map assumes a constant skin temperature, effective body surface area for evaporation, 

and clothing permeability index 

 Relevant Information (What does the map tell the user?) 

o High air temperatures can lead to dangerous increases in body temperature without 
mitigation measures. 

o Increased humidity levels increase the risk of dangerous increases. 

 Information Required (What the map fails to provide the user): 

o What is the time period for the rise in temperature?  The model only predicts the 

equilibrium rise level, but does not provide a time frame. 
o What mitigation measures are effective to reduce the effects of heat stress? 
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

% Sleep Reservoir Depletion (d) Duty Cycle (c) 

Mission Duration (c) 

P = K*t 

From Hursh et. al., 2004 

 

Description 

 Conditions and Assumptions for Map: 

o SAFTE Model presented by Hursh et. al. (2004) is a linear combination of three 

processes affecting sleep deprivation: homeostatic, circadian, and inertia 
o The model correlates the Sleep Reservoir to cognitive effectiveness. 

 Relevant Information (What does the map tell the user?) 

o The Sleep Reservoir, and therefore cognitive effectiveness, become totally depleted with 

96 hours of total sleep deprivation. 
o Sleep reservoir decreases linearly with time awake. (Note: Hursh et. al. acknowledge that 

other models use non-linear models.  Authors state that SAFTE circadian model 

combined with the linear performance use portion adequately predict observed data.) 

 Information Required (What the map fails to provide the user): 

o Does cognitive load during time awake affect performance reservoir depletion?  

o  
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Dependent Parameter 
(z-axis) 

Reference or Control Parameters 
(x,y axes) 

Analytical Description 

Sleep Intensity (d) Reservoir Level (r) 

Time of Day (r) 

SI = f(SP, SD) 

From Hursh et. al., 2004 

 

Description 

 Definitions: 

o Sleep Intensity is the rate of Sleep Reservoir recuperation during sleep 

o Sleep Propensity (SP) is the individuals tendency to seek sleep as a function of time of 

day 
o Sleep Debt (SD) is the difference between an individual‟s Sleep Reservoir level (Rt) and 

the Sleep Reservoir Capacity (Rc) 

 Conditions and Assumptions for Map: 

o Presented map assumes a specific circadian process which is peculiar to the individual 
o Sleep Intensity has a maximum value of 4.4 Sleep Reservoir units/minute of sleep 

 Relevant Information (What does the map tell the user?) 

o Sleep intensity increases with sleep debt. 

o This individual will have relatively higher sleep intensity late at night and early in the 
morning.  

 Information Required (What the map fails to provide the user): 

o  
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Sleep Reservoir Level (d) Avg. SI (r) 
Initial Sleep Reservoir Level (c) 

Rt = f(Rt0, SI) 

 

Description 

 Conditions and Assumptions for Map: 

o Duty Cycle (Time Awake/24 Hours) assumed to be 0.67 (16 hours awake/day) 

 Relevant Information (What does the map tell the user?) 

o Increased Sleep intensity will lead to higher ending reservoir level; Sleep intensity levels 

below 1.0 have little recuperative effect 

o Individuals with mission starting levels less than 0.6 will not reach a reservoir level of 
0.8, even after 4 days with 8 hours of sleep per day.   

 Information Required (What the map fails to provide the user): 

o What are the effects of fatigue countermeasures (e.g. caffeine) on reservoir levels? 

o  
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Sleep Reservoir Level (d) Avg. SI (r) 
Initial Sleep Reservoir Level (c) 

Rt = f(Rt0, SI) 

 

Description 

 Conditions and Assumptions for Map: 

o Duty Cycle (Time Awake/24 Hours) assumed to be 0.75 (18 hours awake/day) 

 Relevant Information (What does the map tell the user?) 

o Increased duty cycle (time awake/day) decreases the ability of the individual to achieve 

maximum cognitive effectiveness. 

 Information Required (What the map fails to provide the user): 

o What duty cycle will result in no ability to achieve maximum reservoir levels? 
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Sleep Reservoir Level (d) Avg. SI (r) 

Duty Cycle (c) 

Rt = f(DC, SI) 

 

Description 

 Conditions and Assumptions for Map: 

o Assumed a starting sleep reservoir level of 0.9 of capcity. 

 Relevant Information (What does the map tell the user?) 

o Duty Cycles above approximately 0.7 (<8 hours sleep/day) lead to steep decreases in the 

Sleep Reservoir, and thereby cognitive effectiveness. 
o Average sleep intensity above 1.0 units/minute is required for restorative sleep. 

 Information Required (What the map fails to provide the user): 

o Is there anything an individual can do to increase sleep intensity? 
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Dependent Parameter 
(z-axis) 

Reference or Control Parameters 
(x,y axes) 

Analytical Description 

% Change in Cognitive Ability 

(d) 

Sleep Propensity (r) 

Time Awake (r) 

I = f(ta,SI) 

From Pandolf, et. al., 1986 

 

Description 

 Conditions and Assumptions for Map: 

o Sleep Inertia is the delay after awakening before expected levels of alertness and 

performance resume.   

o The Phenomenon may last up to two hours after awakening depending on the sleep 
intensity at time of awakening. 

 Relevant Information (What does the map tell the user?) 

o Expected performance levels are achieved more quickly when awakening occurs during 

lighter sleeping periods. 

 Information Required (What the map fails to provide the user): 

o  
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Dependent Parameter 
(z-axis) 

Reference or Control Parameters 
(x,y axes) 

Analytical Description 

% Change in Cognitive Ability 

(d) 

Sleep Reservoir Level (r) 

Time of Day (r) 

Et = f(Rt, Ct, I) 

From Hursh et. al., 2004 

 

Description 

 Conditions and Assumptions for Map: 

o Circadian peaks are based on an individual who sleeps approximately 8 hours/day from 

0001 to 0800. 

 Relevant Information (What does the map tell the user?) 

o Cognitive Effectiveness varies significantly throughout the day – could affect task 

planning. 

o Increased sleep reservoir levels flatten the circadian effects 

 Information Required (What the map fails to provide the user): 

o How quickly is the circadian rhythm impacted by changes in duty cycle, and time zone? 

o  

  



251 

 

 

Dependent Parameter 
(z-axis) 

Reference or Control Parameters 
(x,y axes) 

Analytical Description 

Sleep Reservoir Level (d) Duty Cycle (c) 

Starting Sleep Reservoir Level (r) 

Rt = f(DC, Rt0) 

From Pandolf et. al., 1986 

 

Description 

 Conditions and Assumptions for Map: 

o Map presented assumes an average sleep intensity of 3.3 units/minute 

 Relevant Information (What does the map tell the user?) 

o Duty cycles above 0.7 (<7 hrs sleep/day) decrease the sleep reservoir significantly over a 

96 hour period. 
o Duty cycles providing for >7 hours sleep per day allow for sustained performance levels, 

even when the starting reservoir level is markedly low. 

 Information Required (What the map fails to provide the user): 

o What is the impact of reducing average sleep intensity levels? (More sleep would be 
required to maintain high levels of performance.) 
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Cognitive Effectiveness (d) Sleep Reservoir Level (r) 
Time of Day (r) 

Et = f(Rt, Ct, I) 
From Hursh et. al., 2004 

 

Description 

 Conditions and Assumptions for Map: 

o Top surface is shown with no sleep inertia effect; Bottom surface shows maximum interia 

effect 

 Relevant Information (What does the map tell the user?) 

o Cognitive effectiveness varies linearly with sleep reservoir level, and will fluctuate with 

circadian rhythms. 

 Information Required (What the map fails to provide the user): 

o  
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Dependent Parameter 

(z-axis) 

Reference or Control 

Parameters (x,y axes) 

Analytical Description 

Psychomotor Reaction Time 

(d) 

Mission Duration (c) 

Duty Cycle (c) 

RT = f(MD, DC) 

Map Generated via empirical data 
provided in Doran, Van Dongen, and 

Dinges, 2001 

Description 

 Conditions and Assumptions for Map: 

o Reaction time measured is simple psychomotor reaction time. 

o Map presented from empirical data with two groups, one at total sleep 
deprivation (DC = 1), and one with 4 hours sleep per day (DC = 0.833) 

 Relevant Information (What does the map tell the user?) 

o Reaction time increases drastically with total sleep deprivation, and moderately 

with partial sleep deprivation. 

o Performance for the first 24 hours is similar for both levels of sleep deprivation. 

 Information Required (What the map fails to provide the user): 

o Is the effect similar for tasks with increased cognitive demands? 

o At what duty cycle is there no noticeable effect on reaction time? 
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Dependent Parameter 
(z-axis) 

Reference or Control 
Parameters 

(x,y axes) 

Analytical Description 

Reaction Time (d) Time of Day (r) 
Duty Cycle (c) 

RT = f(MD, DC) 
Map Generated via empirical data provided 

in Doran, Van Dongen, and Dinges, 2001 

 

Description 

 Conditions and Assumptions for Map: 

o Reaction time measured is simple psychomotor reaction time. 

o Map presented from empirical data with two groups, one at total sleep deprivation (DC = 

1), and one with 4 hours sleep per day (DC = 0.833) 

 Relevant Information (What does the map tell the user?) 

o Map shows circadian effect similar to SAFTE Model where performance fluctuates with 

the time of day. 

 Information Required (What the map fails to provide the user): 

o What is the effect on tasks with learning curves where practice may improve 

performance, but sleep deprivation will still decrement performance? 
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Alertness (d) Blink Rate (r) 

Eyelid Position (r) 

A = f(BR, EP) 

From Ueno, Kaneda, and Tsukino, 1994. 

 

Description 

 Conditions and Assumptions for Map: 

o Assumes a moderate presence of EEG Alpha waves that indicate the onset of sleepiness. 

o Map uses discrete descriptors for the reference parameters.  Authors did not specify data 

points used to separate the levels of blink rate, eyelid position, or EEG Alpha waves. 

 Relevant Information (What does the map tell the user?) 

o Increased blink rate is indicative of an alert individual. 

 Information Required (What the map fails to provide the user): 

o How effective are eyelid position sensors on mobile individuals? 

o  
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Dependent Parameter 

(z-axis) 

Reference or Control Parameters 

(x,y axes) 

Analytical Description 

Hours Awake (d) EEG Theta Power (r) 

EEG Alpha Power (r) 

SD = f(EEG(θ, α) 

From Caldwell, Hall, and Erickson, 
2001 

 

Description 

 Conditions and Assumptions for Map: 

o Data collected from pilots during standardized flight operations during periods of known 
sleep deprivation. 

o All data collected from Cz electrode positions. 

 Relevant Information (What does the map tell the user?) 

o EEG Theta Wave power increases with total sleep deprivation. 

 Information Required (What the map fails to provide the user): 

o What is the effect of short naps on EEG wave power?   

o Will EEG waves be accurate predictors of partial sleep deprivation? 
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Appendix B Biomarker Sensor Evaluations 

This appendix contains information collected on multiple sensors for the biomarkers 

discussed in Chapter 4 of this report.  The sensors range from items available for commercial 

purchase to developmental prototypes described in peer-reviewed literature.  This appendix 

provides a preliminary review of the presented sensors based on available information of 

attributes in four general categories: hardware attributes, data collection attributes, data 

processing attributes, and data transmission attributes.  Table B-1 presents descriptions of the 

evaluated attributes with references for further information and justification.  Individual sensor 

reviews begin on page B-10 of this appendix.  In addition to individual reviews, Tables B-3 

through B-12 provide normalized rankings of the evaluated sensors by biomarker.  Several 

sensors measure more than one biomarker.  In those cases, the sensor is ranked according to its 

primary purpose.  For example, commercial blood pressure monitors also provide heart rate 

measurements, but their primary purpose is to measure blood pressure.  Therefore, blood 

pressure monitors are not ranked with other heart rate measurement devices.  Four sensor 

systems evaluated in this appendix are sensor suites with the intent of integrating measurement 

of multiple (4+) biomarkers simultaneously.  Table B-13 presents the rankings for the evaluated 

sensor suites.  The present research assigned a value between 1 and 10 to each sensor with 

regards to: biocompatibility, volume/weight, durability, power consumption, technological 

maturity, modularity, embedded processing, and cost.  A ranking of 10 represents the best 

possible rank and a ranking of 1 is the worst.  Table B-2 presents ranking benchmarks for each 

characteristic.  The Military Value characteristic rank is based on the relevance of the sensed 

biomarker to measuring Soldier performance in real time and is a function of the biomarkers 

relationships to operational impact parameters, and then the Soldier‟s assigned task priorities.  

Since it is related to the biomarker, not the sensor itself, the military value rank is identical for 

each sensor in a category with the exception of the sensor suites in Table B-13.  Appendix C and 

Section 4.4 of this report describe the military value rank in greater detail.  In the sensor suites, 

                                                

 The rankings provided in this report are preliminary and should not be considered sufficient for system 

development sensor selection.  The rankings may not be comprehensive of all available sensors, and lack some 

information from several sensors. 
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the military value for each suite is based on the maximum military value of all the sensed 

biomarkers for that system.      
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Table B-1 Desired Sensor Attributes 

Attribute Description Reference 

Hardware Attributes 

Minimally 
Invasive 

(Biocompatibility) 

Sensor should not cause the discomfort, or increase risk of 
infections or irritation.  The sensor must be resilient to field 

conditions such as mud, sweat, and sensor displacement. 

Friedl, 2007; Ren et 
al., 2005 

Durable Able to perform in a combat operating environment Friedl, 2007 

Ease of integration 
into the system 

Ideally plug and play interfaces Krishnamoorthy 
and Tesar, 2005 

Portability Small and lightweight Ren et al., 2005; 

Krishnamoorthy 
and Tesar, 2005 

Data Collection Attributes 

Accuracy Closeness of agreement between measured and actual 

values, normally quoted as a fraction of the full scale 
output 

Krishnamoorthy 

and Tesar, 2005 

Sensitivity Ratio of change in the output electrical signal to a small 

change in the input physical signal; High sensitivity is 

desirable 

Krishnamoorthy 

and Tesar, 2005 

Resolution Minimum detectable signal fluctuation; in general high 

resolution is preferred 

Krishnamoorthy 

and Tesar, 2005 

Precision Closeness of agreement between independent sensor inputs 

under simulated conditions, aka repeatability or 
reproducibility 

Krishnamoorthy 

and Tesar, 2005 

Measurement 

Range 

Must match or exceed expected application requirements Krishnamoorthy 

and Tesar, 2005 

Retrievability Data must be correlated with historic information (i.e. time 
series, or event stamped data) 

Ren et al., 2005 

Data Processing Attributes 

Embedded Self-

Test Routines 

Hardware able to contrast improbable data and major 

physical anomalies 

Friedl, 2007; 

Krishnamoorthy 
and Tesar, 2010  

Embedded Field 

Tested Predictive 
Algorithms 

Sensors/Systems capable of reliably translating raw data 

into useful performance information 

Friedl, 2007 

Data Transmission Attributes 

Minimized 

Bandwidth 
requirements 

Minimize frequency range between upper and lower cutoff 

frequencies representing the response time to instantaneous 
changes in physical signals, and the decay time for the 

sensor output to return to original values after a step 

change in physical signal by local sensor processing 

Friedl, 2007; 

Krishnamoorthy 
and Tesar, 2005 

Noise Electrical noise not intended for inclusion in the output 
signal; higher signal to noise ratio is preferred 

Krishnamoorthy 
and Tesar, 2005 

Energy aware 

communication 

Reduced transmission power to a minimum Ren et al., 2005 

Reliability Information collected and transmitted reliably while 
preventing the unauthorized re-direction or collection 

Ren et al., 2005 
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Table B-2 Sensor Ranking Category Benchmarks 

Category Rank Benchmarks 

Characteristic 10 5 1 

Military Value Based on normalized biomarker rankings described in Appendix C. 

Biocompatibility Sensor highly likely to 
retrieve data as intended 

without causing any 

discomfort to the wearer 

Sensor likely able to 
collect some data; may 

cause some discomfort or 

modification of user 
performance  

Sensor is unacceptably 
invasive for real-world 

use 

Volume/Weight Weight is less than 3 oz. 

and its size presents no 

hindrance to task 
performance 

Weight is less than 8 oz.; 

Size does not 

significantly performance 

Weight is greater than 1 

lb. or size prevents 

effective task operation 
in a real-world 

environment 

Durability Sensor has been 

demonstrated in a tactical 

field environment with 

no reported issues 

Sensor likely to perform 

in most real world-

environments, but will 

require increasing care 
by the user as conditions 

become more extreme 

Sensor is capable of 

laboratory use only 

Power 

Consumption 
Useful life of 96 hours or 

more for integrated 
systems; Less than 5mA 

current draw 

Useful life greater than 

24 hours; Less than 
20mA Draw 

Useful life less than 8 

hours; >60mA draw 

Maturity Commercial-of-the-shelf 

system available for 

immediate purchase 

Prototype demonstrated, 

but no commercial 

product available 

Laboratory 

demonstrations of 

technology with no 
working prototype 

Modularity System is designed for 

use in a completely open 

architecture system 
(hardware and software) 

System has some 

attributes that indicate 

potential for integration 
with other sensors 

System is completely 

stand-alone with no 

method of integrating 
with other sensors 

Embedded 

Processing: 
Sensor output is data 

meaningful to the 
operator with filters for 

noise, and questionable 

data 

Sensor outputs raw data 

with at least some 
accounting for other 

artifacts that may affect 

the signal quality 

Sensor outputs raw data 

with no filters for noise 
or questionable data 

Cost: <$100 per unit <$1,000 per unit >$10,000 per unit 
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Sensor Rankings by Biomarker 

Table B-3 EEG Sensor Rankings 

          
Characteristic 
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Starlab 
ENOBIO 10 9 8 6 2 9 7 9 6 # 10.00 
Emotive 
EPOC 10 9 8 4 3 9 7 7 9 # 10.00 
Holst Center 
Human++ 
Research 10 7 6 4 7 5 3 3 3 # 6.79 

Average 10 8.33 7.33 4.67 4 7.67 5.67 6.33 6 
  Maximum 10 9 8 6 7 9 7 9 9 
   

Table B-4 Skin Response Sensor Rankings 

          
Characteristic 
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Shimmer GSR 
Sensor 5.6 9 10 4 10 10 9 3 8 # 10.00 

Georgia Tech 
ActionGSR 5.6 9 9 7 3 5 8 7 8 # 8.89 
Affectiva Q-
Sensor 5.6 10 10 7 4 7 4 2 4 # 7.62 

Average 5.6 9.33 9.67 6 5.67 7.33 7 4 6.67 
  Maximum 5.6 10 10 7 10 10 9 7 8 
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Table B-5 Heartbeat Sensor Rankings 

          
Characteristic 
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Polar HR 
Monitor 8.72 8 10 8 10 10 5 3 9 # 10.00 

Mini-Mitter 
Actiheart 8.72 9 10 4 7 8 8 6 4 # 8.89 

Average 8.72 8.5 10 6 8.5 9 6.5 4.5 6.5 
  Maximum 8.72 9 10 8 10 10 8 6 9 
   

Table B-6 Muscle Activity Sensor Rankings 

          
Characteristic 
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ETH Zurich 
Force Sensors 8.6 10 10 8 7 4 5 1 8 # 10.00 
NORAXON 
Plug-in 
Sensor Series 8.6 9 8 7 2 9 7 2 4 # 9.06 
Hokkaido/UC-
Irvine 
Ultrasonic 
Musc. Sensor 8.6 9 9 6 5 3 3 3 8 # 8.68 

Microsoft 
PrimeSense 8.6 1 1 2 1 10 2 3 7 # 5.09 

Massey Univ. 
MMG Sensor 8.6 4 3 1 3 1 3 2 9 # 4.91 

Average 8.6 6.6 6.2 4.8 3.6 5.4 4 2.2 7.2 
  Maximum 8.6 10 10 8 7 10 7 3 9 
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Table B-7 Eye Movement Sensor Rankings 

          
Characteristic 
 
 
 
 
 
 
Sensor 

M
ili

ta
ry

 V
al

u
e 

B
io

co
m

p
at

ib
ili

ty
 

V
o

lu
m

e/
W

ei
gh

t 

D
u

ra
b

ili
ty

 

P
o

w
e

r 
C

o
n

su
m

p
ti

o
n

 

M
at

u
ri

ty
 

M
o

d
u

la
ri

ty
 

Em
b

ed
d

ed
 

P
ro

ce
ss

in
g 

C
o

st
 

  

N
o

rm
al

iz
ed

 R
an

ki
n

g 

Rank Rank Rank Rank Rank Rank Rank Rank Rank 
  

ETH Zurich 
EOG Goggles 6.13 7 6 3 1 4 9 8 7 # 10.00 

SR Research 
Eyelink II 6.13 4 3 4 3 6 1 8 3 # 7.11 
NTT Docomo 
Eye 
Movement 
Sensor 6.13 3 2 1 2 3 1 4 6 # 4.89 

Scalar Scleral 
Eye Coil 6.13 1 7 1 1 7 1 1 1 # 4.44 

Average 6.13 3.75 4.5 2.25 1.75 5 3 5.25 4.25 
  Maximum 6.13 7 7 4 3 7 9 8 7 
   

Table B-8 Temperature Sensor Rankings 

          
Characteristic 
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HQ Inc. 
CorTemp 
Body Temp.  
Sensor 3.93 10 10 9 5 9 7 1 1 # 10.00 

Shenzhen IR 
Thermometer 3.93 1 1 4 2 9 1 1 10 # 5.58 

Average 3.93 5.5 5.5 6.5 3.5 9 4 1 5.5 
  Maximum 3.93 10 10 9 5 9 7 1 10 
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Table B-9 Pupillometry Sensor Rankings 

          
Characteristic 
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SR Research 
Eyelink II 6.42 4 3 4 3 6 1 8 3 # 10.00 

NeurOptics 
Pupillometer 6.42 1 1 3 2 8 1 4 3 # 7.19 

Colvard 
Pupillometer 6.42 1 1 3 2 8 1 4 3 # 7.19 
Tobii Tech. 
Video Eye 
Tracker 6.42 1 1 2 1 8 1 1 2 # 5.31 

