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Abstract 

 

Modeling Food Deserts: Devising an adaptable framework to test built 

environment disruptors in urban food deserts 

 

Kelsey Christina Abel, M.S.E.; MPaff  

The University of Texas at Austin, 2018 

 

Supervisor:  Kasey M. Faust 

 

Food Deserts are an expansive problem with cascading effects on quality of life, 

equity, and health outcomes for FD residents. Within urban FDs, a disconnect exists 

between the built environment and stakeholder populations, which exacerbates access 

issues. Modeling food access within FDs could help decision makers and urban planners 

devise and test solutions to increase access and mitigate negative effects on FD residents. 

The devised framework provides an adaptable model that can be applied to any FD and 

then used to simulate the impact of a variety of disruptors. The framework leverages 

Object-Oriented Programming and combines Agent-Based Modeling, Geographic 

Information Systems, and Discrete Event Simulation. To test its functionality, this 

framework was applied to a case study region in Austin, Texas.  

Results indicate that all modeled disruptors improve food access in the case study 

region, but efficacy is dependent on disruptor location and the distance residents are willing 

to walk to reach a store or bus stop (referred to as WTWS and WTWB, respectively). Most 

significantly, this work demonstrates and discusses how simulation modeling can be used 
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to (1) inexpensively test proposed solutions to food access issues before large-scale capital 

investments are made; (2) identify emergent behavior and confounding variables that might 

increase or decrease a disruptor’s efficacy if leveraged correctly; and (3) identify unique, 

area-specific solutions to food access issues within FDs to achieve more sustainable 

improvements in food access among underserved populations.  

The practical application of this work is its ability to provide decision makers with 

data on what built environment disruptors would be most effective at improving food 

access in FDs. Future iterations of this work may be used to recommended courses of action 

to engineers and decision makers about how to address food access in underserved regions 

from both a policy and a built environment perspective. 



 vi 

Table of Contents 

List of Tables ................................................................................................................... viii 

List of Figures .................................................................................................................... ix 

INTRODUCTION ....................................................................................................................1 

LITERATURE REVIEW .........................................................................................................4 

METHODOLOGY...................................................................................................................7 

Modeling Approaches .................................................................................................7 

Geographic Information Systems (GIS) ................................................7 

Discrete Event Simulation (DES) ..........................................................8 

Agent Based Modeling (ABM) ..............................................................9 

Model Formulation ...................................................................................................10 

Resident Behaviors ..............................................................................10 

Determining when to go to the store, the Food Decay Parameter .......12 

Store Selection .....................................................................................13 

Selecting a Mode of Transportation .....................................................14 

Model Implementation ..............................................................................................15 

Metrics .................................................................................................15 

Disruptors .............................................................................................15 

Experiments .........................................................................................16 

Case Study Region ....................................................................................................18 

Data ...........................................................................................................................18 

Verification and Validation ......................................................................................19 

Limitations ................................................................................................................20 



 vii 

RESULTS AND DISCUSSION ................................................................................................21 

Willingness to Walk..................................................................................................21 

Creating New Grocery Stores ...................................................................................23 

Expanding Public Transit Options ............................................................................26 

Limitations ................................................................................................................29 

CONCLUSION .....................................................................................................................31 

Works Cited ......................................................................................................................33 



 viii 

List of Tables 

Table 1: List of modeled agents and the associated rules, behaviors, and parameters 

used to abstract their behavior (adapted from Abel & Faust, 2017) .............10 

Table 2: List of disruptors introduced into the model ........................................................16 

Table 3: Introduction of the store disruptor in locations 1 and 2 (rounded to the 

nearest whole number) ..................................................................................24 



 ix 

List of Figures 

Figure 1: Methodology and demonstration of the interfaces between modeling 

methods (GIS, ABM, and DES) .....................................................................7 

Figure 2: Bus behavior demonstrated as a series of discrete steps ......................................8 

Figure 3: State chart governing resident agent behaviors (adapted from Abel & Faust, 

2017) .............................................................................................................11 

Figure 4: flow chart showing a resident agent's selection of transportation to a store ......14 

Figure 5: Effect of Willingness to Walk on Food Access Levels ......................................22 

Figure 6: Locations at which store disruptors can be placed within the case study 

region ............................................................................................................24 

Figure 7: Impact of WTWB on the percentage of people who use each types of transit 

option ............................................................................................................27 

Figure 8: Extended bus routes may address geographic barriers within FDs ....................29 

  



 1 

INTRODUCTION 

In the urban environment, access to key services (e.g., emergency services, 

education, food services, water services) depends heavily on public infrastructure. 

Transportation networks, centralization and distribution of services, information about 

existing services, and pedestrian infrastructure all determine the extent to which residents 

can utilize key services (Allard, 2003; Lineberry & Welch, 1974; Urban Institute, n.d.). 