Average 6.42 1.75 1.5 3 2 7.5 1 4.25 2.75 
  Maximum 6.42 4 3 4 3 8 1 8 3 
   

Table B-10 Blood Pressure Sensor Rankings 

          
Characteristic 
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MIT/CardioSign 
BP Sensor 7.78 9 9 7 4 5 2 6 10 # 10.00 
OMRON Wrist 
Blood Pressure 
Sensor 7.78 9 5 6 2 10 1 4 10 # 9.04 

A&D Medical 
Lifesource 7.78 9 5 6 2 10 1 1 10 # 8.46 

Average 7.78 9 6.33 6.33 2.67 8.33 1.33 3.67 10 
  Maximum 7.78 9 9 7 4 10 2 6 10 
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Table B-11 Facial Stresses Sensor Rankings 

          
Characteristic 
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Sony 
ProComp+ 6.62 7 4 4 3 4 8 2 6 # 10.00 

Meta Motion 
Face Tracker 6.62 7 3 6 2 9 3 3 1 # 8.95 

Microsoft 
PrimeSense 
3D Sensor 6.62 1 1 2 1 10 2 3 7 # 7.11 

Average 6.62 5 2.67 4 2 7.67 4.33 2.67 4.67 
  Maximum 6.62 7 4 6 3 10 8 3 7 
   

Table B-12 Blood Oxygen Sensor Rankings 

          
Characteristic 
 
 
 
 
 
 
Sensor 

M
ili

ta
ry

 V
al

ue
 

B
io

co
m

p
at

ib
ili

ty
 

V
o

lu
m

e/
W

ei
gh

t 

D
u

ra
b

ili
ty

 

P
o

w
e

r 
C

o
n

su
m

p
ti

o
n

 

M
at

u
ri

ty
 

M
o

d
u

la
ri

ty
 

Em
b

ed
d

ed
 

P
ro

ce
ss

in
g 

C
o

st
 

  
N

o
rm

al
iz

ed
 R

an
ki

n
g 

Rank Rank Rank Rank Rank Rank Rank Rank Rank 
  

Worcester 
Polytech 
SpO2 Sensor 2.52 9 9 6 10 3 3 1 8 # 10.00 
OctiveTech 
Pulse 
Oximeter 2.52 9 4 3 4 10 1 1 10 # 8.57 
Nonin GO2 
Pulse 
Oximeter 2.52 9 4 3 4 10 1 1 9 # 8.37 

Average 2.52 9 5.67 4 6 7.67 1.67 1 9 
  Maximum 2.52 9 9 6 10 10 3 1 10 
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Table B-13 Biomarker Sensor Suite Rankings 

          
Characteristic 
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QUASAR 
Physiological 
Sensor Suite 10 8 8 8 8 7 9 8 5 # 10.00 
MIT Media Lab 
MIThril 2003 8.72 8 8 8 7 6 10 9 7 # 9.01 
NASA/Stanford 
LifeGuard 8.72 7 9 8 2 5 8 2 6 # 6.72 

Sony ProComp+ 8.72 7 4 4 3 4 8 2 6 # 5.43 
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Individual Sensor Evaluations 

A&D Medical Lifesource UB-328 (Company Technical Data Sheet) 

 

Producer/Developer Description: Japanese subsidiary of A&D which manufactures medical 

sensor products 

Measurands (Biomarker Category): Blood Pressure (Same); Heart Rate (Heartbeat) 

Hardware Attributes: 

 Non-invasive sensor 

 Unit cost $35-$80 depending on model 

 4.2 oz. without batteries; Large size for a sensor, but unclear how much size is dependent 

on the display which could be combined in an integrated body sensor network 

 No apparent ability to integrate with other sensors 

 Operating range only down to 50
 
degrees F; Not low enough for field operations 

Data Collection Attributes: 

 Meets ANSI/AAMI SP10 standards for electronic blood pressure measurement (company 

claim) 

 BP Accuracy +/- 3mm Hg or 2% error; Pulse accuracy +/- 5% 

 Blood pressure measurement range meets expected range Maximum heart rate of 200 

slightly low 

 Maximum heart rate of 200 slightly low  

 Records up to 30 measurements, but not identified if recordings are time stamped 

Data Processing Attributes: 

 No Information available 

Data Transmission Attributes: 

 No data transmission capability indicated 
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Affectiva Inc. Q Sensor (http://www.affective.com/q-sensor Last Accessed: 27JAN11) 

 

Producer/Developer Description: Small U.S. Company started out of a Massachusetts Institute 

of Technology (MIT) Media Lab effort 

Measurands (Biomarker Category): Skin Conductance/Electrodermal Activity  (Skin 

Response); Skin temperature (Temperature); 3-D acceleration (Muscle Activity) 

Hardware Attributes: 

 Non-invasive sensor, requiring dry skin contact; no skin penetration or gels required 

 Lightweight (0.8 oz, 22.7g); Dimensions (LxWxH) – 2.15”x1.5”x0.6” 

 Appears to be a stand-alone sensor, although software compatible with Windows and 

Mac operating systems so there is potential for integration 

 Unclear durability for working in combat environments 

 Current estimated unit cost for a beat version is $2,000, although price is expected to 

decrease as commercial availability increases 

Data Collection Attributes: 

 On-board clock time stamps data 

 Core technology validated accuracy (0.93<r<0.99) data against FDA-approved sensors 

(Picard, 2010) 

 Current data storage system only tracks up to 3 months data at median sampling rates;  

  

http://www.affective.com/q-sensor
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Affectiva Inc. Q Sensor (http://www.affective.com/q-sensor Last Accessed: 27JAN11) 

continued 

Data Processing Attributes: 

 No on-board processing capabilities; Users must consult with a company representative 

for assistance in interpreting data 

 No self-test capability identified 

Data Transmission Attributes: 

 No wireless transmission capabilities; USB required to upload data for viewing 

 24-hour battery life without transmission capability; must be improved before fielding in 

a Soldier system 

  

http://www.affective.com/q-sensor
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Emotive EPOC neuroheadset (http://www.emotiv.com/store/hardware/epoc-bci/epoc-

neuroheadset/ Last accessed: 27JAN11) 

 

Producer/Developer Description: Australian Neuroengineering company 

Measurands (Biomarker Category): EEG; Head movement (Maybe related to eye movement) 

Hardware Attributes: 

 Size and weight specifications not provided on company website; Picture indicates that 

incorporation into a Soldier‟s helmet may be feasible 

 Dry electrode use 

 Headset unit cost is $299 

 Unclear if system can be integrated with other non-proprietary equipment 

Data Collection Attributes: 

 System able to event stamp recorded EEG measurements 

Data Processing Attributes: 

 With proprietary applications, system may be used to control other devices (e.g. electric 

wheel chair, computers) 

 Data processing not related to developed applications is not designed for the lay person; 

Software package (not included) for researchers allows some data manipulation (e.g. Fast 

Fourier Transforms) but interpretation requires understanding of standard EEG 

measurements 

Data Transmission Attributes: 

 Wireless data transmission with battery life ~12 hours; not suitable for field use 

  

http://www.emotiv.com/store/hardware/epoc-bci/epoc-neuroheadset/
http://www.emotiv.com/store/hardware/epoc-bci/epoc-neuroheadset/
http://www.emotiv.com/store/hardware/epoc-bci/epoc-neuroheadset/
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ETH Zurich, UMIT and Reha Rheinfelden Force Sensitive Resistors and Fabric Stretch 

Sensors (Amft et al., 2006) 

  

Note: Left picture shows force sensitive resistors; Right picture shows fabric stretch sensors.  In 

both pictures the larger white disks are EMG sensors used for comparing data. 

Producer/Developer Description: University research lab  

Measurands (Biomarker Category): Arm and Hand Activity (Muscle Activity) 

Hardware Attributes: 

 Both sensors are unobtrusive and lightweight with the potential to be incorporated into 

clothing 

 Sensors have fewer connection issues than EMG sensors 

 Authors claim low cost, but specific data is not published 

Data Collection Attributes: 

 Force Sensitive resistors show potential to sense individual muscles;  

 Fabric stress sensors may only provide valid data for larger muscle groups.  

 Testing has not indicated measurement range or sensitivity predictions, only that muscle 

activity can be identified 

Data Processing Attributes: 

 No data processing information available 

Data Transmission Attributes: 

 No information available 
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ETH Zurich Wearable Computing Laboratory EOG Goggles (Bulling, Roggen and 

Tröster, 2009) 

 

Producer/Developer Description: University research laboratory 

Measurands (Biomarker Category): EOG (Eye Movements); Acceleration (Muscle 

Activity/Facial Stresses) 

Hardware Attributes: 

 Processing unit runs an open-source software operating system facilitating easy 

integration with other sensors or systems 

 Estimated unit cost is $500 based on other similar technologies 

 Total system weight is 188g, with the base goggles weighing only 60g.  Assuming the 

base goggles are similar to eye protection currently in use by the U.S. Army, this 

represents a 200% increase in weight, which reduces wearability 

 Long cable connecting the goggles to the processing unit will adversely affect durability 

in field conditions 

 System tested only under mild physical activity (walking) further testing is required to 

determine suitability for use by Soldiers in combat operations. 

Data Collection Attributes: 

 System contains redundant sensors in order to maintain quality data collection even if 

some electrodes have poor signal quality 

 Raw data collection attributes not discussed 
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ETH Zurich Wearable Computing Laboratory EOG Goggles (Bulling, Roggen and 

Tröster, 2009) continued 

Data Processing Attributes: 

 Implemented a Context Recognition Network (CRN) toolbox to synchronize EOG and 

accelerometer signals in order to recognize user activity  

 System has embedded algorithms to reduce noise 

 Researchers tested four algorithms, and implemented one that has 99% precision in 

separating blinks from other eye movements, with 96% true positive rate 

 Algorithms in place to remove effects of movement from EOG data, but have only been 

validated at 80% reliability in the horizontal component, and 60% in the vertical 

component 

Data Transmission Attributes: 

 Capable of wireless Bluetooth communication (may lack required reliability) 

 Current system capable of only ~7 hours continuous recording.  Not sufficient for field 

use. 
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Georgia Institute of Technology ActionGSR (Westeyn, Presti, and Starner, 2006) 

 

Producer/Developer Description: University Research Lab 

Measurands (Biomarker Category): Galvanic Skin Response (Skin Response); Acceleration 

(Muscle Activity) 

Hardware Attributes: 

 System appears small, although limited information is given on system dimensions 

 System appears to use commercially available components indicating it would be easily 

integrated with other components 

 System cost data not published; Estimated unit cost is ~$300 based on other similar 

systems 

Data Collection Attributes: 

 Accelerometers capable of +/- 2g acceleration; in explosive blasts or vehicle collisions 

Soldiers may experience acceleration in excess of 100g (e.g. Coppe et al., 2005 & 

Meggit, 2010)  

Data Processing Attributes: 

 System processes accelerometer data to determine when GSR readings are meaningful, 

and when they should be ignored due to likely influences of body movement 

 No embedded predictive algorithms noted to predict stress or performance, only when 

data should be ignored 

Data Transmission Attributes: 

 System uses 210mW connecting, and 120mW when sending data leading to a 15-20 hour 

battery life – insufficient for Soldier use 
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Hokkaido University & University of California-Irvine Duplex Ultrasonic Muscle Sensor 

(Tsutsui et al., 2006) 

 

Producer/Developer Description: University research lab 

Measurands (Biomarker Category): Joint Torque (Muscle Activity) 

Hardware Attributes: 

 Non-invasive sensor with similar benefits and issues as EMG sensors 

 Small size; weight data not provided 

 Estimate unit cost between $250 and $300 based on commercially available ultrasonic 

proximity sensors 

 Wired leads represent challenges for use in physically demanding conditions 

Data Collection Attributes: 

 Sensors tested at 99.9% accuracy in measuring joint torque 

 No information presented on measurement range 

Data Processing Attributes: 

 Signal processing speed is faster than EMG (0.5ms compared with 10ms for EMG data) 

 System uses neural nets to estimate joint torque from sensor readings; Neural networks 

require learning periods that would likely mean frequent learning periods for every 

individual. (Note: Authors do not state this explicitly, but it remains unclear.  The authors 

due indicate future work to reduce the need to train the network for every joint angle.) 

Data Transmission Attributes: 

 Higher sensor to noise ratios than traditional EMG sensors 

 No information provided on power requirements 
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Holst Center and imec Human++ Research Project (Brown et al., 2010) 

 

Producer/Developer Description: imec is a Belgian company specializing in nano-technology, 

and created the Holst Center as an independent research center in the Netherlands 

Measurands (Biomarker Category): 8-channel EEG (Brain EEG) 

Hardware Attributes: 

 Built in sensor position references facilitate easy user setup rather than timely 

customization to the user 

 Electrodes require no skin preparation while using commercial Ag/AgCl coated resistive 

electrodes 

 Electrode contact with the skin reduces biocompatibility 

 No weight information provided 

 Given early development stage, estimate a mid to high unit cost ~$1000-$1500 

Data Collection Attributes: 

 System has only been validated for recording in a controlled environment; unknown 

durability in a field environment 

Data Processing Attributes: 

 Brown et al. (2010) indicate the need for local algorithms in order to increase system 

intelligence, although such algorithms are not resident on the system discussed at time of 

publication 

 Lack of ability to discriminate motion artifacts in data 

Data Transmission Attributes:  

 Available in three configurations for different mission requirements categorized by 

sampling frequency, bandwidth, power consumption and referred noise  

 System operates in excess of 30 hours with wireless data streaming with now noise; Not 

entirely sufficient for combat operations, but better than some other sensors presented 
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HQ Inc. CorTemp
TM

 Ingestible Core Body Temperature Sensor (Jones, 2006 and 

http://www.hqinc.net/pages/products.html Last accessed: 29JAN11) 

 

Producer/Developer Description: U.S. Company that arose from collaboration between Johns 

Hopkins University and NASA Goddard Space Flight Center 

Measurands (Biomarker Category): Core Body Temperature (Temperature) 

Hardware Attributes: 

 Minimally invasive lightweight sensor; Individual swallows a pill sized like typical 

medicine pills 

 Pill remains in system 24 – 36 hours once ingested; Unacceptably short duration for 

deployment in a combat operation scenario 

 Cost for the required data recorder is ~$3,800, and each pill costs ~$70 leading to a 

annual cost per Soldier between $17,000 and $25,000 for continuous monitoring 

Data Collection Attributes: 

 Accuracy +/- 0.1 degrees C (Jones, 2006) 

 Measurement range (-60 to 150 degrees C) acceptably broad 

 Data storage and analysis requires external hand held system 

Data Processing Attributes: 

 No information available 

Data Transmission Attributes: 

 Internal battery sufficient for 9 days of operation, although the pill remains in the body 

for only 24-36 hours 

 Unclear need for calibration when individuals are in close proximity 

  

http://www.hqinc.net/pages/products.html
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Massey University MechanoMyoGraphy (MMG) Sensor (Ma, 2009) 

Picture Not Available 

Producer/Developer Description: University research project 

Measurands (Biomarker Category): Muscle Frequency of Vibration (Muscle Activity) 

Hardware Attributes: 

 Sensor costs less than EMG sensors 

 Ma had issues with sensor connections to the skin resulting in increased noise 

 Size and weight of prototype sensor increased difficulties in maintaining good 

connections 

Data Collection Attributes: 

 Data collection accuracy did not match other published test results; Ma indicates that 

MMG may never be as accurate as EMG 

Data Processing Attributes: 

 No data processing capability in the prototype sensors discussed; author recommends 

development of data processing algorithms 

Data Transmission Attributes: 

 Prototype sensor sensitive to external noise and interference 
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Meta Motion Standard Deviation 2D Face Tracker 

(http://www.metamotion.com/hardware/face-trackers.htm Last accessed: 29JAN11) 

 

Producer/Developer Description: U.S. company started in 1999 focused on various motion 

tracking and animation technology solutions 

Measurands (Biomarker Category): 2D Facial position tracker (Facial Stresses) 

Hardware Attributes: 

 System is unacceptably large for use in field (extrusion from head); However company 

claims device may be worn reliably while doing moderately strenuous physical activity 

(jumping jacks) 

 System cost on the order of $10,000 

Data Collection Attributes: 

 Standard of 9 points of measurement on the face, although system is reconfigurable 

 No information provided on measurement range, accuracy or retrievability 

Data Processing Attributes: 

 No information available 

Data Transmission Attributes: 

 No information available 

  

http://www.metamotion.com/hardware/face-trackers.htm
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Microsoft PrimeSense 3D Sensor (http://www.gizmodo.com.au/2010/08/deep-inside-xbox-

360-kinect-the-interface-of-microsofts-dreams Last accessed: 29JAN 11) 

 

Producer/Developer Description: Large U.S. Computer software company 

Measurands (Biomarker Category): 3D Movement (Muscle Activity, Facial Stresses) 

Hardware Attributes: 

 Not a wearable sensor; Such a sensor may be useful for incorporation into a vehicle 

mounted system in the near term 

 System cost ~$400 

Data Collection Attributes: 

 Data collection requires calibration to room it is used in; incompatible with a moving 

Soldier 

 Limited information available on collection, accuracy or retrievability 

Data Processing Attributes: 

 No information available 

Data Transmission Attributes: 

 No information available 

  

http://www.gizmodo.com.au/2010/08/deep-inside-xbox-360-kinect-the-interface-of-microsofts-dreams
http://www.gizmodo.com.au/2010/08/deep-inside-xbox-360-kinect-the-interface-of-microsofts-dreams
http://cache.gawkerassets.com/assets/images/4/2010/08/kinectdeepdive_10_01.jpg
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Mini Mitter Actiheart (Crouter et al., 2008
1
; Barreira et al., 2009

2
) 

 

 

 

 

 

 

 

Producer/Developer Description: Product line now owned by Philips Healthcare Respironics, a 

large multi-national corporation with headquarters in the Netherlands. 

Measurands (Biomarker Category): Heart Rate (Heartbeat); acceleration (muscle activity) 

Hardware Attributes: 

 ActiHeart weight < 0.4oz (10g); ~7.4in (188mm) in length
1
 

 Use requires separate ECG electrodes
1
 

 Estimated unit cost of the Actiheart is $1,100; Although the product as described in the 

above references is no longer available, other similar products are available for 

researchers 

Data Collection Attributes: 

 Sensitivity of 0.25mV
2
 

 Measurement range from 31-250bpm covers expected operating region
2
 

 Internal data storage capable of storing 11 days of data
2
 

Data Processing Attributes: 

 System combines sensor data to estimate activity energy expenditure
1
 

 Data processing appears to require software on an external device
2
 

Data Transmission Attributes: 

 No wireless data transmission indicated 
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MIT/CardioSign Wearable Blood Pressure Device (McCombie and Asada, 2008) 

 

Note: Picture from http://web.mit.edu/newsoffice/2009/blood-pressure-tt0408.html 

Producer/Developer Description: Spin-off company from university research efforts with no 

products yet commercially available 

Measurands (Biomarker Category): Blood Pressure (same) 

Hardware Attributes: 

 Size in development appears to be compatible with Soldier operation; no weight data 

provided 

 Expect low system cost when commercially available due to published component costs 

 No real-world durability testing presented; System expected to be available commercially 

by 2014 

 Desired improvements would include eliminating or embedding wire connections into 

flexible fabric 

Data Collection Attributes: 

 Continuous blood pressure measurements similar in accuracy to commercial cuff sensors 

 Less than 6% (5 mm Hg) error in continuous BP measurement for 7 of 8 tested subjects 

 Sensor facilitates continuous data collection, unlike cuff devices that allow only 

“snapshot” data 
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MIT/CardioSign Wearable Blood Pressure Device (McCombie and Asada, 2008) continued 

Data Processing Attributes: 

 Embedded algorithms to account for natural human movement that facilitates self-

calibration, which impedes real-world application of most non-actuated blood pressure 

monitoring devices which require calibration to the current cardiovascular state 

Data Transmission Attributes: 

 No information available  
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MIT Media Laboratory MIThril 2003/Livenet (DeVaul et al., 2003
1
; Marci, Sung, and 

Pentland, 2005
2
) 

 

Configured as Livenet (Marci, Sung, and Pentland, 2005) 

Producer/Developer Description: University Research Laboratory 

Measurands (Biomarker Category): EKG (Heartbeat), EMG (Muscle Activity), GSR (Skin 

Response), Skin Temperature (Temperature), 3D Acceleration (Muscle Activity) 

Hardware Attributes: 

 System facilitates operator selected sensor configurations to meet mission requirements 

(including sensors not specified above e.g. pulse oximetry, respiration, blood pressure, 

EEG, blood sugar, and CO2)
1
  

 Non-invasive sensors; although system wiring may be an issue if movement is restricted; 

work is ongoing to embed sensors in wearable fabrics
2
 

 Open source, modular software architecture
2
 

 System cost data not published; Based on estimates from similar individual sensors 

estimated system cost is ~$600 

Data Collection Attributes: 

 Capable of long-term continuous monitoring
2
 

 Limited information available on data collection accuracy 
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MIT Media Laboratory MIThril 2003/Livenet (DeVaul et al., 2003
1
; Marci, Sung, and 

Pentland, 2005
2
) continued 

 

Data Processing Attributes: 

 System has some ability to classify user activity(e.g. standing, walking, running, etc.) and 

identify abnormal behavior (e.g. cessation of shivering in cold environments signaling 

possible hypothermia)
2 

Data Transmission Attributes: 

 Capable of off-board wireless data transmission 

 Unknown power requirements for continuous operation 

Demonstrated Capabilities:  System conducted test in coordination with the Army Research 

Institute for Environmental Medicine at the Army Natick Labs and determined Soldier 

temperature states using accelerometer data at 92% accuracy.   
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NASA Ames Research Center and Stanford University LifeGuard (Montgomery et al., 

2004) 

 

Producer/Developer Description: Collaboration between NASA and a university research lab 

Measurands (Biomarker Category): ECG (Heartbeat), SpO2 (Oxygen Saturation), blood 

pressure (same), 3D Acceleration (Muscle Activity), Skin Temperature (Other), Respiration 

(Other) 

Hardware Attributes: 

 System integrates multiple commercial sensors indicating ability to be modularly 

configured based on mission requirements 

 System demonstrated for accurate data logging in mountain climbing and under-sea 

experiments (Designed for space use) 

 System has been iteratively developed to improve positioning of sensors in order to 

enhance wearability (biocompatibility) 

 Wired leads to individual sensors could reduce durability in extreme environments, 

although testing in austere environments indicate that the system may be functional 

 Estimated unit cost is between $800 and $1,000 based on known individual sensor costs 

Data Collection Attributes: 

 Allows for user defined event stamping of data, and has internal clock for time stamping 

 No accuracy information provided 

Data Processing Attributes: 

 Data processing done off-line; No processing of performance data for visualization to the 

user 
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NASA Ames Research Center and Stanford University LifeGuard (Montgomery et al., 

2004) continued 

Data Transmission Attributes: 

 System capable of long range data transmission in real time (may not be needed in the 

near term) 

 Data collection unit only capable of 8 hours of continuous operation  
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NeurOptics VIP
TM

-200 Pupillometer 

(http://www.neuroptics.com/index.php?page=ophthalmology Last accessed 27JAN11) 

 
Producer/Developer Description: U.S. Company focused solely on clinical ophthalmology 

applications 

Measurands (Biomarker Category):  Average Pupil Diameter (Pupillometery) 

Hardware Attributes: 

 Not a remotely wearable device; currently for use by clinicians only; However system is 

hand-held which is an improvement over table mounted systems requiring subjects to 

remain in a headrest for measurement.  Presentation of this system, along with others in 

development is to demonstrate progress towards more biocompatible systems 

 Based on the intended clinical only use, estimate a high cost relative to wearable sensors 

Data Collection Attributes: 

 Sensor accounts for small variations typical in pupil size, and vertex distance variations 

expected in the general population  

 No calibration required for subject or operator 

Data Processing Attributes: 

 No apparent processing capability for use by the lay person 

Data Transmission Attributes: 

 No transmission capability specified 

Nonin GO2 Achieve Fingertip Pulse Oximeter (http://www.go2nonin.com Last accessed: 

29JAN11) 

http://www.neuroptics.com/index.php?page=ophthalmology
http://www.go2nonin.com/
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Producer/Developer Description: U.S. company focused on physiological sensing products 

Measurands (Biomarker Category): % Blood Oxygen Saturation (Oxygen Saturation); Heart 

Rate (Heartbeat) 

Hardware Attributes: 

 Unit Cost - $99 

 Non-invasive sensor, but fingertip location and size prevent use when hands are needed 

for operation 

 No indication of ability to integrate with other sensors  

 24-hour battery life for continuous operation unacceptable for field use 

Data Collection Attributes: 

 Measurement range for heart rate and oxygen saturation meet or exceed application 

requirements 

 Accuracy of measurements (+/- 2% for oxygen saturation; +/-3 bpm for heart rate) 

acceptable 

 Lack of information on retrievability 

Data Processing Attributes: 

 No information available 

Data Transmission Attributes: 

 No ability to transmit data indicated   
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NORAXON Plug-in Sensor Series (NORAXON, 2009) 

 

Producer/Developer Description: U.S. Company focused on surface electromyogram and other 

related products 

Measurands (Biomarker Category): 3D Acceleration, joint angular displacement, heel strike 

and toe off, linear force, handgrip force, localized pressure (All Muscle Activity) 

Hardware Attributes: 

 Most sensors are non-invasive and lightweight (<2 oz.) 

 Sensors have standard connections designed for user defined integration 

 Company literature advertises low cost sensors 

 Wires and sizes for some force sensors may be incompatible with combat operations 

 Operating range for sensors not sufficiently broad (minimum of 32 degrees F) 

 Data processing unit too heavy (1 lb.)  

Data Collection Attributes: 

 Some sensors available in different measurement ranges to support mission requirements 

 Data collection can be time synchronized with appropriate hardware 

 Data collection requires separate controller/transmitter unit 

Data Processing Attributes: 

 No embedded predictive algorithms or test routines identified 

Data Transmission Attributes: 

 Wireless transmission module has battery life of 8 hours (unacceptably low) 
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NTT Docomo Eye Movement Sensor (Martell, 2008 @ 

http://www.connectedhometechnology.com/article/docomo-eye-movement-sensor) 

 

Producer/Developer Description: Large Japanese Mobile Communications Provider/Operator 

Measurands (Biomarker Category): Eye Movements 

Hardware Attributes: 

 System is in developmental phase; Size apparent from picture indicates current state is 

not ready for field testing or deployment; Company researcher indicates that 

customization of the components could lead to product miniaturization in the short term 

 No price information is available, but given the intended use for average cell phone users 

expect the unit cost to be less than $500 

Data Collection Attributes: 

 Not available 

Data Processing Attributes: 

 Not available 

Data Transmission Attributes: 

 Not available 
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Oasis Medical Colvard Pupillometer 

(http://www.oasismedical.com/Products_Node_View.asp?id=58 Last Accessed 27JAN11) 

 

Producer/Developer Description: U.S. company focused on Ophthalmic products 

Measurands (Biomarker Category): Pupil Diameter (Pupillometry) 

Hardware Attributes: 

 Not a remotely wearable device; currently for use by clinicians only; However system is 

hand-held which is an improvement over table mounted systems requiring subjects to 

remain in a headrest for measurement.  Presentation of this system, along with others in 

development is to demonstrate progress towards more biocompatible systems 

 Based on the intended clinical only use, estimate a high cost relative to wearable sensors 

Data Collection Attributes: 

 Not available 

Data Processing Attributes: 

 Not available 

Data Transmission Attributes: 

 Not available 

  

http://www.oasismedical.com/Products_Node_View.asp?id=58
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OctiveTech 300CSE Pulse Oximeter 

(http://www.clinicalguard.com/fingerpulseoximeter300cse-p-77.html Last accessed: 

29JAN11) 

 

Producer/Developer Description: Unknown; Company website migrating databases as of 

04FEB11, no completion date specified 

Measurands (Biomarker Category): % Blood Oxygen Saturation (Oxygen Saturation); Heart 

Rate (Heartbeat) 

Hardware Attributes: 

 Lightweight (1.8 oz) including display 

 Unit cost - $73 

 Non-invasive sensor, but fingertip location and size prevent use when hands are needed 

for operation 

 No indication of ability to integrate with other sensors  

 Operating temperature rated only to 41 degrees F, and 85% relative humidity; not 

acceptable for expected operating conditions 

Data Collection Attributes: 

 Measurement range for heart rate (30-235 bpm) and Oxygen saturation ( 70-99%) is 

sufficient (Normal range is 95-100%; Anything below 90% is considered low) 

 Accuracy and resolution for both measurands (HR +/- 2bpm and 1bpm; SPO2 +/-3% and 

1%) acceptable  

 No indication on data storage or retrievability 

Data Processing Attributes: 

 No information available 

Data Transmission Attributes: 

 No indicated data transmission capabilities  

http://www.clinicalguard.com/fingerpulseoximeter300cse-p-77.html
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Omron Healthcare 637IT Wrist Blood Pressure Sensor (Altunken and Altunken, 2006) 

Note: Model 607IT actually pictured 

Producer/Developer Description: Large Japanese company focusing on sensor and controller 

technologies and products across multiple applications  

Measurands (Biomarker Category): Blood Pressure, pulse rate (heartbeat) 

Hardware Attributes: 

 Unit cost is $60-$80 depending on unit 

 Sensor weighs ~5.3 oz. without batteries which is heavy for a single sensor if intended 

for continuous wear; weight may be due in part to display which could be combined or 

eliminated in a body sensor network configuration 

 No evidence of compatibility with other devices 

Data Collection Attributes: 

 Not available 

Data Processing Attributes: 

 System has an embedded process to not read if the wrist is in an unacceptable position; 

accuracy of blood pressure measurement at the wrist is sensitive to arm position 

 No processing of data into useful performance information 

Data Transmission Attributes: 

 No apparent data transmission capability; Collected data displayed on LCD screen 
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Polar RS800CX Heart Rate Monitor (http://www.polarusa.com/us-

en/products/maximize_performance/running_multisport/RS800CX Last Accessed 

27JAN11) 

 

Producer/Developer Description: Large company headquartered in Finland focusing on 

products that improve athletic performance, rehabilitation and aid healthy lifestyles 

Measurands (Biomarker Category): Heart Rate (Heartbeat); Heart Rate Variability 

(Heartbeat); Speed (Muscle Activity); Average Stride Length (Muscle Activity); Other 

Measurands – altitude, incline, temperature 

Hardware Attributes: 

 Lightweight (1.62 oz) 

 Non-invasive, dry contact electrodes; testing required to determine likelihood of skin 

irritation due to wearing the chest strap under body armor for extended periods 

 Unit cost is $55 - $400 depending on product selected 

 System advertises compatibility with other Polar products, but does not appear to have an 

open architecture 

Data Collection Attributes: 

 Weekly training history feature implies that some date stamping of data occurs 

 Technical specification data not readily available on company website 

Data Processing Attributes: 

 Only apparent processing of data is determination of pre-specified heart rate zones 

Data Transmission Attributes: 

 Wireless transmission from sensor to wrist-watch style recorder and display 

 Unknown reliability when multiple monitors are used in close proximity 

  

http://www.polarusa.com/us-en/products/maximize_performance/running_multisport/RS800CX
http://www.polarusa.com/us-en/products/maximize_performance/running_multisport/RS800CX
http://www.polarusa.com/files/rs800cx_update_front_500x500_26.jpg
http://www.polarusa.com/files/wearlink_nike_plus_front_500x500.jpg
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QUASAR Physiological Sensor Suite (PSS) (Matthews et al., 2007) 

   

Producer/Developer Description: U.S. Company focused on noninvasive biosensing 

technologies 

Measurands (Biomarker Category): EEG (Brain EEG), ECG (Heartbeat), EMG (Muscle 

Activity), EOG (Eye Movement) 

Hardware Attributes: 

 Modular system capable of incorporating other commercial sensors not listed (e.g. 

accelerometers, thermometers, and pulse oximeters) 

 System uses identical hardware for ECG, EMG, and EOG sensors increasing 

maintainability 

 System is non-invasive and requires no skin preparation or direct contact; capable of 

taking measurements through multiple layers of clothing 

 Cost data is not published.  From company provided literature, the intended customer 

base appears to be between clinical and applications requiring high performance (e.g. 

athletes and military).  Therefore estimate a mid-range cost ~$1,000 to $1,500 for the 

system 

Data Collection Attributes: 

 System capable of synchronized collection from multiple sensors, including 10-channel 

EEG data with less than 1 microsecond error between channels 

 System ECG readings rated as excellent over 90% for most subjects based on cardiologist 

evaluation of the data 

 EOG and EMG readings from PSS electrodes similar to clinical EOG and EMG electrode 

technology 

 EEG readings correlated at 88.5% with standard electrode readings with the dry 

electrodes demonstrating high noise during walking 
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QUASAR Physiological Sensor Suite (PSS) (Matthews et al., 2007) continued 

Data Processing Attributes: 

 Data logger can be configured to process data for identification of physiological or 

cognitive status 

 EOG sensors used to remove blink artifacts from EEG data 

Data Transmission Attributes: 

 System operates in sleep mode when not acquiring data and transmits in burst mode to 

conserve power; estimated run time of 72 hours without recharging 

 Capable of multiple wireless communication protocols 
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Scalar Slceral Eye Coil (http://www.dizziness-and-balance.com/practice/eyemove.html Last 

modified: 28May09; Last Accessed 27JAN11) 

 

Producer/Developer Description: Small company in the Netherlands; A similar product is 

available from a small U.S. provider.  The Referenced website refers to these products as coming 

from a “cottage” industry. 

Measurands (Biomarker Category): Saccadic Oscillations (Eye Movements) 

Hardware Attributes: 

 Basically a contact lens with a wire coming out of it; unacceptable to most people 

 Very expensive for the entire system ~$15k, with lenses costing ~$100 each; most 

expensive eye movement recording technology 

 Small risk of corneal abrasion in clinical use; likely would be higher in a field 

environment where possibility of foreign objects in the eye is increased (NOTE: Soldiers 

are technically not permitted to wear contact lenses in deployment environments, 

although some do) 

Data Collection Attributes: 

 Spatial resolution of ~0.01 degree (very good) 

 Temporal resolution is at least 1000 Hz making it the only technology capable of 

recording small high-frequency saccadic oscillations 

 Data collection setup is slow and requires calibration 

 Only capable of ~30 minutes of recording continuously 

Data Processing Attributes: 

 Not Available 

Data Transmission Attributes: 

 Wired transmission only in clinical settings 

http://www.dizziness-and-balance.com/practice/eyemove.html
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Shenzhen TSGE Electronics Co., Ltd. HT-F03B Infrared Thermometer 

(http://tsge.en.alibaba.com/product/362907676-

200666763/infrared_thermometer_forehead_type_.html Last accessed: 29JAN11) 

 

Producer/Developer Description: Large Chinese company 

Measurands (Biomarker Category): Temperature (Same) 

Hardware Attributes: 

 Unit cost $14, though this may be suspect 

 Not a wearable sensor; unlike pupillometers this device is intended for household use.  If 

made sufficiently portable, this technology could potentially serve as an alternative to 

unacceptably invasive sensors or ingestible temperature pills that pass through the body. 

 Operating temperature range (10 
o
C-40 

o
C) too small for field conditions 

 Slightly heavy (113 g without batteries) 

Data Collection Attributes: 

 Company published accuracy +/- 0.2 
o
C; Note: Kocoglu et al. (2002) validated accuracy 

of tympanic (ear canal) IR temperature measurement in an emergency room setting, but 

Liu, Chang and Chang (2004) found that forehead IR temperature measurement was not 

acceptably accurate for screening for fevers due to the inability to account for various 

environmental factors.   

 Measurement range (86 to 107.6 
o
F) sufficiently broad 

 Data storage capability for 32 readings, but no indication of time stamping 

Data Processing Attributes: 

 No information available 

Data Transmission Attributes: 

 No indicated ability to transmit data  

http://tsge.en.alibaba.com/product/362907676-200666763/infrared_thermometer_forehead_type_.html
http://tsge.en.alibaba.com/product/362907676-200666763/infrared_thermometer_forehead_type_.html
http://tsge.en.alibaba.com/productshowimg/374151421-200666763/Infra_red_Thermometer.html
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Shimmer Research Wireless GSR Sensor (http://www.shimmer-

research.com/p/products/sensor-units-and-modules/wireless-gsr-sensor Last accessed 

27JAN11) 

 

Producer/Developer Description: Independent Subsidiary of Intel Research Labs formed in 

January 2008 with headquarters in Dublin, Ireland, and a Research and Development Center in 

Cambridge, Massachusetts 

Measurands (Biomarker Category): Skin Conductivity (Skin Response) 

Hardware Attributes: 

 Open system with no proprietary connectors or data formats; host board allows 

reconfiguration with multiple sensors 

 Host board required for data processing and transmission is lightweight (15 g) 

 Unit cost of the GSR sensor is approximately $200; Estimate that unit cost would 

decrease in a coupled system due to marginal price breaks 

 Use of sensor requires use of standard medical electrodes with wire leads; compatibility 

with field use unlikely 

Data Collection Attributes: 

 Measurement Range 0.2 – 100 μS @ +/- 10% error; 1.5 - 45 μS at +/- 3% error 

 Data collected and stored off-line in a standard SD card 

Data Processing Attributes: 

 Data processing and transmission requires a separate host component  

 No data validation or self-test capabilities identified 

Data Transmission Attributes: 

 60 μA power draw 

 Data processing and transmission requires a separate host component Portability 

   

  

http://www.shimmer-research.com/p/products/sensor-units-and-modules/wireless-gsr-sensor
http://www.shimmer-research.com/p/products/sensor-units-and-modules/wireless-gsr-sensor
http://www.shimmer-research.com/wp-content/uploads/wpsc/product_images/GSR-Module-Thumbnail.gif
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Sony ProComp+ (Haag et al., 2004) 

 

Producer/Developer Description: Large multi-national corporation 

Measurands (Biomarker Category): Facial EMG (Facial Stresses), ECG (Heartbeat), Skin 

Conductivity (Skin response), Respiration (Other) 

Hardware Attributes: 

 Multiple sensors indicate potentially easy integration for other sensors into the system 

 Wired sensors used in experiments are bulky and obtrusive.  This is acknowledged by the 

authors, who indicate that sensors would be improved when a minimum set is identified. 

 Based on early phase of development, estimate a moderately high system cost ~$800 

Data Collection Attributes: 

 No information available 

Data Processing Attributes: 

 System uses neural network to classify user state, thus requiring individual learning 

periods.  In addition to normal drawbacks of neural network approaches, the authors 

acknowledge that establishing learning periods for negative emotional states is difficult 

due to realism and ethical concerns. 

Data Transmission Attributes: 

 No information available 
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SR Research Ltd. Eyelink II (Symank, 2010) 

 

Producer/Developer Description: Canadian company focused on eye tracking technologies 

Measurands (Biomarker Category): Pupil Diameter (Pupillometry); Gaze tracking (Eye 

Movements – Note: NATO called for removal of this feature for the research discussed in 

Symank, 2010, but may be useful in a future comprehensive system) 

Hardware Attributes: 

 System intended for pilot helmet mounted operation; not suitable for dismounted Soldiers 

 Company technical data sheet does not provide information on sensor weight 

 Given the apparent intention for primarily clinical usage, and the nascent stage of 

development indicated by Symank (2010) assume a high unit cost 

Data Collection Attributes: 

 Company technical data sheet indicates accuracy of <0.5
O
 error in gaze tracking direction 

 No data collection attribute data provided for pupillometry 

Data Processing Attributes: 

 System intends to use the Index of Cognitive Activity (U.S. Patent No. 6,090,051, 1999, 

16) as an algorithm for predicting workload based on changes in pupil size, with the goal 

of eliminating data resulting from light or breathing 

Data Transmission Attributes: 

 No information available 

NOTE:  SR Research Ltd.‟s technical data sheet provided limited information on the Eyelink II.  

Symank‟s (2010) presentation of data was limited due to the fact that NATO budget issues 

delayed acquisition of the sensors, and therefore the intended experiments.  Symank indicates 

that he intended to present more data, but had to produce the paper without completing the 

intended research. 
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STARLAB ENBIO Sensor (Riera et al., 2008 and http://starlab.es/products/enobio Last 

accessed: 05FEB11) 

 

Producer/Developer Description: Spanish company focusing on transitioning science into 

useful technology, primarily in the space and neuroscience disciplines 

Measurands (Biomarker Category): EEG; ECG (Heartbeat) 

Hardware Attributes: 

 Can be used with dry or wet electrodes (study in reference used wet) 

 System weight 65 grams 

 Cost is not published, though ordering online through the company is possible; Riera 

(2008) states the desire to develop a low-cost sensor.  Estimate a moderate unit cost 

(~$400) 

 Unknown capability for integration with other devices 

Data Collection Attributes: 

 Not available  

Data Processing Attributes: 

 System contains embedded algorithms for determining operator identity and possibly 

decremented states (e.g. sleep deprivation, alcohol intoxication), although these require a 

system learning period (~12 minutes) 

Data Transmission Attributes: 

 Capable of wireless transmission to a laptop; Actual specifications not published 

  

http://starlab.es/products/enobio
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Tobii Technologies Inc., 1750 Remote Video Eye Tracker (Klingner, 2010) 

 

Producer/Developer Description: Swedish company focused on eye tracking technologies 

Measurands (Biomarker Category): Average pupil diameter (Pupillometry) 

Hardware Attributes: 

 Not a wearable sensor; Shown to identify progression from clinician operated devices to 

stand alone devices that may be incorporated into a sensor network in the future 

 Apparent use is for clinical purposes, therefore estimate a high unit cost relative to 

wearable sensors 

Data Collection Attributes: 

 Low precision: 0.12 – 0.15mm (depending on computation method) compared to 0.05 

mm for a hand held pupillometer 

 Questionable accuracy: +/-0.34mm; Average pupil size ranges from 3mm to 9mm, 

therefore error may be as large as 12%   

Data Processing Attributes: 

 No information available 

Data Transmission Attributes: 

 No indication of data transmission capabilities 
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Vital Sense Ingestible Telemetric Body Core Temperature Sensors (Byrne and Lim, 2007) 

 

Measurands (Biomarker Category): Intestinal Temperature (Temperature) 

Hardware Attributes: 

 Extremely lightweight, and by ingestion causes no issue with Soldier operation 

 Sensor remains in system anywhere from 12 hours to 5 days, with means ~40 hours.  

Most studies recommend ingestion several hours before intended use in order to ensure 

passage from the stomach, where sensor readings are adversely affected by ingested 

fluids.  If sensors require calibration, and two sensors in an individual would cause 

communication conflict, then this transit time is too short and unpredictable for combat 

operations. 

Data Collection Attributes: 

 Temperature readings from sensors compare accurately (+/- 0.4
O
C) with rectal and 

esophageal temperature measures; Changes in temperature reading rise more slowly than 

esophageal and faster than rectal measures. 

 Byrne and Lim recommend calibration of every sensor before use due to study 

highlighting consistent differences (+/- 0.6
O
C) of multiple individual sensors compared to 

a calibrated thermometer 

 Data may be affected by potential temperature gradients in the intestinal tract 

 Studies indicate up to 25% data loss during testing 

Data Processing Attributes: 

 No data processing capabilities indicated 

Data Transmission Attributes: 

 Sensors are sensitive to electromagnetic interference, resulting in erroneous or lost data.  

Unacceptable on the battlefield where such interference may be present, although may be 

mitigated if receiver is located on the person due to short transmission range.  
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Worcester Polytechnic Institute (Branche and Mendelson, 2005) 

  

Producer/Developer Description: University research lab 

Measurands (Biomarker Category): SpO2 (Oxygen Saturation) 

Hardware Attributes: 

 Small, non-invasive sensor 

 Estimated low unit cost based on known costs for component technologies 

 Untested in a field environment (prototype sensor for purpose of examining possibilities 

to reduce power consumption) 

Data Collection Attributes: 

 Detected amplitudes relating to SpO2 measurements are similar to those from available 

commercial sensors 

 No indicated capability to time or event stamp data 

Data Processing Attributes: 

 No processing capability indicated 

Data Transmission Attributes: 

 28 times lower current draw than commercially available sensors 

 Prototype sensor has a significantly smaller signal to noise ratio indicating that 

measurements are susceptible to corruption from noise.   
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Appendix C Biomarker Evaluations 

 This appendix defines ten biomarkers which relate human responses to impact parameters 

and changes in performance.  The selection of biomarkers for evaluation was supported by 

relevant literature, including the National Academies Board on Army Science and Technology‟s 

Opportunities in Neuroscience for Future Army Applications report (2009). The appendix 

presents the normalized rankings of the ten biomarkers based on their literature supported 

relationships to impact parameters evaluated in this report.  The rankings are weighted by the 

relevance of the impact parameters to Soldier performance.  Appendix D describes the 

calculation of these weights.  The rankings result in assignment of a number between 1 and 10 

representing the value of the biomarker to measuring Soldier performance, where 10 is the most 

important and 1 is the least important.  These ranks become the “Military Value” rank discussed 

in Appendix B.  Table C-1 presents the rankings which result from the assignment of task 

priority expected for an average infantry rifleman during an extended combat deployment.  Table 

C-2 presents the rankings which result from the assignment of task priority expected for an 

infantry squad leader preparing for a specific mission of a presence patrol in an area with low 

probability of enemy contact.   

 Tables C-3 and C-4 show the method for calculating the normalized rankings in Tables 

C-1 and C-2 respectively.  In Tables C-3 and C-4, each cell representing an intersection between 

a biomarker and impact parameter contains a value between 1 and 10.  The value represents the 

relevance of the biomarker to the impact parameter based on reviewed literature.  The tables 

provide benchmarks for assigning the cell values.  The values in these cells will be relatively 

stable over time, and should change only when research efforts produce increased understanding 

of the relationships between the parameters.  Therefore the rankings for relationships in Tables 

C-3 and C-4 are identical.  In practice, the cell values may vary slightly from person to person 

based on individual differences.  With values assigned to all possible biomarker relationships, 

the table shows the calculation of weighted biomarker rankings using the impact parameter 

relevance values (calculations shown in Appendix D).  Equation C-1 shows the form for 

                                                

 As chosen by the authors.  Such values can be chosen by any interested party.  The process proposed in this report 

provides a framework for that purpose. 
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calculating the weighted biomarker values.  In order to maintain consistency of scale, the present 

research normalized the weighted rankings such that the most important biomarker received a 

rank of 10, with all other biomarkers scaled to that value.  Tables C-1 and C-2 have the resulting 

normalized values; Equation C-2 shows the form for calculating the normalized value. 

 
          

 

   

 (C-1) 

Bj - Weighted biomarker ranking for j
th

 biomarker;  

Ri – Impact Parameter Relevance for i
th

 impact parameter;  

bij – Relevance ranking between i
th

 impact parameter and j
th

 biomarker;  

n – total number of impact parameters 

 
  
   

   

       
    (C-2) 

  
    - Normalized biomarker ranking for j

th
 biomarker;  

MAX(Bm) – Maximum weighted value of all biomarkers 

 

 

 

 

 

 

 

 

  

Table C-1 Soldier 

Normalized Biomarker 

Military Values 

EEG 10.00 

Heartbeat 8.72 

Muscle Activity 8.60 

Blood Pressure 7.78 

Facial Stresses 6.62 

Pupillometry 6.42 

Eye Movements 6.13 

Skin Response 5.60 

Temperature 3.93 

Oxygen Saturation 2.52 

Table C-2 Squad Leader 

Normalized Biomarker 

Military Values 

EEG 10.00 

Heartbeat 8.74 

Muscle Activity 8.52 

Blood Pressure 7.72 

Facial Stresses 6.56 

Pupillometry 6.45 

Eye Movements 6.05 

Skin Response 5.68 

Temperature 3.85 

Oxygen Saturation 2.47 
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Table C-3 Soldier Weighted Biomarker Rankings 
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Impact Parameters 

10 Sleep Deprivation 10 2 3 2 8 2 8 7 6 1 

8.43 Fatigue 9 1 3 7 8 1 1 3 8 1 

8.26 Threat 8 6 5 7 4 1 8 6 6 1 

7.92 Stress 4 7 8 3 1 5 5 7 8 1 

7.78 Physical Trauma 6 3 6 7 2 7 2 4 2 7 

7.16 Information Overload 9 2 6 7 4 1 8 5 3 1 

7.08 Mission Duration 1 1 4 6 2 3 1 7 1 1 

6.69 Mental Trauma 6 7 9 7 3 1 2 1 1 1 

6.26 Energy Balance 1 1 7 8 2 3 1 3 1 1 

5.67 Ambiguity 8 7 7 2 3 1 3 6 4 1 

Weighted Biomarker Value 6.43 3.6 5.6 5.53 3.94 2.53 4.13 5 4.25 1.62 

Benchmarks for Relationships between Impact Parameters and Biomarkers 

10 
Research has shown a definitive relationship between the biomarker and the impact parameter; No 
other biomarker is required to define the state of the impact parameter if this biomarker is available 

7 
Research has shown a strong relationship between the impact parameter and the biomarker, though 
the relationship does not fully define the state of the impact parameter 

5 
Research has shown a weak relationship between the impact parameter and the biomarker; OR a 
strong relationship is suspected but unconfirmed in the reviewed literature 

3 
Some relationship between the impact parameter and the biomarker is suspected, but unconfirmed 
in the reviewed literature 

1 
No relationship exists in literature, or is expected to exist between the impact parameter and the 
biomarker 
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Table C-4 Squad Leader Weighted Biomarker Rankings 

  The following pages present the definitions of each biomarker, along with brief 

descriptions of their relationships to evaluated impact parameters described in the literature.  The 

pages also contain relevant sensor technology rankings which are also resident in Appendix B. 
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Impact Parameters 

10.00 Sleep Deprivation 10 2 3 2 8 2 8 7 6 1 

8.27 Fatigue 9 1 3 7 8 1 1 3 8 1 

8.62 Threat 8 6 5 7 4 1 8 6 6 1 

8.15 Stress 4 7 8 3 1 5 5 7 8 1 

7.72 Physical Trauma 6 3 6 7 2 7 2 4 2 7 

7.84 Information Overload 9 2 6 7 4 1 8 5 3 1 

6.94 Mission Duration 1 1 4 6 2 3 1 7 1 1 

7.18 Mental Trauma 6 7 9 7 3 1 2 1 1 1 

6.21 Energy Balance 1 1 7 8 2 3 1 3 1 1 

6.35 Ambiguity 8 7 7 2 3 1 3 6 4 1 

Weighted Biomarker Value 6.47 3.67 5.65 5.51 3.91 2.49 4.18 5 4.24 1.6 

                        

Benchmarks for Relationships between Impact Parameters and Biomarkers 

10 
Research has shown a definitive relationship between the biomarker and the impact parameter; No 
other biomarker is required to define the state of the impact parameter if this biomarker is available 

7 
Research has shown a strong relationship between the impact parameter and the biomarker, though 
the relationship does not fully define the state of the impact parameter 

5 
Research has shown a weak relationship between the impact parameter and the biomarker; OR a 
strong relationship is suspected but unconfirmed in the reviewed literature 

3 
Some relationship between the impact parameter and the biomarker is suspected, but unconfirmed in 
the reviewed literature 

1 
No relationship exists in literature, or is expected to exist between the impact parameter and the 
biomarker 
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Electroencephalography (EEG) 

Biomarker 

Definition 

EEG, also known as the brain wave, is a noninvasive measurement of electrical activity 

from the scalp as a means to assess nervous system functioning.  EEG measurements 

display seven distinct waveforms (Alpha, Beta, Delta, Theta, Kappa, Lambda, and Mu).  
EEG wave activity has been found to be capable of indentifying even subtle changes in 

physical and cognitive states.  Individual wave frequency and amplitude, as well as 

power spectral density of the waves, and combined wave behavior have been found to 

correlate with physical and cognitive states in human beings.  Ref: National Research 
Council, 2009; Berka et al., 2007;  Kavanagh, 2005; Berka et al., 2004; Andreassi, 1989.     

Potential 

Measurands 

Individual wave frequency, Individual wave amplitude, individual wave power spectral 

density, combined wave activity. Note:  Wave activity as specific electrode locations 
may also indicate states. 

  

Biomarker Relationships to Soldier Impact Parameters 

Impact 

Parameter 

Description of Relationship Reference 

Threat The peak frequency of the alpha wave tends to decrease in the right 

hemisphere when the individual experiences fear. 

Kostyunina 

and Kulikov, 

1996 

Fatigue Changes in slow wave activity in the delta and theta waves indicate 

early onset of fatigue.  Increases in the beta wave indicate medium 

levels of fatigue, and larger increases in delta, theta and alpha waves 

indicate extreme fatigue.  When combined the authors claim 90% 
reliability in discretely classifying between the three states of fatigue. 

Lal et al., 2003 

Mental/Physical 

Trauma (TBI) 

Researchers use 16 EEG variables to classify the degree of TBI with 

~96% accuracy.  The researchers claim the method is effective in the 

short and long term (up to 4 years after occurrence of injury).   

Thatcher et al., 

2001 

Sleep 

Deprivation 

Sleep restriction of 4-6 hours resulted in a modest increase in EEG 

delta-wave power.  Total sleep deprivation resulted in a larger 

increase. 

Borbely & 

Achermann, 

1999 

Ambiguity Situations of uncertainty are associated with spectral increases on all 

EEG bands.  Other studies indicate increases in alpha wave power 

only; engagement of other waves may require additional context such 

as motivation or emotion 

Knyazev, 

Savostyanov, 

and Levin, 

2005 

Information 

Overload 

Study found that an algorithm using second-by-second 6-channel 

EEG data was able to classify high workload levels at a 95% true 

positive.  Drawback is that the algorithm required approximately 8 
hours of learning periods for each operator.  It is unclear if this 

learning requirement would be a one-time event, or regular 

occurrence (2005). In 2007 study, mental workload was classified 

into two states (low and high) using a discriminant function analysis 
of multiple EEG variables.  Study findings suggest that EEG can be 

used to monitor mental workload.   

Berka et al., 

2005; Berka et 

al., 2007 
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EEG (continued) 

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 
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Rank Rank Rank Rank Rank Rank Rank Rank Rank 
  

Starlab 
ENOBIO 10 9 8 6 2 9 7 9 6 # 10.00 

Emotive 
EPOC 10 9 8 4 3 9 7 7 9 # 10.00 

Holst Center 
Human++ 
Research 10 7 6 4 7 5 3 3 3 # 6.79 

Average 10 8.33 7.33 4.67 4 7.67 5.67 6.33 6 
  Maximum 10 9 8 6 7 9 7 9 9 
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Skin Response 

Biomarker 

Definition 

Galvanic Skin Response (GSR) measures the electrical potential or conductivity of the 

skin that changes in response to psychological stimuli.  GSR readings may be used as 

substitutes for brain activity.   Ref: Kavanagh, 2005; Andreassi, 1989, Everly and 
Sobelman, 1987  

Potential 

Measurands 

Skin Potential, Skin Conductivity 

  

Biomarker Relationships to Soldier Impact Parameters 

Impact 

Parameter 

Description of Relationship Reference 

Stress (Mental) Research used EKG, EMG, skin conductivity, and respiration sensors 
combined in an algorithm to successfully identify discrete stress states 

for drivers.  The individual sensors did not necessarily have strong 

real-time correlation with stress state, but skin conductivity (r = 0.47) 

was the strongest, followed by heart rate statistics.  Using the 
algorithm to combine measures to infer stress, the researchers 

successfully discriminated the states at a 97.4% true-positive rate over 

5-minute windows. 

Healy & 
Picard, 2005 

Ambiguity Three experiments indicated that poor video and audio presentation 

quality required computer operators to work harder to complete the 

same tasks.  The increased stress was inferred from increases in GSR 

and heart rate readings. 

Wilson, 2001 

Mental Trauma 

(PTSD) 

Study indicates that PTSD sufferers experience significantly greater 

increases in GSR, EMG, and HR readings than non-PTSD sufferers 

when presented with stimuli related to the PTSD causal event. 

Casada et al., 

1998 

   

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 
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 Shimmer 
GSR Sensor 5.6 9 10 4 10 10 9 3 8 # 10.00 

Georgia Tech 
ActionGSR 5.6 9 9 7 3 5 8 7 8 # 8.89 
Affectiva Q-

Sensor 5.6 10 10 7 4 7 4 2 4 # 7.62 

Average 5.6 9.33 9.67 6 5.67 7.33 7 4 6.67 
  Maximum 5.6 10 10 7 10 10 9 7 8 
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Heartbeat 
Biomarker 
Definition 

Represents the contracting of the heart to pump blood through the body.  Clinical 
measurement of heart activity is via an ElectroCardioGram (ECG, aka EKG).  Though 

simpler heart rate monitors are available commercially.  Ref:  National Research 

Council, 2009; Andreassi, 1989.   

Potential 

Measurands 

Heart Rate (HR), Heart Rate Variability (HRV) 

Biomarker Relationships to Soldier Impact Parameters 

Impact 
Parameter 

Description of Relationship Reference 

Stress (Mental) Research used EKG, EMG, skin conductivity, and respiration 

sensors combined in an algorithm to successfully identify discrete 

stress states for drivers.  The individual sensors did not necessarily 
have strong real-time correlation with stress state, but skin 

conductivity (r = 0.47) was the strongest, followed by heart rate 

statistics.  Using the algorithm to combine measures to infer stress, 
the researchers successfully discriminated the states at a 97.4% true-

positive rate over 5-minute windows. 

Healy & 

Picard, 2005 

Ambiguity Three experiments indicated that poor video or audio presentation 

quality required operators to work harder to complete the same tasks.  
Increased stress was inferred from increases in GSR and heart rate. 

Wilson, 2001 

Mental Trauma 

(PTSD) 

Study indicates that PTSD sufferers experience significantly greater 

increases in GSR, EMG, and HR readings than non-PTSD sufferers 

when presented with stimuli related to the PTSD causal event. 

Casada et al., 

1998 

Stress (Anxiety) Researchers found that subjects experienced statistically significant 

increases in heart rate, body temperature, diastolic, and systolic 

blood pressure when experiencing anxiety. 

Marraziti et al, 

1992 

Energy Balance Researchers demonstrated a method of determining total energy 
expenditure using subject heart rate and an algorithm that 

differentiated activity between sleep, sedentary, and active/exercise 

conditions.  The study concluded the method was effective, 
underestimating energy expenditure by an average of 1.2% compared 

to calorimeter measurements.  The method uses HR to predict energy 

expenditure during exercise, but other methods for the other states 
when HR does not correlate well with energy expenditure  

Ceesay et al., 
1989 

Information 

Overload 

Study of automobile driver workload used correlations from other 

research that: heart rate variability decreases with mental effort, heart 

rate rises but cannot be separated from increases in physical effort 
(Hering, 1999), and that lateral frontalis EMG rises with mental 

exertion (Fridlund et al., 1986; De Waard 1996).  

Mayser et al., 

2003 

Mental Trauma PTSD sufferers show a higher mean heart rate and lower heart rate 

variability than non-PTSD individuals.      

Cohen et al., 

1998 

Mental Trauma Study shows that those that will suffer from PTSD exhibited higher 

mean heart rates than non-sufferers at the time of the traumatic 

incident, and at 1-week following the incident.  Differences between 
the groups did not exist at one month after the incident during 

normal conditions. 

Shalev et al, 

1998 
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Heartbeat (continued) 

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 
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Polar HR 
Monitor 8.72 8 10 8 10 10 5 3 9 # 10.00 

Mini-Mitter 
Actiheart 8.72 9 10 4 7 8 8 6 4 # 8.89 

Average 8.72 8.5 10 6 8.5 9 6.5 4.5 6.5 
  Maximum 8.72 9 10 8 10 10 8 6 9 
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Muscle Activity 

Biomarker 

Definition 

Muscle activity can represent entire body movement, major muscle group movement or 

specific muscle activity.  Activity includes forces, torques, and kinematic measures.  

Measurement techniques include accelerometers to measure kinematics of major muscle 
groups or the entire body, and ElectroMyoGram (EMG) to measure specific muscle 

activity.  Ref: Andreassi, 1989 

Potential 

Measurands 

Muscle force/torque, muscle contraction frequency, muscle electrical potential, EMG 

power spectrum frequency. 

  

Biomarker Relationships to Soldier Impact Parameters 

Impact 

Parameter 

Description of Relationship Reference 

Mental Trauma 

(PTSD) 

Study indicates that PTSD sufferers experience significantly greater 

increases in GSR, EMG, and HR readings than non-PTSD sufferers 

when presented with stimuli related to the PTSD causal event. 

Casada et al., 

1998 

Fatigue 
(Muscular) 

EMG power spectrum shifts to lower frequencies as muscle fatigue 
increases.   

Naeije and 
Zorn, 1982 

Physical 

Trauma 

Body temperature decreased with the absence of expected shivering 

in severely injured subjects.  Note:  All subjects were injured 

sufficiently for admittance into a hospital emergency department, and 
temperature measurements were taken on average 2 hours after the 

incident causing the injury. 

Little & 

Stoner, 1981 

Information 
Overload 

Study of automobile driver workload used correlations from other 
research that lateral frontalis EMG rises with mental exertion 

(Fridlund et al., 1986; De Waard 1996).  

Mayser et al., 
2003 

Energy Balance Study showed use of heart rate and movement sensor data resulted in 

0.0% difference in energy expenditure estimates compared to 
calorimeter measurement (gold standard).  Requires validation 

outside a clinical environment. 

Rennie et al., 

2000 

Energy Balance Researchers demonstrated a method of determining total energy 

expenditure using subject heart rate and an algorithm that 
differentiated activity between sleep, sedentary, and active/exercise 

conditions.  The study concluded the method was effective, 

underestimating energy expenditure by an average of 1.2% compared 
to calorimeter measurements.  The method uses HR to predict energy 

expenditure during exercise, but other methods for the other states 

when HR does not correlate well with energy expenditure  

Ceesay et al., 

1989 

Stress Research used EKG, EMG, skin conductivity, and respiration sensors 
combined in an algorithm to successfully identify discrete stress 

states for drivers.  The individual sensors did not necessarily have 

strong real-time correlation with stress state, but skin conductivity (r 
= 0.47) was the strongest, followed by heart rate statistics.  However, 

using the algorithm the researchers successfully discriminated the 

states at a 97.4% rate over 5-minute windows. 

Healy & 
Picard, 2005 
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Muscle Activity (continued) 

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 

          
Characteristic 
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ETH Zurich 
Force Sensors 8.6 10 10 8 7 4 5 1 8 # 10.00 
NORAXON 
Plug-in Sensor 
Series 8.6 9 8 7 2 9 7 2 4 # 9.06 
Hokkaido/UC-
Irvine 
Ultrasonic 
Muscle Sensor 8.6 9 9 6 5 3 3 3 8 # 8.68 

Microsoft 
PrimeSense 
3D Sensor 8.6 1 1 2 1 10 2 3 7 # 5.09 
Massey 
University 
MMG Sensor 8.6 4 3 1 3 1 3 2 9 # 4.91 

Average 8.6 6.6 6.2 4.8 3.6 5.4 4 2.2 7.2 
  Maximum 8.6 10 10 8 7 10 7 3 9 
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Eye Movements 

Biomarker 

Definition 

Eye movements including saccades (rapid, short duration eye movements that occur 

between fixations), fixations and blinks may relate to human cognitive states.  The 

speed and frequency of these movements have been found to relate to various physical 
and cognitive states.  Ref: Zhai et al., 1999; Qvarfordt & Zhai, 2005; Bulling, Roggen, 

& Tröster, 2009   

Potential 

Measurands 

Percentage of Eye Closure (PERCLOS), Average Eye Closure Speed (AECS), Saccadic 

Velocity, Blink Duration, Blink Frequency, Gaze Direction, Gaze latency 

  

Biomarker Relationships to Soldier Impact Parameters 

Impact 

Parameter 

Description of Relationship Reference 

Fatigue Research uses multiple physiological and contextual parameters to 

reliably infer fatigue.  Physiological parameters include eye related 

parameters (PERCLOS, AECS, gaze direction) and facial parameters 

such as yawn and nod frequency.  Contextual information included 
noise, light, temperature, humidity, and time. 

Ji, Zhu & Lan, 

2004 

Sleep 

Deprivation 

Research indicates that latency of pupil constriction increases, and 

saccadic velocity decreases as sleep deprivation increases.  These 
measures also correlated with increased accidents during simulated 

driving experiments. 

Rowland et al., 

2005 

Fatigue / 

Alertness 

PERCLOS of P80 (proportion of time eyes are between 80 and 100 

percent closed) strongly correlated with alertness as judged by 
performance lapses on a Psychomotor Vigilance Test (PVT).   

Dinges et al, 

1998 

Fatigue Proportion of blinks lasting longer than 200ms increases with time on 

task. 

Morris and 

Miller, 1996 
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Eye Movements (Continued) 

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 

          
Characteristic 
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ETH Zurich 
EOG Goggles 6.13 7 6 3 1 4 9 8 7 # 10.00 

SR Research 
Eyelink II 6.13 4 3 4 3 6 1 8 3 # 7.11 
NTT Docomo 
Eye Move.ment 
Sensor 6.13 3 2 1 2 3 1 4 6 # 4.89 

Scalar Scleral 
Eye Coil 6.13 1 7 1 1 7 1 1 1 # 4.44 

Average 6.13 3.75 4.5 2.25 1.75 5 3 5.25 4.25 
  Maximum 6.13 7 7 4 3 7 9 8 7 
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Temperature 

Biomarker 

Definition 

Core body temperature, indicative of the human thermoregulation response, which 

attempts to maintain body temperature near 37 degrees Celsius.  Small changes may 

affect physical and cognitive abilities, while large scale changes can lead to 
catastrophic effects.  Ref: Hancock & Vasmatzidis, 1998; Ramsey, 1983; Astrand and 

Rodahl, 1970.   

Potential 

Measurands 

Core body temperature, skin temperature, rectal temperature, esophageal temperature, 

intestinal temperature, tympanic temperature 

  

Biomarker Relationships to Soldier Impact Parameters 

Impact 

Parameter 

Description of Relationship Reference 

Stress (Anxiety) Researchers found that subjects experienced statistically significant 

increases in heart rate, body temperature, diastolic, and systolic 

blood pressure when experiencing anxiety. 

Marraziti et al, 

1992 

Fatigue/ 
Physical 

Exhaustion 

Individuals cannot voluntarily sustain moderate physical activity 
(~60% VO2Max) when core body temperature approaches ~40

o
C. 

This maximum temperature is lower for untrained individuals.  

Slight increases of body temperature around 1
o
C from baseline 

increase muscle production capacity. 

Nybo, 2008; 
and Gonzalez-

Alonso et al., 

1999 

Physical Trauma Skin temperature decreased in all injured subjects.  Body 

temperature decreased with the absence of expected shivering in 

severely injured subjects.  Note:  All subjects were injured 
sufficiently for admittance into a hospital emergency department, 

and temperature measurements were taken on average 2 hours after 

the incident causing the injury. 

Little & 

Stoner, 1981 

   

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 

          
Characteristic 
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HQ Inc. 
CorTemp Body 
Temperature 
Sensor 3.93 10 10 9 5 9 7 1 1 # 10.00 

Shenzhen IR 
Thermometer 3.93 1 1 4 2 9 1 1 10 # 5.58 

Average 3.93 5.5 5.5 6.5 3.5 9 4 1 5.5 
  Maximum 3.93 10 10 9 5 9 7 1 10 
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Pupillometry 

Biomarker 

Definition 

Pupillometrics is the measure of changes in the diameter of the eye‟s papillary aperture.  

The changes occur to control the amount of light entering the eye, and also as part of the 

body‟s stress response to various stimuli.  Ref: Andreassi, 1989; Kavanagh, 2005 

Potential 
Measurands 

Pupil diameter, pupil constriction speed; pupil response time 

Biomarker Relationships to Soldier Impact Parameters 

Impact 

Parameter 

Description of Relationship Reference 

Sleep 

Deprivation 

Research indicated latency of pupil constriction increased, and 

saccadic velocity decreased with sleep deprivation.  The measures 

correlated with increased accidents during simulated driving. 

Rowland et al., 

2005 

Threat Pupil diameter increased significantly from baseline during 

anticipation of aversive stimuli (noise or electric shock).  Of note, the 

increase was greater for the more aversive stimuli (electric shock).  

Pupillary light reflex slowed significantly with anticipation of the 
electric shock only, indicating a possible anxiety threshold between 

the two stimuli. 

Bitsios et al., 

2004 

Information 
Overload 

Study suggests that pupil diameter increases with information 
processing load, and that increases level off when the individual 

reaches his or her processing capacity regardless of the presence of 

additional processing requirements. 

Peavler, 1974 

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 

          
Characteristic 
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SR Research 
Eyelink II 6.42 4 3 4 3 6 1 8 3 # 10.00 

NeurOptics 
Pupillometer 6.42 1 1 3 2 8 1 4 3 # 7.19 

Colvard 
Pupillometer 6.42 1 1 3 2 8 1 4 3 # 7.19 
Tobii 
Technologies 
Video Eye 
Tracker 6.42 1 1 2 1 8 1 1 2 # 5.31 

Average 6.42 1.75 1.5 3 2 7.5 1 4.25 2.75 
  Maximum 6.42 4 3 4 3 8 1 8 3 
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Blood Pressure 

Biomarker 

Definition 

Blood pressure refers to the dynamic pressure on arterial walls due to volume of the 

blood expelled from the heart, viscosity of the blood, and elasticity of the arteries.  

Ref: Andreassi, 1989   

Potential 
Measurands 

Diastolic blood pressure, systolic blood pressure, average blood pressure 

  

Biomarker Relationships to Soldier Impact Parameters 

Impact 
Parameter 

Description of Relationship Reference 

Mission 

Duration / 
Fatigue 

Study indicates that 24-hour average blood pressure increases 

significantly for overtime workers compared to those completing a 
normal workday.  Author acknowledges issue with possible bias to 

weather factors that requires re-investigation. 

Hayashi et al, 

1996 

Sleep 

Deprivation 

Researchers found a significant rise in diastolic blood pressure after 

24-hours of total sleep deprivation.   

Ogawa et al, 

2003 

Stress  Researchers found that subjects experienced statistically significant 

increases in heart rate, body temperature, diastolic, and systolic 

blood pressure when experiencing anxiety. 

Marraziti et al, 

1992 

Ambiguity Studies found that both systolic and diastolic blood pressures are 
higher in situations of assessed uncertainty.   

Greco and 
Roger, 2001 

& 2003 

   

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 

          
Characteristic 
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MIT/CardioSign 
BP Sensor 7.78 9 9 7 4 5 2 6 10 # 10.00 
OMRON Wrist 
Blood Pressure 
Sensor 7.78 9 5 6 2 10 1 4 10 # 9.04 

A&D Medical 
Lifesource 7.78 9 5 6 2 10 1 1 10 # 8.46 

Average 7.78 9 6.33 6.33 2.67 8.33 1.33 3.67 10 
  Maximum 7.78 9 9 7 4 10 2 6 10 
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Facial Stresses 

Biomarker 

Definition 

Facial movements associated with facial expressions are known to correlate with 

emotional and cognitive states in humans.  Measurement of such movement is possible 

with remote video, and potentially with EMG measurement on facial muscles.  Ref: 
Black & Yacoob, 1997; Ekman, 1992; Dinges, 2005. 

Potential 

Measurands 

Facial muscle activity, head angle. 

Biomarker Relationships to Soldier Impact Parameters 

Impact 
Parameter 

Description of Relationship Reference 

Fear Research can detect facial expressions via vision pictures.  The 

algorithms may have utility if appropriate sensors are placed on a 
work-station or vehicle, but likely not useful for a dismounted 

Soldier. 

Black & 

Yacoob, 1997 

Fatigue Research uses multiple sensed and contextual parameters to reliably 

infer fatigue.  Physiological parameters include eye related 
parameters (PERCLOS, AECS, gaze direction) and facial parameters 

such as yawn and nod frequency.  Contextual parameters include 

noise, light, temperature, humidity, and time. 

Ji, Zhu & Lan, 

2004  

Fatigue Research aims to predict driver fatigue using computer vision systems 

and Facial Action Coding System (FACS).  FACS may be 

translatable to multiple EMG sensors on the face, but is likely not 

feasible for a dismounted Soldier. 

Vural et al, 

2007 

Stress Research uses Optical Computer Recognition (OCR) methods to 

distinguish between high and low stress levels at a true positive rate 

near 80%.   

Dinges et al, 

2005 

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 

          
Characteristic 
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Sony 
ProComp+ 6.62 7 4 4 3 4 8 2 6 # 10.00 

Meta Motion 
Face Tracker 6.62 7 3 6 2 9 3 3 1 # 8.95 

Microsoft 
PrimeSense 
3D Sensor 6.62 1 1 2 1 10 2 3 7 # 7.11 

Average 6.62 5 2.67 4 2 7.67 4.33 2.67 4.67 
  Maximum 6.62 7 4 6 3 10 8 3 7 
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Oxygen Saturation 
Biomarker 
Definition 

Oxygen saturation is a measure of the amount of oxygen being carried in the blood 
stream throughout the body, normally measured as a percentage of capacity (Mayo 

Clinic, 2011). 

Potential 
Measurands 

% Blood Oxygen (SpO2) 

  

Biomarker Relationships to Soldier Impact Parameters 

Impact 

Parameter 

Description of Relationship Reference 

Physical Trauma 

(Blast Lung 

Injury) 

Increased hypoxia (decreased blood oxygen levels) as determined by 

pulse oximetry may indicate blast lung injury, although the diagnosis 

must be confirmed with radiology of the chest cavity.  

Sasser et al, 

2006 

   

Potential Biomarker Sensor Evaluation (10 = Best, 1 = Worst) 

          
Characteristic 
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Worcester 
Polytech 
SpO2 Sensor 2.52 9 9 6 10 3 3 1 8 # 10.00 
OctiveTech 
Pulse 
Oximeter 2.52 9 4 3 4 10 1 1 10 # 8.57 
Nonin GO2 
Pulse 
Oximeter 2.52 9 4 3 4 10 1 1 9 # 8.37 

Average 2.52 9 5.67 4 6 7.67 1.67 1 9 
  Maximum 2.52 9 9 6 10 10 3 1 10 
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Appendix D Impact Parameter Evaluations 

This appendix defines ten Soldier impact parameters identified as prevalent in combat 

operations (e.g. TRADOC, 2008).   To have value, impact parameters should cause predictable 

psychophysiological reactions to humans, and have predictable influences on performance.  This 

appendix provides normalized rankings of the ten evaluated impact parameters based on their 

literature supported relationships to measures of Soldier performance, and the relative 

importance of those performance measures to a given Soldier and mission.  Appendix E 

discusses the prioritization of tasks, and relevance of performance measures to a given mission in 

more detail.  The outcome of the rankings is a value assignment between one and ten of the 

relative importance of each impact parameter.  A ranking of ten represents the most important 

impact parameter; a ranking of one represents an impact parameter of very little importance.  

These normalized rankings become the impact parameter relevance weights used in Appendix C 

to identify the most critical biomarkers for assessing Soldier performance.  Table D-1 presents 

the rankings which result from the assignment of task priority expected for an average infantry 

rifleman during an extended combat deployment.  Table D-2 presents the rankings which result 

from the assignment of task priority expected for an infantry squad leader preparing for the 

specific mission of a presence patrol in an area with low probability of enemy contact.  Some 

changes are more noticeable in the impact parameter rankings than in the biomarker rankings 

discussed in Appendix C due to the different position and mission being assessed. 

Table D-1 Soldier Normalized   Table D-2 Squad Leader Normalized 

Impact Parameter Rankings  Impact Parameter Rankings 

Sleep Deprivation 10.00 

Fatigue 8.27 

Threat 8.62 

Stress 8.15 

Physical Trauma 7.72 

Information Overload 7.84 

Mission Duration 6.94 

Mental Trauma 7.18 

Energy Balance 6.21 

Ambiguity 6.35 
    

 

Sleep Deprivation 10.00 

Fatigue 8.43 

Threat 8.26 

Stress 7.92 

Physical Trauma 7.78 

Information Overload 7.16 

Mission Duration 7.08 

Mental Trauma 6.69 

Energy Balance 6.26 

Ambiguity 5.67 
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Tables D-3 and D-4 show the method for calculating the normalized rankings in Tables 

D-1 and D-2 respectively.  In Tables D-3 and D-4, each cell representing an intersection between 

an impact parameter and a Soldier performance measure contains a value between 1 and 10.  The 

value represents the relevance of the impact parameter to the Soldier performance measure based 

on reviewed literature.  The tables provide benchmarks for assigning the cell values.  The values 

in these cells will be relatively stable over time, and should change only when research efforts 

produce increased understanding of the relationships between the parameters.  Therefore the 

rankings for relationships in Tables D-3 and D-4 are identical.  In practice, the cell values may 

vary slightly from person to person based on individual differences.  With values assigned to all 

possible impact parameter relationships, the table shows the calculation of weighted impact 

parameter rankings using the Soldier performance measure relevance values (calculations shown 

in Appendix E).  Equation D-1 shows the form for calculating the weighted impact parameter 

values.  In order to maintain consistency of scale, the present research normalized the weighted 

rankings such that the most important biomarker received a rank of 10, with all other biomarkers 

scaled to that value.  Tables D-1 and D-2 have the resulting normalized values; Equation D-2 

shows the form for calculating the normalized value. 

 

 
          

 

   

 (D-1) 

Pj - Weighted impact parameter ranking for j
th

 impact parameter;  

Si – Soldier performance measure relevance for i
th

 Soldier performance measure;  

pij – Relevance ranking between i
th

 Soldier performance measure and j
th

 impact parameter;  

n – total number of Soldier performance measures 

 
     

  

      
    (D-2) 

  
    - Normalized impact parameter ranking for j

th
 impact parameter;  

MAX(P) – Maximum weighted value of all impact parameters
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Table D-3 Soldier Weighted Impact Parameter Rankings 
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Soldier Performance 
Measures 

10.00 Perception 6 9 8 2 7 1 2 7 7 5 

9.12 Responsiveness 6 8 6 6 7 4 6 5 7 5 

8.31 Memory Effectiveness 6 8 6 7 2 5 7 4 3 5 

7.98 Skill Acquisition 7 8 7 7 6 7 8 7 7 5 

7.36 Decision Making 8 7 7 6 4 7 8 3 9 5 

7.34 Communication 3 6 2 4 6 7 7 3 5 2 

4.70 Motor Control 5 9 8 3 7 1 2 5 5 3 

4.51 Endurance 4 3 7 1 8 2 1 9 3 9 

4.49 Emotional Control 6 5 4 7 5 1 3 4 7 2 

Weighted Impact Parameter Value 5.8 7.3 6.2 4.89 5.69 4.15 5.24 5.18 6.05 4.58 

                        
Benchmarks for Assigned Ranks for Relationships between Soldier Performance Measures and Impact 

Parameters 

10 

Strong relationship between performance measure and impact parameter is supported with high 
correlation levels in research; Large changes in impact parameters likely have a large effect on 
performance measures 

7 

Research has identified a moderately strong relationship between the performance measure and 
the impact parameter, OR a strong relationship is suspected but unconfirmed in the reviewed 
literature 

5 

Some research suggests a relationship exists between the performance measure and the impact 
parameter, but correlation levels are not high; OR a moderately strong relationship is suspected, 
but not confirmed in the reviewed literature 

3 
A relationship between the performance measure and the impact parameter likely exists, but the 
relationship is not confirmed in the reviewed literature, and is not expected to be very strong 

1 
No relationship between the performance measure and impact parameter is suspected or 
confirmed in reviewed literature 
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Table D-4 Squad Leader Weighted Impact Parameter Rankings 
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Impact Parameters 

10.00 Sleep Deprivation 10 2 3 2 8 2 8 7 6 1 

8.27 Fatigue 9 1 3 7 8 1 1 3 8 1 

8.62 Threat 8 6 5 7 4 1 8 6 6 1 

8.15 Stress 4 7 8 3 1 5 5 7 8 1 

7.72 Physical Trauma 6 3 6 7 2 7 2 4 2 7 

7.84 Information Overload 9 2 6 7 4 1 8 5 3 1 

6.94 Mission Duration 1 1 4 6 2 3 1 7 1 1 

7.18 Mental Trauma 6 7 9 7 3 1 2 1 1 1 

6.21 Energy Balance 1 1 7 8 2 3 1 3 1 1 

6.35 Ambiguity 8 7 7 2 3 1 3 6 4 1 

Weighted Biomarker Value 6.47 3.7 5.65 5.5 3.9 2.5 4.2 5 4.2 1.6 

                        

Benchmarks for Relationships between Impact Parameters and Biomarkers 

10 

Research has shown a definitive relationship between the biomarker and the impact 
parameter; No other biomarker is required to define the state of the impact parameter if 
this biomarker is available 

7 

Research has shown a strong relationship between the impact parameter and the 
biomarker, though the relationship does not fully define the state of the impact 
parameter 

5 

Research has shown a weak relationship between the impact parameter and the 
biomarker; OR a strong relationship is suspected but unconfirmed in the reviewed 
literature 

3 
Some relationship between the impact parameter and the biomarker is suspected, but 
unconfirmed in the reviewed literature 

1 
No relationship exists in literature, or is expected to exist between the impact 
parameter and the biomarker 

The following pages present the definitions of each impact parameter, along with brief 

descriptions of their relationships to evaluated Soldier performance measures and biomarkers 

described in the literature.  The relationships to biomarkers correlate with those presented in 

Appendix C, but are organized according to impact parameter in this appendix.  
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Stress 

Impact 

Parameter 

Definition 

Stress refers to the psychological response that occurs when a situation challenge‟s an 

individual‟s ability to perform.  The individual must also have some stake in the 

outcome of the situation such that motivation to perform is present.  Stress is inevitable, 
but it can be positive, and may enhance or decrease performance.  Ref: LePine, LePine, 

and Jackson, 2004; U.S. Army TRADOC, 2008. 

  

Soldier Impact Parameter to Biomarkers 

Biomarker(s) Description of Relationship Reference 

Heart Rate, 

Muscle 

Activity, Skin 
Response 

Research used EKG, EMG, Skin Conductivity, and Respiration 

sensors combined in an algorithm to successfully identify discrete 

stress states for drivers.  The individual sensors did not necessarily 
have strong real-time correlation with stress state, but skin 

conductivity (r = 0.47) was the strongest, followed by heart rate 

statistics.  However, using the algorithm the researchers successfully 

discriminated the states at a 97.4% rate over 5-minute windows. 

Healy & 

Picard, 2005 

Heart Rate, 

Temperature, 

Blood Pressure 

Researchers found that subjects experienced statistically significant 

increases in Heart Rate, Body Temperature, Diastolic, and Systolic 

Blood pressure when experiencing anxiety. 

Marraziti et al, 

1992 

Facial Stresses Research uses Optical Computer Recognition (OCR) methods to 

distinguish between high and low stress levels at a rate near 80%.   

Dinges et al, 

2005 

   

Soldier Impact Parameter to Soldier Measures 

Soldier Measure Description of Relationship Reference 

Responsiveness, 

Skill 

Acquisition, 
Memory 

Effectiveness, 

Perception   

Under conditions of severe sleep deprivation (1.5 hours of sleep in 72 

hours), environmental stress (cold and wet), high physical activity 

and complex task performance expectations: Visual vigilance 
decreased 59% from baseline performance, Reaction time increased 

33% from baseline;  memory and learning abilities also decreased. 

Lieberman et 

al., 2002 

Decision 
Making; 

Perception 

Study found that individuals experiencing psychological stress fail to 
rationally analyze alternatives when making decisions.  A possible 

reason for this deficiency in decision making is that the individual 

diverts perceptual attention capacity away from the decision making 
and to the threat 

Keinan, 1987  

Learning Stress associated with the demand level of the task tends to have a 

positive effect on learning.  Stresses not related to task performance 

tend to have a negative effect. 

LePine, 

LePine and 

Jackson, 2004 
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Sleep Deprivation 

Impact 

Parameter 

Definition 

Sleep deprivation refers to a lack of restorative sleep over time which may degrade 

physical and psychological performance (Stedman, 2006).  It may be classified as total 

sleep deprivation where no sleep is achieved, partial sleep deprivation where less than 
required amounts of sleep are achieved, and differential sleep stage deprivation where 

specific sleep stages are prevented from occurring (Andreassi, 1989).  Soldiers engaged 

in training or deployment often suffer from sleep deprivation at some level, with leaders 

tending towards higher levels of deprivation (U.S. Army TRADOC, 2008). 

  

Soldier Impact Parameter to Biomarkers 

Biomarker(s) Description of Relationship Reference 

Eye 
Movements, 

Pupillometry 

Research indicates that latency of pupil constriction increased, and 
saccadic velocity decreased as sleep deprivation increased.  These 

measures also correlated with increased accidents during simulated 

driving experiments. 

Rowland et 
al., 2005 

Blood Pressure Researchers found a significant rise in diastolic blood pressure after 
24-hours of total sleep deprivation.   

Ogawa et al, 
2003 

EEG (Delta 

wave power) 

Sleep restriction of 4-6 hours resulted in a modest increase in EEG 

delta-wave power; Total sleep deprivation resulted in a larger 
increase 

Borbely & 

Achermann, 
1999 

Muscle Activity Wrist-watch style accelerometers (a.k.a. Actigraphy) may be used to 

objectively measure the amount of sleep an individual achieves.  

However, such measures must be correlated with individual 
performance assessments due to the wide variability in individual 

susceptibility to sleep deprivation.  

Balkin et al., 

2004 
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Sleep Deprivation (continued) 

Soldier Impact Parameter to Soldier Measures 

Soldier Measure Description of Relationship Reference 

Responsiveness, 

Memory 
Effectiveness, 

Skill 

Acquisition, 
Perception 

Subjects exposed to 14 days of 4-6 hours sleep per night 

demonstrated decreased vigilance and perceptual performance, as 
well as deficient learning curves compared to those allowed 8 hour 

sleep per night; Performance decreased more quickly in subjects 

exposed to total sleep deprivation 

Van Dongen 

et al., 2003 

Motor Capacity During simulated surgery tests, surgeons who had been sleep 

deprived via interrupted sleep or total sleep deprivation displayed a 

decrease in operative dexterity compared with baseline performance 
and performance of surgeons with undisturbed sleep 

Taffinder et 

al., 1998 

Responsiveness, 

Motor Capacity, 

Perception 

Study found that between 13 and 23 hours of total sleep deprivation, 

reaction times increased 57% on average from baseline, hand eye 

coordination decreased 26-31%, measures of perception decreased 
approximately 15%.  Of note, an average of 18 hours total sleep 

deprivation had performance effects similar to subjects at or above 

legal alcohol intoxication limits 

Williamson 

and Feyer, 

2000 

Responsiveness, 

Memory 

Effectiveness, 

Skill 
Acquisition, 

Perception 

Paper summarizes multiple research efforts and concludes that 

individuals experiencing sleep deprivation have the following 

performance decrements:  increased response time, memory 

performance declines, reduced learning on cognitive tasks, and loss 
of situational awareness 

Durmer and 

Dinges, 2005 

Responsiveness, 
Skill 

Acquisition, 

Memory 

Effectiveness, 
Perception   

Under conditions of severe sleep deprivation (1.5 hours of sleep in 72 
hours), environmental stress (cold and wet), high physical activity 

and complex task performance expectations: Visual vigilance 

decreased 59% from baseline performance, Reaction time increased 

33% from baseline;  memory and learning abilities also decreased. 

Lieberman et 
al., 2002 
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Energy Balance 

Impact 

Parameter 

Definition 

Energy balance refers to maintenance of adequate metabolic energy sources in the body 

during task performance.  The primary energy sources of interest are muscle glycogen 

and blood glucose.  Fat oxidation may also be of interest in low to moderate physical 
activities.  Individuals typically replenish energy stores with foods.  Soldiers in training 

in combat often experience irregular intake of food, which may energy storage levels.  

Ref: Romijn et al., 1993; Sabapathy, Morris, and Schneider, 2006; U.S. Army 

TRADOC, 2008. 

  

Soldier Impact Parameter to Biomarkers 

Biomarker(s) Description of Relationship Reference 

Heart Rate, 
Muscle 

Acitivity 

Researchers demonstrated a method of determining total energy 
expenditure using subject heart rate and an algorithm that 

differentiated activity between sleep, sedentary, and active/exercise 

conditions.  The study concluded the method was effective, 

underestimating energy expenditure by an average of 1.2% compared 
to calorimeter measurements.  The method uses HR to predict energy 

expenditure during exercise, but other methods for the other states 

when HR does not correlate well with energy expenditure  

Ceesay et al., 
1989 

Heart Rate, 

Muscle Activity 

Study showed use of heart rate and movement sensor data resulted in 

0.0% difference in energy expenditure estimates compared to 

calorimeter measurement (gold standard).  Requires validation 

outside a clinical environment. 

Rennie et al., 

2000 

   

Soldier Impact Parameter to Soldier Measures 

Soldier Measure Description of Relationship Reference 

Responsiveness, 
Endurance, 

Perception 

Study found that supplementation of a complex carbohydrate 
(maltodextrin) beverage significantly improved physical performance 

and auditory vigilance 

Lieberman, 
2003 
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Threat 

Impact 

Parameter 

Definition 

Threat refers to abnormal experiences that contain the possibility of adverse outcomes to 

oneself or one‟s organization.  A normal response to threat may be fear which will 

generate physical and psychological reactions.  Soldier‟s commonly experience threats 
associated with the battlefield environment that include the danger of death or 

significant injury (U.S. Army TRADOC, 2008). 

  

Soldier Impact Parameter to Biomarkers 

Biomarker Description of Relationship Reference 

Pupillometry Pupil diameter increased significantly from baseline during 

anticipation of aversive stimuli (noise or electric shock).  Of note, the 

increase was greater for the more aversive stimuli (electric shock).  
Pupillary light reflex slowed significantly with anticipation of the 

electric shock only, indicating a possible anxiety threshold between 

the two stimuli. 

Bitsios et al., 

2004 

EEG (Alpha 
Wave Peak) 

The peak frequency of the Alpha wave tends to decrease in the right 
hemisphere when the individual experiences fear. 

Kostyunina 
and Kulikov, 

1996 

Facial Stresses Research can detect facial expressions via vision of still pictures.  The 
algorithms may have utility if sensors are placed on a work-station or 

vehicle, but likely not useful for a dismounted Soldier. 

Black & 
Yacoob, 1997 

   

Soldier Impact Parameter to Soldier Measures 

Soldier 
Measure(s) 

Description of Relationship Reference 

Decision 

Making, 
Emotional 

Control 

As threat increases, emotions dominate logic in decision making. i.e. 

When threatened individuals simply react, when threat is low rational 
decision making is more likely. Study focuses on empirical evidence 

from the Arab-Israeli conflict to demonstrate strategic level decision 

making.  Parallels at the tactical level would need to be validated.   

Gordon and 

Arian, 2001 

Decision 
Making; 

Perception 

Study found that individuals experiencing the threat of an electrical 
shock fail to rationally analyze alternatives when making decisions.  

A possible reason for this deficiency in decision making is that the 

individual diverts perceptual attention capacity away from the 
decision making and to the threat 

Keinan, 1987  
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Ambiguity/Uncertainty 

Impact 

Parameter 

Definition 

Ambiguity represents the anticipation of unknown outcomes, some of which are 

undesirable, resulting from imperfect information regarding one‟s role, the environment 

and external actors.  Ambiguity is naturally present in combat, and will likely increase 
in future operations.  Ref: Monat, Averill, & Lazarus, 1972, U.S. Army TRADOC, 

2008. 

  

Soldier Impact Parameter to Biomarkers 

Biomarker(s) Description of Relationship Reference 

Skin Response, 

Heart Rate 

Three experiments indicated that poor video and audio quality of 

presentation required computer operators to work harder to complete 

the same tasks.  The increased stress was inferred from increases in 
GSR and Heart Rate readings. 

Wilson, 2001 

Blood Pressure Studies found that both systolic and diastolic blood pressures are 

higher in situations of assessed uncertainty.   

Greco and 

Roger, 2001 & 

2003 

EEG Situations of uncertainty are associated with spectral increases on all 

EEG bands; Other studies indicate increases in alpha wave power 

only indicating engagement of other waves may require additional 
context such as motivation or emotion 

Knyazev, 

Savostyanov, 

and Levin, 
2005 

   

Soldier Impact Parameter to Soldier Measures 

Soldier 

Measure 

Description of Relationship Reference 

Responsiveness Study found that role ambiguity, especially when coupled with other 

stressors, had a negative effect on job performance.  The researchers 

suggest that this effect is due to the worker‟s lack of resources to cope 
with the job requirements and stressors simultaneously. 

Fried et al., 

1998 

Learning Stress not related to task performance, including role ambiguity and 

role conflict, tend to have a negative effect on skill acquisition. 

LePine, 

LePine and 

Jackson, 2004 
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Mission Duration 

Impact 

Parameter 

Definition 

Mission duration may represent the time spent performing a specific task, or the 

cumulative time for an operation consisting of repetitive execution of multiple tasks.  In 

general, performance decreases as mission duration increases as a function of the 
cumulative resource demands of the task or mission, and beginning resource levels.  

Mission duration will interact with other impact parameters such as sleep deprivation 

and fatigue, although the relationship between these factors is not well defined.  Current 

U.S. Army doctrine plans for 72-hour operations in contingency deployments of up to 
15-months.  Deployed Soldiers may be engaged in mission task performance for 10-12 

hours per day on average.   Ref: MacLean et al., 2009; National Research Council, 

2009; U.S. Army TRADOC, 2008 

  

Soldier Impact Parameter to Biomarkers 

Biomarker(s) Description of Relationship Reference 

Blood Pressure Study indicates that 24-hour average blood pressure increased 

significantly for overtime workers compared to those completing a 
normal workday.  Author acknowledges issue with possible bias to 

weather factors that requires re-investigation. 

Hayashi et al, 

1996 

Heart Rate, 
Body 

temperature 

Research found that physical performance duration was limited by 
body temperature (between 38

o
C and 40

o
C depending on training 

level).  The rate of rise in body temperature depended in part on effort 

level, as measured by heart rate, and environmental factors. 

Gonzalez-
Alonso et al., 

1999 

   

Soldier Impact Parameter to Soldier Measures 

Soldier 

Measure 

Description of Relationship Reference 

Perception; 
Responsiveness 

Study found that perception and responsiveness decreases with time 
on task.  External stimuli temporarily increase these measures, but not 

to baseline levels.  In other words, stimuli only reduced the 

decrements due to time on task 

Maclean et al., 
2009 

Perception Visual vigilance declines over time in an observation task.  Study also 
indicates that stress tends to increase with time on vigilance tasks. 

Szalma et al, 
2004 
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Fatigue 

Impact 

Parameter 

Definition 

Fatigue is a state of reduced performance due to depletion of resources necessary to 

perform under the demands of the situation.  Exhaustion occurs when fatigue reaches 

levels that result in performance failures.  Fatigue is a function of time on task, 
situational demands including task complexity and environmental stressors, and starting 

resource levels.  Ref: National Research Council, 2009;  Friedl (2007b); Cordes & 

Dougherty, 1993; Leiter & Maslach, 1988.   

  

Soldier Impact Parameter to Biomarkers 

Biomarker(s) Description of Relationship Reference 

Eye 

Movements, 
Facial Stresses 

Research uses multiple sensed and contextual parameters to reliably 

infer fatigue.  Physiological parameters include eye related 
parameters (PERCLOS, AECS, Gaze direction) and facial parameters 

such as yawn and nod frequency, in addition to contextual 

information such as noise, light, temperature, humidity, and time. 

Ji, Zhu, & 

Lan, 2004 

Eye Movements PERCLOS of P80 (meaning proportion of time eyes are between 80 
and 100 percent closed) strongly correlated with alertness as judged 

by performance lapses on a Psychomotor Vigilance test.   

Dinges et al, 
1998 

EEG (Delta and 
Theta wave) 

Changes in slow wave activity in the delta and theta waves indicate 
early onset of fatigue.  Increases in the beta wave indicate medium 

levels of fatigue, and larger increases in delta, theta and alpha waves 

indicate extreme fatigue.  When combined the authors claim 90% 

reliability in discretely classifying between the three states of fatigue. 

Lal et al., 2003 

Temperature Individuals cannot voluntarily sustain moderate physical activity 

(~60% VO2Max) when core body temperature approaches ~40
o
C. 

This point is lower for untrained individuals.  Slight increases of 

body temperature around 1
o
C from baseline increase muscle 

production capacity. 

Nybo, 2008; 

and Gonzalez-

Alonso et al., 

1999 

Muscle Activity EMG power spectrum shifts to lower frequencies as muscle fatigue 

increases.   

Naeije and 

Zorn, 1982 

Facial Stresses Predict driver fatigue using computer vision systems and Facial 

Action Coding System (FACS).  FACS may be translatable to 

multiple EMG sensors on the face, but is likely not feasible for a 

dismounted Soldier. 

Vural et al, 

2007 

Soldier Impact Parameter to Soldier Measures 

Soldier Measure Description of Relationship Reference 

Motor Control Study found that pilots had decreasing performance during the initial 

3.5 hours of a 4 hour flight simulation; Study coupled some sleep 
deprivation which was thought to exacerbate the fatigue.  No 

explanation was given for the increase in performance during the last 

half hour of flight.   

Morris and 

Miller, 1996 

Responsiveness, 
Skill 

Acquisition, 

Memory 
Effectiveness, 

Perception   

Under conditions of severe sleep deprivation (1.5 hours of sleep in 72 
hours), environmental stress (cold and wet), high physical activity 

and complex task performance expectations: Visual vigilance 

decreased 59% from baseline performance, Reaction time increased 
33% from baseline;  memory and learning abilities also decreased. 

Lieberman et 
al., 2002 
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Information Overload 

Impact 

Parameter 

Definition 

Information overload refers to the state of available information input exceeding the 

individual‟s capability to process that input.  The individual‟s processing capability is a 

function of real-time cognitive resources as well as time available.  When the amount of 
information exceeds the individual‟s processing capabilities, further processing may 

cease completely resulting in performance deficiencies.  Future missions will likely 

present Soldiers with greater levels of information requiring analysis and evaluation that 

used to be necessary only on senior command staffs.  Ref: Milford & Perry, 1977; Hahn, 
Lawson, & Lee, 1992; Peters, O‟Connor, Pooyan, & Quick 1984; Schroder, Driver and 

Streufert 1967; U.S. Army TRADOC, 2008.    

Soldier Impact Parameter to Biomarkers 

Biomarker(s) Description of Relationship Reference 

EEG Study found that an algorithm using second-by-second 6-channel 

EEG data was able to classify high workload levels at a 95% success 

rate.  Drawback is that the algorithm used required approximately 8 
hours of learning periods for each operator.  It is unclear if this 

learning requirement would be a one-time event, or regular 

occurrence (2005). In 2007 study, mental workload was classified 

into two states (low and high) using a discriminant function analysis 
of multiple EEG variables.  Study findings suggest that EEG can be 

used to monitor mental workload.   

Berka et al., 

2005; Berka et 

al., 2007 

Pupillometry Study suggests that pupil diameter increases with information 
processing load, and that increases level off when the individual 

reaches his or her processing capacity regardless of the presence of 

additional processing requirements. 

Peavler, 1974 

Heartbeat, 
Muscle 

Activity 

Study of automobile driver workload used correlations from other 
research that: Heart Rate Variability decreases with mental effort, 

heart rate rises but cannot be separated from increases in physical 

effort (Hering, 1999), and that lateral frontalis EMG rises with mental 
exertion (Fridlund et al., 1986; De Waard 1996).  

Mayser et al., 
2003 

Soldier Impact Parameter to Soldier Measures 

Soldier 

Measure(s) 

Description of Relationship Reference 

Skill Acq., 
Memory 

Effectiveness 

The level of mental workload positively relates to level of 
performance on learning and memory tasks. 

Berka et al., 
2007 

Decision 
Making 

Research finds that for complex tasks decision making accuracy 
decreases with the frequency and content of work interruptions 

(information cues).  For simple tasks, decision making quality is 

either unaffected or may even be improved (taking less time). 

Speier, 
Valacich and 

Vessey, 1999 

Decision 
Making 

Meta-analysis of multiples experiments suggests that high 
information load can lead to an approximate 13% decrease in decision 

making accuracy.  Drawback of the study is that information levels 

were only separated into high and low.  However, the study did 
examine information diversity and information repetitiveness; 

increases in both of these factors had a negative effect on decision 

accuracy.   

Hwang and 
Lin, 1999 
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Physical Trauma 
Impact 
Parameter 

Definition 

Trauma refers to sudden physical injury of the body resulting in wounds or shock.  
Major physical trauma may lead to body system failure, permanent injury or death.  Ref: 

Martin, 2010; Søreide, 2009. 

  

Soldier Impact Parameter to Biomarkers 

Biomarker Description of Relationship Reference 

EEG Researchers use 16 EEG variables to classify the degree of TBI with 

~96% accuracy.  Benefit of the method is that it claims effectiveness 

in the short and long term (up to 4 years after occurrence of injury).   

Thatcher et al., 

2001 

Oxygen 

Saturation 

Increased hypoxia as determined by pulse oximetry may indicate 

blast lung injury, although the diagnosis must be confirmed with 

radiology of the chest cavity.  

Sasser et al, 

2006 

Temperature, 
Muscle Activity 

Skin temperature decreased in all injured subjects.  Body temperature 
decreased with the absence of expected shivering in severely injured 

subjects.  Note:  All subjects were injured sufficiently for admittance 

into a hospital emergency department, and temperature 
measurements were taken on average 2 hours after the incident 

causing the injury. 

Little & 
Stoner, 1981 

   

Soldier Impact Parameter to Soldier Measures 

Soldier Measure Description of Relationship Reference 

Responsiveness, 

Perception 

Study finds that visually stimulated reaction time decreases in 

patients with severe head injuries, but the mild head trauma was not 

shown to have a significant effect.  Patients of all injury levels 
demonstrated higher performance variability, and less ability to 

maintain performance over time than did control subjects.   

Stuss et al., 

1989 
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Mental Trauma 

Impact 

Parameter 

Definition 

Mental trauma refers to one of many disorders that can occur after exposure to traumatic 

events such as extreme danger, violence or tragedy.  Post-traumatic stress disorder is of 

high concern for Soldiers returning from combat, though other trauma related disorders 
may also exist.  Factors affecting psychological trauma include the nature and duration 

of the exposure, characteristics of the traumatic events, and other environmental factors. 

Individuals differ in their response to trauma, and recovery from trauma related 

disorders.  Soldiers have a higher probability of traumatic exposure than the average 
population.  Given the potential for immediate and chronic effects from post-traumatic 

disorders, identification of mental trauma sufferers is a valid requirement for the Army.  

Ref:  Harvey, 1996; U.S. Army TRADOC, 2008; Seal et al., 2010 

  

Soldier Impact Parameter to Biomarkers 

Biomarker Description of Relationship Reference 

Skin Response, 

Muscle 
Activity, 

Heartbeat 

Study indicates that PTSD sufferers experience significantly greater 

increases in GSR, EMG, and HR readings than non-PTSD sufferers 
when presented with stimuli related to the PTSD trauma event. 

Casada et al., 

1998 

Heart Rate PTSD sufferers show a higher mean heart rate and lower heart rate 
variability than non-PTSD individuals.  These phenomenon were 

present during both test and rest phases of the experiment.    

Cohen et al., 
1998 

Heart Rate Study shows that those that will suffer from PTSD exhibited higher 

mean heart rates than non-sufferers at the time of the traumatic 
incident, and at 1-week following the incident.  Differences between 

the groups did not exist at one month after the incident during normal 

conditions. 

Shalev et al, 

1998 

   

Soldier Impact Parameter to Soldier Measures 

Soldier Measure Description of Relationship Reference 

Responsiveness, 

Skill 
Acquisition, 

and Memory 

Effectiveness 

Study found that PTSD-diagnosed veterans performed worse on 

clinical measures of learning, sustained attention, and working 
memory than did non-diagnosed veterans.   

Vasterling et 

al., 2002 

Memory 

Effectiveness 

Author states that patients with PTSD display multiple problems with 

memory, but main focus of study is to regionalize and medicate the 

brain activity associated with these deficits. 

Bremner 1994 
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Appendix E Soldier Performance Measure Evaluations 

This appendix defines ten Soldier performance measures relevant to Soldier performance 

of typically performed tasks.  The performance measures evaluated in the present research are 

derived from review of U.S. Army Doctrine (HQDA, 2005, 2007 & 2009) and the U.S 

Department of Labor Employment and Training Administration‟s Occupational Information 

Network (O*NET) Content Model (Fleishman, Costanza & Marshall-Mies, 1999; O*NET 

Resource Center, 2011).  This appendix provides normalized rankings of the ten Soldier 

performance measures based on the operator assigned Soldier task priorities, and the relevance of 

each Soldier performance measure to specific Soldier task categories based on the Soldiers 

assigned level of responsibility (e.g. squad leader vs. rifleman).  The output of the rankings is a 

value assignment between one and ten representing the relative importance of each performance 

measure to the Soldier given a specific mission and level of responsibility.  A ranking of ten 

represents the most important Soldier performance measure; a ranking of one represents a 

Soldier performance measure of little importance.  These normalized rankings become the 

Soldier performance measure relevance weights used in Appendix D to rank impact parameters 

by importance to measuring Soldier performance.  Table E-1 presents the rankings which result 

from the assignment of task priority expected for an average infantry rifleman during an 

extended combat deployment.  Table E-2 presents the rankings which result from the assignment 

of task priority expected for an infantry squad leader preparing for the specific mission of a 

presence patrol in an area with low probability of enemy contact.  Unlike the relatively minor 

changes shown in impact parameter and biomarker rankings, Soldier performance measure 

rankings show significant differences based on mission and level of responsibility.  This 

indicates that performance maps and envelopes having the most importance for decision making 

in real time will be dependent on the assigned mission and level of responsibility.  Therefore, the 

operator must have the ability to set task priorities in real time, in order to ensure proper 

combinations of performance maps and envelopes relevant to the present situation.   
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Table E-1 Soldier Normalized Soldier         Table E-2 Squad Leader Normalized  

 Performance Measure Rankings                 Performance Measure Rankings 

 

 

Tables E-3 and E-4 show the method for calculating the normalized rankings in Tables E-

1 and E-2 respectively.  In Tables E-3 and E-4, each cell representing an intersection between a 

Soldier performance measure and a Soldier task category contains a value between 1 and 10.  

The value represents the relevance of the Soldier performance measure to the task category based 

review of doctrinal tasks and the Soldier‟s assigned level of responsibility.  The tables provide 

benchmarks for assigning the cell values.  Unlike values used in ranking impact parameters and 

biomarkers, the values in these cells could differ significantly based on the Soldier‟s 

responsibilities within the squad.  For example, leaders have significantly more responsibility for 

making decisions, so one would not expect the relevance values related to decision making to be 

the same for squad leaders and their subordinates.  The rankings for relationships in Tables E-3 

and E-4 demonstrate some of these differences.  The cell values should not change based on 

individual differences between Soldiers in the same position, since the relevance of the 

performance measures to a task is a function of position, not individual baselines.  With values 

assigned to all possible Soldier performance measure relationships, the table shows the 

calculation of weighted Soldier performance measure rankings using the given task category 

priorities.  As stated above, these priorities are operator selected values based on the assigned 

mission and the given Soldier‟s level of responsibility.  Equation E-1 shows the form for 

calculating the weighted Soldier performance measure values.  In order to maintain consistency 

of scale, the present research normalized the weighted rankings such that the most important 

biomarker received a rank of 10, with all other biomarkers scaled to that value.  Tables E-1 and 

E-2 have the resulting normalized values; Equation E-2 shows the form for calculating the 

normalized value.

Perception 10.00 

Responsiveness 9.12 

Memory Effectiveness 8.31 

Skill Acquisition 7.98 

Decision Making 7.36 

Communications 7.34 

Motor Control 4.70 

Endurance  4.51 

Emotional Control 4.49 

Perception 8.16 

Responsiveness 7.78 

Memory Effectiveness 8.59 

Skill Acquisition 9.26 

Decision Making 10.00 

Communications 10.00 

Motor Control 3.11 

Endurance  4.16 

Emotional Control 6.20 
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 (E-1) 

Sj - Weighted impact parameter ranking for j
th

 Soldier performance measure;  

Ti – Soldier task category relevance for i
th

 Soldier task category;  

pij – Relevance ranking between i
th

 Soldier task category and j
th

 Soldier performance measure;  

n – total number of Soldier task categories 

 
     

  

      
    (E-2) 

  
  - Normalized impact parameter ranking for j

th
 impact parameter;  

MAX(S) – Maximum weighted value of all impact parameters 
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Table E-3 Soldier Weighted Soldier Performance Measure Rankings 
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Common Infantry Soldier 
Tasks 

10 Movement/Navigation 5 8 8 3 4 3 7 2 2 

9 Weapons Marksmanship 4 9 10 5 6 2 1 7 2 

8 Communication 3 2 5 7 8 10 1 2 2 

7 IED/UXO/Mines 8 9 9 7 7 7 2 1 4 

6 First Aid 9 5 5 10 7 4 5 7 6 

5 
Chemical/Biological/ 
Radiological/Nuclear 8 9 7 7 6 8 4 5 6 

4 Surveillance 4 6 9 7 6 7 3 1 2 

3 Patrolling 4 8 8 9 6 8 7 5 7 

2 Information Collection 7 7 9 7 6 5 2 2 2 

1 
Individual Conduct & Laws of 
War 8 7 5 6 3 6 2 2 8 

Wtd. Soldier Perf. Measure Value 5.6 7.0 7.7 6.4 6.1 5.6 3.5 3.6 3.4 

                      
Benchmarks for Assigned Ranks for Relationships between Soldier Tasks and Performance 

Measures 

10 
Task will certainly fail without high levels of ability in the given performance measure; 
Performance measure is essential to successful task performance 

7 

Task requires moderate levels of ability in the given performance measure for successful 
performance; Task performance may be degraded to unacceptable levels as abilities 
decrease 

5 
Task requires some level of ability in the performance measure, but task could likely be 
successfully completed at less than optimal levels with minor modification 

3 
Task failure will not result from a lack of ability in the performance measure; However, 
optimal task performance would require some ability level in the performance measure 

1 Task requires no significant ability level in the given performance measure 
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Table E-4 Squad Leader Weighted Soldier Performance Measure Rankings 
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Common Inf Soldier Tasks 

9 Movement/Navigation 7 5 7 5 6 7 5 2 2 

2 Weapons Marksmanship 7 6 7 5 6 6 1 4 4 

8 Communication 9 5 7 7 8 10 1 2 4 

3 IED/UXO/Mines 8 6 4 8 9 6 2 1 3 

5 First Aid 6 7 4 5 6 6 4 4 5 

1 
Chemical/Biological/ 
Radiological/Nuclear 7 7 5 7 6 7 5 5 6 

4 Surveillance 5 5 7 5 7 5 3 1 2 

10 Patrolling 9 7 7 8 8 9 5 3 7 

7 Information Collection 8 6 7 8 8 8 2 2 5 

6 Ind. Conduct & Law of War 7 6 4 6 5 7 2 2 8 

Wtd. Value 7.6 5.9 6.2 6.5 7.0 7.6 3.2 2.4 4.7 

                      
Benchmarks for Assigned Ranks for Relationships between Soldier Tasks and 

Performance Measures 

10 
Task will certainly fail without high levels of ability in the given performance 
measure; Performance measure is essential to successful task performance 

7 

Task requires moderate levels of ability in the given performance measure for 
successful performance; Task performance may be degraded to unacceptable 
levels as abilities decrease 

5 
Task requires some level of ability in the performance measure, but task could 
likely be successfully completed at less than optimal levels with minor modification 

3 

Task failure will not result from a lack of ability in the performance measure; 
However, optimal task performance would require some ability level in the 
performance measure 

1 Task requires no significant ability level in the given performance measure 

 The following pages present the definitions of each Soldier performance measure, 

along with brief descriptions of their relationships to evaluated impact parameters 

described in the literature which correlate with those presented in Appendix D, but are 

organized according to Soldier performance measure in this appendix.  Each section also 

provides descriptions of how the Soldier performance measures relate to various Soldier 

task categories. 
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Perception 

Soldier 

Measure 

Definition 

Abilities of the sensory system, including hearing and vision.  Perception 

addresses vision at different distances, and light conditions, and auditory 

abilities related to hear and process sounds with regard to recognition and 
location.  Ref: Fleishman, Costanza and Marshall-Mies, 1999; National 

Research Council, 2009 

Perception Relationships to Soldier Impact Parameter(s) 

Impact 
Parameter 

Soldier Measure Impact 
Parameter 

Stress, Sleep 

Deprivation, 

Fatigue 

Under conditions of severe sleep deprivation (1.5 hours of 

sleep in 72 hours), environmental stress (cold and wet), high 

physical activity and complex task performance expectations: 
Visual vigilance decreased 59% from baseline performance, 

Reaction time increased 33% from baseline;  memory and 

learning abilities also decreased. 

Lieberman et 

al., 2002 

Stress, Threat Study found that individuals experiencing psychological stress 
fail to rationally analyze alternatives when making decisions.  

A possible reason for this deficiency in decision making is that 

the individual diverts perceptual attention capacity away from 
the decision making and to the threat 

Keinan, 1987  

Sleep 

Deprivation 

Subjects exposed to 14 days of 4-6 hours sleep per night 

demonstrated decreased vigilance and perceptual performance, 

as well as deficient learning curves compared to those allowed 
8 hour sleep per night; Performance decreased more quickly in 

subjects exposed to total sleep deprivation 

Van Dongen 

et al., 2003 

Sleep 
Deprivation 

Study found that between 13 and 23 hours of total sleep 
deprivation, reaction times increased 57% on average from 

baseline, hand eye coordination decreased 26-31%, measures of 

perception decreased approximately 15%.  Of note, an average 

of 18 hours total sleep deprivation had performance effects 
similar to subjects at or above legal alcohol intoxication limits 

Williamson 
and Feyer, 

2000 

Sleep 

Deprivation 

Paper summarizes multiple research efforts and concludes that 

individuals experiencing sleep deprivation have the following 
performance decrements:  increased response time, memory 

performance declines, reduced learning on cognitive tasks, and 

loss of situational awareness 

Durmer and 

Dinges, 2005 

Nutrition Study found that supplementation of a complex carbohydrate 
(maltodextrin) beverage significantly improved physical 

performance and auditory vigilance 

Lieberman, 
2003 

Mission 

Duration 

Visual vigilance declines over time in an observation task.  

Study also indicates that stress tends to increase with time on 
vigilance tasks. 

Szalma et al, 

2004 

Physical 

Trauma 

Study finds that visually stimulated reaction time decreases in 

patients with severe head injuries, but mild head trauma did not 
have a significant effect.  Patients of all injury levels 

demonstrated higher performance variability, and less ability to 

maintain performance over time than did control subjects.   

Stuss et al., 

1989 
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Perception (continued) 

Task Categories Requiring Perception Performance 

Task Category Description of Performance Required 

Movement / 

Navigation 

Soldiers must maintain security during movement requiring sensory awareness 

of their environment and enemy activity in their area; Soldiers must also use 
their senses to analyze the terrain and its effects. 

Weapons 

Marksmanship 

Soldiers must be able to visually identify targets both with and without the 

assistance of aiming devices. 

IED/UXO/ 
Mines 

Soldiers must remain perceptually aware of surroundings in order to identify 
and confirm possible hazards. 

CBRN Soldiers must use their sensory abilities to identify indicators of CBRN 

contamination. 

Surveillance Soldiers must maintain awareness of all activity in their assigned sector of 
observation. 

Patrolling Soldiers must maintain security during movement requiring sensory awareness 

of their environment and enemy activity in their area. 

Information 
Collection 

Soldiers must actively observe the environment to collect information via sight 
and sound. 
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Responsiveness 

Soldier 

Measure 

Definition 

Abilities related to speed with which the Soldier can take effective action given 

specific stimuli.  Responsiveness includes simple reaction time, and the 

associated muscle movements required for the initial response.  Ref: Fleishman, 
Costanza and Marshall-Mies, 1999 

Responsiveness Relationships to Soldier Impact Parameter(s) 

Impact 

Parameter(s) 

Soldier Measure Reference 

Stress, Sleep 
Deprivation, 

Fatigue 

During severe sleep deprivation (1.5 hours of sleep in 72 hours), 
environmental stress, high physical activity and complex task 

performance expectations: Visual vigilance decreased 59% from 

baseline performance, Reaction time increased 33% from 
baseline;  memory and learning abilities also decreased. 

Lieberman et 
al., 2002 

Sleep 

Deprivation 

Subjects exposed to 14 days of 4-6 hours sleep per night 

demonstrated decreased vigilance and perception, as well as 

deficient learning curves compared to those allowed 8 hour sleep 
per night; Performance decreased more quickly in subjects 

exposed to total sleep deprivation 

Van Dongen 

et al., 2003 

Sleep 
Deprivation 

Study found that between 13 and 23 hours of total sleep 
deprivation, reaction times increased 57% on average from 

baseline, hand eye coordination decreased 26-31%, measures of 

perception decreased approximately 15%.  Of note, an average of 

18 hours total sleep deprivation had performance effects similar 
to subjects at or above legal alcohol intoxication limits 

Williamson 
and Feyer, 

2000 

Sleep 

Deprivation 

Paper summarizes multiple research efforts and concludes that 

individuals experiencing sleep deprivation have: increased 
response time, memory performance declines, reduced learning 

on cognitive tasks, and loss of situational awareness 

Durmer and 

Dinges, 2005 

Nutrition Study found that supplementation of a complex carbohydrate 

(maltodextrin) beverage significantly improved physical 
performance and auditory vigilance 

Lieberman, 

2003 

Ambiguity Study found that role ambiguity, when coupled with other 

stressors, had a negative effect on job performance.  The research 

suggest that this effect is due to the worker‟s lack of resources to 
cope with the job requirements and stressors simultaneously. 

Fried et al., 

1998 

Mission 

Duration 

Study found that perception and response time decreases with 

time on task.  External stimuli temporarily increase these 
measures, but not to baseline levels.  In other words, stimuli only 

reduced the decrements due to time on task 

Maclean et 

al., 2009 

Physical 

Trauma 

Study finds that visually stimulated reaction time decreases in 

patients with severe head injuries, but the mild head trauma was 
not shown to have a significant effect.  Patients of all injury levels 

demonstrated higher performance variability, and less ability to 

maintain performance over time than did control subjects.   

Stuss et al., 

1989 

Mental 
Trauma 

Study found that PTSD-diagnosed veterans performed worse on 
clinical measures of learning, sustained attention, and working 

memory than did non-diagnosed veterans.   

Vasterling et 
al., 2002 
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Responsiveness (continued) 

Task Categories Requiring Responsiveness Performance 

Task Category Description of Performance Required 

Movement / 

Navigation 

Soldiers must maintain security throughout movement, requiring them to 

respond quickly to identified threats. 

Weapons 

Marksmanship 

Soldiers must be able to quickly acquire and engage targets with assigned 

weapons.  Soldiers must also quickly identify and correct weapon 

malfunctions. 

IED/UXO and 
Mines 

Soldiers must respond quickly to potential hazards. 

CBRN Soldiers must quickly react to potential CBRN threats, and take action to 

protect oneself and the unit. 

Patrolling Soldiers must react quickly and appropriately to contact with the enemy and 
non-combatants during patrols. 

Information 

Collection 

Soldier must report critical information in a timely and accurate manner. 

Individual 
Conduct and 

the Law of War 

Soldiers must maintain responsiveness to react to enemy that may attempt to 
exploit U.S. Forces adherence to the conventional law of warfare. 
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Memory Effectiveness 

Soldier 

Measure 

Definition 

Memory effectiveness refers to the Soldier‟s ability to recall learned information 

such as commands, task procedures, and situational information.  Ref: 

Fleishman, Costanza and Marshall-Mies, 1999; National Research Council, 
2009. 

  

Memory Effectiveness Relationships to Soldier Impact Parameter(s) 

Impact 

Parameter 

Soldier Measure Impact 

Parameter 

Stress, Sleep 

Deprivation, 

Fatigue 

Under conditions of severe sleep deprivation (1.5 hours of sleep 

in 72 hours), environmental stress (cold and wet), high physical 

activity and complex task performance expectations: Visual 
vigilance decreased 59% from baseline performance, Reaction 

time increased 33% from baseline;  memory and learning 

abilities also decreased. 

Lieberman et 

al., 2002 

Sleep 
Deprivation 

Subjects exposed to 14 days of 4-6 hours sleep per night 
demonstrated decreased vigilance and perceptual performance, 

as well as deficient learning curves compared to those allowed 

8 hour sleep per night; Performance decreased more quickly in 
subjects exposed to total sleep deprivation 

Van Dongen 
et al., 2003 

Sleep 

Deprivation 

Paper summarizes multiple research efforts and concludes that 

individuals experiencing sleep deprivation have the following 

performance decrements:  increased response time, memory 
performance declines, reduced learning on cognitive tasks, and 

loss of situational awareness 

Durmer and 

Dinges, 2005 

Information 

Overload 

The level of mental workload positively relates to level of 

performance on learning and memory tasks. 

Berka et al., 

2007 

Mental Trauma Study found that PTSD-diagnosed veterans performed worse 

on clinical measures of learning, sustained attention, and 

working memory than did non-diagnosed veterans.   

Vasterling et 

al., 2002 

Mental Trauma Author states that patients with PTSD display multiple 

problems with memory, but main focus of study is to 

regionalize and medicate the brain activity associated with 

these deficits. 

Bremner 

1994 
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Memory Effectiveness (continued) 

Task Categories Requiring Memory Effectiveness  

Task Category Description of Performance Required 

Movement / 

Navigation 

Soldiers must identify different terrain features both on a map, and visually, 

and recall the effects of the terrain on operations. 

Weapons 

Marksmanship 

Soldiers must recall and understand the capabilities of assigned weapon 

systems, along with maintenance and misfire procedures of those systems. 

Communications Soldiers must be able to recall and implement procedures for operating and 

maintaining communications equipment. 

IED/UXO and 

Mines 

Soldiers must identify and correctly categorize hazards to determine 

appropriate courses of action and reporting measures. 

First Aid Soldiers must remember indicators of specific injury types, and the processes 

to treat them, as well as actions to avoid in certain cases 

CBRN Soldiers must be able to accurately classify the type and persistence of 

contamination in order to determine appropriate courses of action and 

reporting. 

Surveillance Soldiers must recall available observation techniques to apply under different 
environmental and light conditions in order to maintain optimal performance. 

Patrolling Soldiers must retain and recall information presented in the unit operations 

order in order to facilitate appropriate action during the mission. 

Information 
Collection 

Soldiers must recall unit critical information requirements and associate those 
with information collected. 

Individual 

Conduct and the 
Law of war 

Soldiers must recall instructions derived from the rules of engagement, the 

code of conduct, and international conventions on warfare. 
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Decision Making 

Soldier 

Measure 

Definition 

Decision making abilities require a Soldier to assess available information, and 

understand or establish mission priorities, in order to develop appropriate 

courses of action and direct the allocation of resources to achieve mission 
success.  This measure includes not simply the ability to make decisions rapidly, 

but also to make rational decisions based on available information.  Ref: 

Fleishman, Costanza and Marshall-Mies, 1999; Bickel, 2009; HQDA, 2007. 

  

Decision Making Relationships to Soldier Impact Parameter(s) 

Impact 

Parameter 

Soldier Measure Reference 

Stress, Threat Study found that individuals experiencing psychological stress 
fail to rationally analyze alternatives when making decisions.  

A possible reason for this deficiency in decision making is that 

the individual diverts perceptual attention capacity away from 

the decision making and to the threat 

Keinan, 1987  

Threat As threat increases, emotions dominate logic in decision 

making. i.e. When threatened individuals simply react, when 

threat is low rational decision making is more likely. Study 
focuses on empirical evidence from the Arab-Israeli conflict to 

demonstrate strategic level decision making.  Parallels at the 

tactical level would need to be validated.   

Gordon and 

Arian, 2001 

Information 
Overload 

Research finds that for complex tasks decision making accuracy 
decreases with the frequency and content of work interruptions 

(information cues).  For simple tasks, decision making quality 

is either unaffected or may even be improved (taking less time). 

Speier, 
Valacich and 

Vessey, 1999 

Information 
Overload 

Meta-analysis of multiples experiments suggests that high 
information load can lead to an approximate 13% decrease in 

decision making accuracy.  Drawback of the study is that 

information levels were only separated into high and low.  
However, the study did examine information diversity and 

information repetitiveness; increases in both of these factors 

had a negative effect on decision accuracy.   

Hwang and 
Lin, 1999 
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Decision Making (continued) 

Task Categories Requiring Decision Making Performance 

Movement/ 

Navigation 

Soldiers must select appropriate movement routes, formations, and techniques 

for the situation. 

Weapons 
Marksmanship 

Soldiers must select appropriate firing positions and aiming techniques.  
Leaders must also determine the appropriate method and volume of fire for the 

presented targets. 

IED/UXO and 

Mines 

Soldiers must select appropriate courses of action based on the identified 

hazard 

First Aid Soldiers must select the appropriate method of treatment given the assessed 

Soldiers condition, assets available, and the present threat. 

CBRN Soldiers must select the appropriate response to potential contamination based 
on observations, and known threat posture. 

Patrolling  Leaders must plan for the mission, and make adjustments during the mission 

based on events, and updated information. 

Information 
Collection 

Leaders must incorporate updated information into operation planning and 
execution. 

Individual 

Conduct and 

Law of War 

Soldiers must determine appropriate methods of employing force on complex 

battlefields. 
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Communication 

Soldier 

Measure 

Definition 

Communication effectiveness refers to the Soldier‟s ability to understand ideas 

presented through speech or writing, and to coherently express information in 

writing and speech.  Ref: Fleishman, Costanza and Marshall-Mies, 1999 

  

Communication Relationships to Soldier Impact Parameter(s) 

Impact 

Parameter 

Soldier Measure Impact 

Parameter 

   

   

   

 

Task Categories Requiring Communication Effectiveness  

Task Category Description of Performance Required 

Communication Soldiers must ably convey information in a clear and concise manner. 

IED/UXO/ 
Mines 

Soldiers must inform leaders and other Soldiers about identified hazards using 
standard reporting formats. 

Surveillance Soldiers must inform leaders and other Soldiers about observed activity. 

Patrolling Soldiers must report observed activity, and receive and transmit commands. 

Individual 
Conduct and 

Law of War 

Soldiers must be able to accurately and clearly present information to the local 
populace and the media. 
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Skill Acquisition 

Soldier 

Measure 

Definition 

Skill acquisition refers to a Soldier‟s ability to receive new information or 

instructions and to organize it in a manner which facilitates applying the 

information to later successfully perform tasks.  Baselines and changes in this 
ability will directly impact the benefit a Soldier will receive in training.  Ref: 

Fleishman, Costanza and Marshall-Mies, 1999 

Skill Acquisition Relationships to Soldier Impact Parameter(s) 

Impact 
Parameter 

Soldier Measure Impact 
Parameter 

Stress, Sleep 

Deprivation, 

Fatigue 

Under conditions of severe sleep deprivation (1.5 hours of sleep 

in 72 hours), environmental stress (cold and wet), high physical 

activity and complex task performance expectations: Visual 
vigilance decreased 59% from baseline performance, Reaction 

time increased 33% from baseline;  memory and learning 

abilities also decreased. 

Lieberman et 

al., 2002 

Stress, 
Ambiguity 

Stress associated with the demand level of the task tends to 
have a positive effect on learning.  Stresses not related to task 

performance tend to have a negative effect. 

LePine, 
LePine and 

Jackson, 

2004 

Sleep 

Deprivation 

Subjects exposed to 14 days of 4-6 hours sleep per night 

demonstrated decreased vigilance and perceptual performance, 

as well as deficient learning curves compared to those allowed 

8 hour sleep per night; Performance decreased more quickly in 
subjects exposed to total sleep deprivation 

Van Dongen 

et al., 2003 

Sleep 

Deprivation 

Paper summarizes multiple research efforts and concludes that 

individuals experiencing sleep deprivation have the following 
performance decrements:  increased response time, memory 

performance declines, reduced learning on cognitive tasks, and 

loss of situational awareness 

Durmer and 

Dinges, 2005 

Information 
Overload 

The level of mental workload positively relates to level of 
performance on learning and memory tasks. 

Berka et al., 
2007 

Mental Trauma Study found that PTSD-diagnosed veterans performed worse 

on clinical measures of learning, sustained attention, and 

working memory than did non-diagnosed veterans.   

Vasterling et 

al., 2002 

Task Categories Requiring Skill Acquisition 

Task Category Description of Performance Required 

Weapons 

Marksmanship 

Soldiers must comprehend the capabilities of new or attached weapon systems, 

as well as the effects of terrain on weapons operations. 

Communication Soldiers must be able to acquire and use information received through unit 

communications. 

IED/UXO and 

Mines 

Soldiers must learn and adapt to enemy tactics, techniques and procedures as 

the develop in theater. 

Surveillance Soldiers must learn procedures for new observation equipment and 

appropriately incorporate it into operation. 

Patrolling Soldiers must adjust to the local populace and to changing enemy tactics. 

Information 
Collection 

Soldiers must identify and retain information collection techniques that are 
effective in different situations. 
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Emotional Control 

Soldier 

Measure 

Definition 

Emotional control refers to the Soldier‟s ability to understand and manage their 

motions under duress.  Soldiers must understand the impact of their emotions on 

themselves, and their fellow Soldiers.  TRADOC, 2008 

  

Emotional Control Relationships to Soldier Impact Parameter(s) 

Impact 

Parameter 

Soldier Measure Impact 

Parameter 

Threat As threat increases, emotions dominate logic in decision 
making. i.e. When threatened individuals simply react, when 

threat is low rational decision making is more likely. Study 

focuses on empirical evidence from the Arab-Israeli conflict to 
demonstrate strategic level decision making.  Parallels at the 

tactical level would need to be validated.   

Gordon and 
Arian, 2001 

   

   

 

Task Categories Requiring Emotional Control 

Task Category Description of Performance Required 

Patrolling Soldiers must maintain professional behavior when interacting with the local 

populace, regardless of their posture towards U.S. Soldier presence. 

Individual 

Conduct and 
Law of War 

Soldiers must maintain professional conduct when presented with unlawful 

enemy tactics. 
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Endurance 

Soldier 

Measure 

Definition 

Endurance refers to Soldier‟s ability to continue performance for extended periods of 

time both physically and mentally.  Endurance will be a function of the Soldiers mental 

and physical task load and level of exertion in addition to time.  Physical fitness 
including endurance sets the foundation for successful performance of many combat 

tasks.  Ref: Fleishman, Costanza and Marshall-Mies, 1999; HQDA, 2010 

  

Endurance Relationships to Soldier Impact Parameter(s) 

Impact 
Parameter 

Description of Relationship Reference 

Nutrition Study found that supplementation of a complex carbohydrate 

(maltodextrin) beverage significantly improved physical performance 
and auditory vigilance 

Lieberman, 

2003 

Mission 

Duration (also 

Body Temp.) 

Research found that physical performance duration was limited by 

body temperature (between 38
o
C and 40

o
C depending on training 

level).  The rate of rise in body temperature depended in part on effort 
level, as measured by heart rate, and environmental factors. 

Gonzalez-

Alonso et al., 

1999 

 

Task Categories Requiring Endurance Performance 

Task Category Description of Performance Required 

Movement / 

Navigation 

Soldiers must have the endurance to complete movement, and arrive at the 

objective ready to fight. 

First Aid Soldiers must have the ability to physically transport casualties to evacuation 

points. 

CBRN Soldiers must have the ability to continue operation while wearing CBRN 

protective equipment. 

Patrolling Soldiers must execute the mission under potentially increased loads required to 

achieve the patrol‟s purpose. 
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Motor Control 

Soldier 

Measure 

Definition 

Motor Control refers to the Soldier‟s abilities to control both fine and gross 

motor movements in the performance of a task.  Multiple common Soldier tasks 

require these abilities for optimal performance.  Ref: Fleishman, Costanza and 
Marshall-Mies, 1999, HQDA, 2010 

  

Dexterity/Motor Capacity Relationships to Soldier Impact Parameter(s) 

Impact 

Parameter 

Soldier Measure Impact 

Parameter 

Sleep 

Deprivation 

During simulated surgery tests, surgeons who had been sleep 

deprived via interrupted sleep or total sleep deprivation 

displayed a decrease in operative dexterity compared with 
baseline performance and performance of surgeons with 

undisturbed sleep 

Taffinder et 

al., 1998 

Sleep 

Deprivation 

Study found that between 13 and 23 hours of total sleep 

deprivation, reaction times increased 57% on average from 
baseline, hand eye coordination decreased 26-31%, measures of 

perception decreased approximately 15%.  Of note, an average 

of 18 hours total sleep deprivation had performance effects 
similar to subjects at or above legal alcohol intoxication limits 

Williamson 

and Feyer, 
2000 

Fatigue Study found that pilots had decreasing performance during the 

initial 3.5 hours of a 4 hour flight simulation; Study coupled 

some sleep deprivation which was thought to exacerbate the 
fatigue.  No explanation was given for the increase in 

performance during the last half hour of flight.   

Morris and 

Miller, 1996 

 

Task Categories Requiring Dexterity or Motor Control 

Task Category Description of Performance Required 

Weapons 
Marksmanship 

Soldiers must be able to accurately aim weapons while engaging targets 
requiring steady motor control. 

First Aid Soldiers require the fine motor control to apply bandages and splint potential 

fractures.  Soldiers also require gross motor control to perform casualty 

carrying techniques. 
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Appendix F Soldier Task Descriptions 

 This appendix describes ten Soldier task categories used to demonstrate the 

military relevance of the Soldier performance modeling proposed in this report.  The task 

categories represent tasks that every Soldier should be capable of performing, with an 

emphasis on basic infantry tasks.  While the task categories may not be the ten most 

important tasks for every Soldier, many are essential to basic Army operations.  The 

descriptions discuss the expected abilities of individual Soldiers and the additional 

responsibilities of small unit leaders, when applicable.  Each description concludes with a  

list of the related Soldier performance measures used in the proposed model.  The 

descriptions provided here have a firm basis in current Army doctrine supported by Army 

Field Manuals (FM) and Soldier Training Publications (STP) for individual Soldiers and 

Infantry small units.     

Movement and Navigation: 

 Movement is a part of all Army operations, and normally occupies more mission 

time than decisive actions on the objective such as fighting or engaging the local 

populace in stability operations (HQDA, 2007).  Therefore, Soldiers must develop 

instinctive knowledge of tactical movement techniques (HQDA, 2008).  In this report, 

movement includes movement when in contact with the enemy, doctrinally referred to as 

maneuver, and when not in contact with the enemy (tactical movement in doctrine).  

Navigation refers to the tasks of movement route selection and execution by use of maps, 

terrain analysis, and other navigation aids. 

 Maintaining security in order to prevent the enemy from achieving surprise is a 

primary focus of movement tasks (HQDA, 2007).  In support of this focus, individual 

Soldiers are responsible for identifying and making use of cover and concealment from 

potential enemy observation and fire along the route.  They should also recognize and 

avoid areas that may give the enemy tactical advantage such as open areas, and the tops 

of ridges (HQDA, 2008).  In addition to basic movement techniques, Soldiers must be 

prepared to identify and react to multiple forms of enemy contact including direct fire, 
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indirect fire, signals, and obstacles (HQDA, 2008; HQDA, 2009).  This requires Soldiers 

to select appropriate movement methods for the encountered terrain and enemy situation. 

 Leaders have the responsibility to determine unit movement routes, techniques 

and formations while considering mission requirements for speed, security, and control of 

the unit during movement.  Key to this responsibility is the understanding of the effects 

of terrain on tactical operations, to include the effects on friendly and enemy forces.  This 

understanding facilitates effective selection of movement routes that maximize unit 

security, while minimizing the physical demands on the Soldier, and allow the unit to 

arrive at the objective on time.  Leader navigation skills therefore become critical to 

executing the selected route (HQDA, 2007). 

Related Soldier Performance Measures:   

 Endurance - Ability to execute the movement and arrive ready to fight 

 Decision Making - Appropriate selection of movement techniques and routes 

based on the situation 

 Perception -Maintaining security during movement, and analyzing terrain 

 Responsiveness - Maintaining security during movement 

 Memory Effectiveness - Recalling identifiable terrain features both on maps and 

on the ground, and recalling the effects of the terrain on operations 

Weapons Marksmanship: 

 Combat marksmanship skills are essential to every Soldier, and when engaged 

with the enemy, a Soldier must be able to kill or suppress the enemy with precision fire 

(HQDA, 2007; HQDA, 2008).  Marksmanship includes the ability to engage targets with 

all available weapons, as well as the maintenance of those weapons and ancillary devices 

such as aiming devices and sights (HQDA, 2007; HQDA, 2009). 

 The Army expects individual Soldiers to be highly knowledgeable about their 

assigned weapons.  Soldiers must understand their weapons range capabilities, available 

ammunition and its target effects, as well as the risks and fire control measures to be used 

when operating the weapons (HQDA, 2007).  In operation, Soldiers must select 

appropriate firing positions and aiming techniques based on the situation, and be prepared 

to take immediate corrective action in the event of a weapon malfunction (HQDA, 2008). 
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 Leaders have the responsibility to combine the use of different weapons and 

ammunition to achieve the desired effects on the enemy.  Small units may have rifles, 

machine guns, grenade launchers, and shoulder-launched munitions available for a given 

mission.  Leaders must effectively distribute weapons across the unit‟s area of operations, 

and control fires in order to achieve fire superiority over the enemy, reduce the risk of 

fratricide, and conserve limited resources (HQDA, 2007). 

Related Soldier Performance Measures:   

 Perception - Acquiring targets and identifying terrain based fire control measures 

 Motor Control - Accurately aiming weapons while engaging targets 

 Memory Effectiveness - Recalling and understanding the capabilities of assigned 

weapon systems, recalling maintenance and misfire procedures 

 Skill Acquisition - Quickly comprehending the capabilities of new weapons, and 

the effects of terrain on weapon operation and effects 

 Decision Making - Selection of appropriate firing positions and aiming techniques 

 Responsiveness - Quickly reacting to weapon system malfunction 

Communication: 

 Communication to provide accurate and timely information to leaders and fellow 

Soldiers is a task that Soldiers must master in order to facilitate successful operations.  

Communication tasks include establishing and maintaining the technical means of 

communication (i.e. radios and networks), and the standard procedures for reporting 

information (HQDA, 2007). 

 To communicate effectively in a tactical environment, Soldiers must understand 

how to maintain and operate their radio equipment.  They must also master the skills of 

transmitting clear and concise messages in the minimum amount of time required using 

standard reporting formats.  Mastery of these skills facilitate rapid execution of other 

operational tasks coordinated with accurate information exchange between Soldiers and 

units (HQDA, 2008).  

Related Soldier Performance Measures:  

 Communication Effectiveness - Ability to convey information in a clear and 

concise manner 
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 Memory Effectiveness - Ability to recall and implement procedures for operating 

and maintaining communication equipment 

 Skill Acquisition - Ability to acquire and use information received through unit 

communications 

Improvised Explosive Devices (IED), UnExploded Ordnance (UXO), and Mines: 

 IED and UXO are common threats in operations across the world with potential to 

kill and seriously injure Soldiers and civilians.  In recent conflicts, IED have accounted 

for large proportions of U.S. casualties (DMDC, 2011).  Defeating threats posed by IED, 

UXO and mines requires constant vigilance by Soldiers, and adaptation of techniques to 

prevent becoming easy targets (HQDA, 2007). 

 In addition to maintaining alertness and security, individual Soldiers must know 

and respond to IED and UXO indicators.  Indicators of IEDs include exposed wires, 

objects that local persons are obviously avoiding, and items with unreasonable weights 

for their size (HQDA, 2007).  UXO indicators will classify the item as an air-dropped 

explosive, sub-munition, projectile as well as its suspected explosive or chemical content.  

Soldiers must be able to identify the specific hazard, and determine the appropriate 

response.  Soldiers must then be able to accurately report the hazard using the Army 

standard format (HQDA, 2009). 

Related Soldier Performance Measures:   

 Perception - Identification of potential hazard, and maintaining security 

 Responsiveness - Responding quickly to identified hazards 

 Memory Effectiveness - Accurately categorizing the hazard 

 Skill Acquisition - Learning and adapting to intra-theater enemy IED tactics 

 Decision Making - Selecting appropriate courses of action based on the identified 

hazard 

 Communication Effectiveness - Informing leaders and other Soldiers about the 

hazard using standard reporting procedures 

First Aid: 

 Effective first aid skills have a positive effect on unit morale, since Soldiers will 

have a high degree of trust and confidence in their fellow Soldiers ability to care for them 

if needed.  First aid tasks include immediate treatment of wounded Soldiers, enhanced 



362 

 

lifesaving treatment, and evacuation of the injured Soldier to medical personnel (HQDA, 

2007).  When executed effectively and efficiently these tasks facilitate saving Soldiers 

lives, and returning them to their mission as quickly as possible (HQDA, 2008). 

 Given the violent nature of combat, Soldiers must be capable of assessing and 

providing initial treatment for multiple injuries including fractures, wounds on various 

body parts, burns, and measures to restore breathing and blood flow (HQDA, 2009).  This 

requires accurate recall of treatment procedures as well as what actions not to take given 

the nature of the identified injuries.  Once a Soldier has rendered initial care, he or she 

must evacuate the wounded Soldier to a casualty collection point, sometimes by use of 

individual physical effort alone (HQDA, 2008). 

Related Soldier Performance Measures:   

 Memory Effectiveness - Recall indicators of specific injury types, and processes 

to treat them 

 Decision Making - Selecting the appropriate treatment actions based on the 

assessed situation 

 Motor Control - Maintaining the dexterity to apply effective injury treatment 

 Endurance - Having the physical ability to transport casualties to the collection 

point via multiple methods 

Chemical, Biological, Radiological, and Nuclear (CBRN): 

 Potential enemies of the United States maintain CBRN weapon capabilities.  

Therefore Soldiers must remain prepared to operate effectively in a contaminated 

environment.  Protection from CBRN effects includes avoidance of contamination, 

reconnaissance efforts to identify and mark CBRN hazards, protection from CBRN 

effects, and decontamination once CBRN contamination occurs (HQDA, 2007). 

 The Soldier‟s responsibilities under threats of CBRN attack include being able to 

identify and react to persistent and non-persistent nerve, blood, blister, and biological 

agents.  Soldiers should also be able to operate multiple CBRN agent monitors and 

interpret their readings in order to maximize unit protection.  Soldiers are also responsible 

for properly maintaining and using personal CBRN protective and decontamination 

equipment.  Small unit leaders have the additional task of planning for CBRN defense 



363 

 

including the appropriate distribution of available detectors and unit decontamination 

equipment (FM 3.21-75). 

Related Soldier Performance Measures:  

 Perception - Identify indicators of CBRN contamination 

 Responsiveness - Quickly take measures to protect oneself and one‟s unit when 

contamination is identified 

 Memory Effectiveness - Accurately classify the type and persistence of CBRN 

contamination; recall monitor operating procedures and decontamination 

procedures 

 Decision Making - Select appropriate course of action in responding to 

contamination based on the assessed type of contamination and unit posture 

Surveillance:   

 Security is the number one priority of work in all tactical operations (Ranger 

Training Brigade, 2006).  Effective security requires Soldiers maintaining awareness of 

assigned sectors of observation, and reporting any activity they see or hear (HQDA, 

2008).  In addition to simply remaining alert, surveillance requires the Soldier‟s ability to 

adjust observation techniques based on changing visibility conditions, and available 

observation aids such as night vision devices.  Multiple such devices may be available, so 

the Soldier must be able to select the appropriate device, and operate and maintain the 

device to standard. 
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Related Soldier Performance Measures:   

 Perception - Awareness of all activity in an assigned sector of observation 

 Memory Effectiveness - Recall of appropriate observation techniques for the 

current conditions; recall maintenance and operation procedures for observation 

equipment 

 Skill Acquisition - Ability to learn procedures for new observation equipment and 

appropriately incorporate it into operation 

 Communication Effectiveness - Inform leaders and other Soldiers about observed 

activity 

Patrolling: 

 Patrols are semi-independent operations of a small detachment from a larger force 

that have a specific task and purpose.  While patrolling, Soldiers will likely execute other 

tasks listed in this appendix, along with others not listed.  Typical purposes of patrolling 

include gathering information on the area of operations, engaging the enemy, or 

improving security of the unit, or the local populace (HQDA, 2007).   

 Depending on assigned tasks or elements, Soldiers in a patrol may be responsible 

for collecting and reporting reconnaissance information, determining the quality of 

movement routes, identifying enemy locations and activity, or providing fire support to 

other elements (HQDA, 2007).  Due to patrols consisting of small forces, all Soldiers 

must maintain constant alertness to provide security (HQDA, 2004).  The small unit must 

also carry significant amounts of ammunition and equipment in order to be self-

sustaining, thus requiring high levels of Soldier fitness (HQDA, 2007). 

 Leaders have multiple responsibilities in both the planning and execution of 

patrols. In planning, leaders must assess the situation in terms of friendly assets, enemy 

threat, and terrain.  Orders for patrols should address several factors including the task 

and purpose, movement routes and techniques, actions on contact, communications plans, 

and medical procedures.  During execution the leader must continue to make decisions 

regarding use of terrain during movement and distribution of assets across the unit 

(HQDA, 2007). 

Related Soldier Performance Measures:   

 Perception - Maintaining alert security throughout the operation 
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 Responsiveness - Reacting to enemy contact 

 Endurance - Executing the patrol while carrying the requisite amount of 

ammunition and equipment 

 Communication - Reporting observed activity and transmitting commands 

 Decision Making - Mission planning, and leader adjustments during the mission 

 Skill Acquisition - Adjusting to the local populace and changing enemy 

procedures 

 Memory Effectiveness - Recalling information presented in the operation order to 

facilitate appropriate action 

 Emotional Control - Maintaining professional demeanor when interacting with the 

local populace regardless of their posture towards Soldier presence  

Information Collection:   

 Recent doctrine has introduced the concept of Every Soldier is a Sensor (ES2).  

This concept requires training of Soldiers to actively observe their environment and 

report critical information accurately and concisely.  This concept reinforces the notion 

that intelligence development is the responsibility of every Soldier (HQDA, 2008).     

 Soldiers must be capable of collecting information via all of their senses, and 

through interaction with the terrain, the enemy and the local populace.  Soldiers must 

identify information that relates to leader specified critical information requirements, and 

communicate the information appropriately (HQDA, 2008).  Specific methods of 

information collection may include tactical questioning and site exploitation (HQDA, 

2007). 

 Leaders have a special responsibility to aggressively collect information about the 

enemy, the terrain and the status of their assigned Soldiers.  This information may come 

from reconnaissance efforts, maps, and databases.  Updates to information occur 

constantly.  Therefore leaders must remain able to incorporate meaningful information 

into their decision making process throughout an operation (HQDA, 2007). 

Related Performance Measures:   

 Perception - Actively observing the environment 

 Responsiveness - Reporting critical information in a timely and accurate manner 

 Decision Making - Incorporating updated information into operation planning and 

execution 
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 Memory Effectiveness - Relating observations to specified critical information 

requirements 

 Skill Acquisition - Identifying and retaining information techniques that are 

effective in different situations 

Individual Conduct and the Law of War: 

 Soldiers have a legal and moral obligation to obey the law of land warfare, with 

the purpose of protecting combatants and non-combatants from unnecessary suffering 

during war (HQDA, 2007; HQDA, 2008).  When applying deadly force in combat, 

Soldiers should use the principles of military necessity, distinction between combatants 

and non-combatants, and proportionality to determine the appropriate type and amount of 

force to employ (HQDA, 2007).   

 In combat, Soldiers must remember the basic tenets of the customary law of war, 

the Hague and Geneva Conventions, and the Code of Conduct.  These documents 

describe limits and prohibitions on use of some weapons, treatment of personnel on the 

battlefield, and individual conduct when faced with capture by the enemy (HQDA, 2009).  

Individual conduct also includes procedures for interacting with non-military personnel 

including the media.  When interacting with the media, Soldiers must understand their 

responsibilities and rights regarding questions, while remaining truthful and not 

disclosing sensitive information (HQDA, 2009). 

Related Performance Measures:   

 Decision Making - Selecting appropriate methods of force when operating on the 

battlefield 

 Memory Effectiveness - Recalling instructions derived from rules of engagement, 

the Code of Conduct, and international conventions 

 Responsiveness - Ability to respond to non-combatants, and exploitation of 

adherence to the law by the enemy 

 Communication - Ability to accurately and clearly present information to the 

media and the local populace 

 Emotional Control - Maintaining professional behavior when confronted with 

unlawful enemy actions   
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Appendix G Projected DoD/VA Disability Cost Support 

Facts: 

1. In 2005, the U.S. Departments of Defense (DoD) and Veterans Affairs (VA) were 

paying $4.3 billion dollars in disability compensation related to Post-Traumatic 

Stress Disorder (PTSD) to approximately 200,000 combat veterans 

(TheDenverChannel.com, 2010).  (i.e. Average annual disability cost for one 

chronic PTSD sufferer is $21,500). 

2. A 2008, RAND Corporation study found that of those combat veterans suffering 

from PTSD, only approximately half seek treatment, and only approximately half 

of those complete the recommended treatment regimen (Tanielian & Jaycox, 

2008). 

3. The same study estimated that 30% of combat veterans will suffer from PTSD 

(Tanielian & Jaycox, 2008). 

4. Seal et al. (2010) found that PTSD sufferers who complete recommended training 

within one year from the causal event are less likely to become chronic sufferers.   

5. Health care costs have risen approximately 7% annually over the past decade 

(Altman, Levitt & Claxton, 2010). 

Assumptions: 

A. Approximately 150,000 U.S. Service members will deploy to combat annually 

based on recent figures of service members deployed to Iraq and Afghanistan 

(Farmer, 2010). 

B. Deployments result in 20,000 new PTSD sufferers per year.   

a. From Fact (3): 30% of veterans will suffer from PTSD; results in the 

potential for 45,000 new PTSD sufferers.   

b. Many of those deployed will deploy or have deployed multiple times.  (i.e. 

150,000 deploying service members annually should not be summed to 

arrive at a total number of deploying service members.) 

c. Estimate that less than half of deploying Soldiers are deploying for the 

first time, resulting in the assumption of 20,000 new PTSD sufferers 

annually. 

C. Without additional information or intervention, only approximately one-quarter of 

new PTSD sufferers will seek and receive appropriate treatment, resulting in 

15,000 new chronic PTSD sufferers per year requiring disability compensation. 

D. Health care costs will continue to rise at approximately 7% annually. 
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Projections: 

1. With no change in current conditions aside from providing aggressive treatment, 

DoD and VA disability compensation payments will rise to $67.1 billion dollars 

in fiscal year 2030. 

2. If a system, such as the Soldier Performance Model (SPM), provided 

information that led to half of the 15,000 would-be chronic PTSD sufferers 

seeking and receiving effective treatment, DoD and VA disability compensation 

payments would rise to $45.2 billion dollars in fiscal year 2030. 

3. If a system, such as the SPM, provided information that led to 80% of the 15,000 

would-be chronic PTSD sufferers seeking and receiving effective treatment, 

DoD and VA disability compensation payments would rise to only $32.1 billion 

dollars in fiscal year 2030. 

Discussion: 

 Systems that empower Soldiers to seek self-improvement, and when applicable, 

treatment have the potential to benefit the country financially, as well as benefitting the 

Soldier‟s well-being.  The projections presented above show that such a system fielded 

today could potentially save between $22 and $35 billion dollars in one year.  The 

cumulative savings between now and 2030 could rise to between $180 and $285 billion 

dollars.  Figure G-1 graphically displays the potential cost savings.  The cost projections 

also account for only one part of the costs related to chronic PTSD.  The costs associated 

with an elevated suicide rate and treatment costs in addition to disability payments would 

also likely recede with a reduction in the number of chronic PTSD sufferers in the DoD 

and VA systems.  
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Figure G-1 Disability Cost Projection Graph 
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