Underutilization and lack of access to services, specifically food services, have negative 

effects on residents (e.g., diet-related diseases, mal- or hyper-nutrition, delayed childhood 

development, etc.), and have been associated with equity issues and lower quality of life 

for underserved populations in the US (Black, 2011; California Center for Public Health 

Advocacy, 2008; Dixon, 2007; Helling, 2003; UCLA, 2008; Ver Ploeg, 2012; Walker et 

al, 2010).  

Urban food deserts (FDs), or regions in which 500 residents or 1/3 of a region’s 

population live more than 1 mile from the nearest grocery store (USDA, 2017), exemplify 

residents’ inability to access key food services due to both fewer stores in the area (Algert 

et al, 2006; Dai & Wang, 2011; Galvez et al, 2008) and under-provision of public 

infrastructure to reach these stores (e.g., public transportation networks, safety and 

security, pedestrian and other built environment infrastructure; Dutko et. al, 2012; Gottlieb, 

1996; LeDoux & Vojnovic, 2013; Safe Routes, 2017). FDs also exemplify the negative 

effects that can result from inaccessibility and underutilization; FDs are associated with 

negative health outcomes, including a high prevalence of diet-related diseases and obesity 

(Algert, 2006; Baker, 2006; Diez-Roux, 1999). Additionally, residents of FDs are 

disproportionately low-income people (Algert, 2006; Baker, 2006; Chung, 1999) and 
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people of color (Baker, 2006; Galvez, 2008; Helling, 2003). Therefore, understanding how 

FDs function and how to potentially mitigate or resolve them is important. 

Numerous studies have sought to understand the prevalence, extent, and causes of 

FDs (Black, 2011; Block, 2006; California Center for Public Health Advocacy, 2008; 

Chung, 1999; Cummins, 2002; Dixon, 2007; Dutko et. al, 2012; Farber, 2014; Giang, 2008; 

Glanz 2005; Helling, 2003; Horner, 2014; Kyureghian, 2013; Larson, 2008; McKinnon, 

2009; Morland, 2002; Neckermanet al., 2009; Smith, 2013; UCLA, 2008; Ver Ploeg, 2012; 

Ver Ploeg, 2015; Walker, 2010; Wrigley, 2002; Wilkins, 2017). Other studies have 

criticized the FD definition, and  sought to develop other quantitative method of evaluating 

access to key services (including food services) to better assess how to intervene and 

improve access (Apparicio, 2008; Bertrand, 2008; Bhat, 2002; Eckert, 2011; Fan, 2009; 

Lee, 2009; Ver Ploeg, 2014; Wilkins, 2017). However, few studies have taken a modeling 

approach to the issue of food access (Auchincloss, 2011; Chen, 2013; Hillier, 2015; 

Widener, 2013), and none of these models addressed food inaccessibility as a direct result 

of the disconnect between the built environment and key services. Moreover, no studies 

provide an adaptive framework that can be applied to a variety of FDs to simulate how the 

implementation of a given disruptor (defined as any change to the system that shifts the 

status quo) impacts the percentage of residents who readily have access to healthy, 

affordable food. 

This work seeks to devise a modeling framework that can be implemented in any 

FD to simulate and holistically assess which disruptors (e.g., new grocery stores, new or 

expanded bus routes, more frequent buses, improved security via better street lighting or 

creation of sidewalks) would generate the greatest increase in food access within that FD. 

The proposed framework uses Object-Oriented Programming (specifically Agent-Based 

Modeling (ABM), Discrete Event Simulation (DES), and Geographic Information Systems 
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(GIS)) to understand residents’ current mobility issues and how changes to the built 

environment might improve or impede food accessibility. The framework is then applied 

to a case study region to investigate its methodological viability in terms of the model’s 

ability to measure effectiveness of various disruptors, isolate and interpret emergent 

behavior, and capture non-linearities and interdependencies between built environment 

disruptors. This work contributes to the literature in two ways. First, this methodology 

focus on developing an adaptable framework that can be applied to any FD to generate 

area-specific solutions to food access at the local level. Second, this model utilizes through-

the –network distance measurements and takes into account mobility options of low-

income residents when determining food access. The practical application of this study is 

the ability to provide decision makers with data about which built environment disruptors 

would be most effective at improving equitable food access in a given FD. 
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LITERATURE REVIEW 

The term Food Desert was originally coined in Scotland in the 1990s to describe 

regions in which poor people were unable to access healthy foods due to a lack of stores 

(Beaumont et al., 1995). Since the advent of this study and this term, the concept has 

expanded internationally (Beaulac et al., 2009; Black et al., 2011; Larson and Gilliland, 

2008; Wrigley, 2002) and is now used to describe and assess food inaccessibility in both 

rural and urban areas (Lee, 2017; USDA, 2017).  

Food inaccessibility and research into FDs was primarily motivated by studies that 

linked food consumption behaviors and public health outcomes (Baker et al., 2006; 

Cummins and Macintyre, 2002; Wrigley et al., 2002). Much of this research sought to shift 

the blame and burden of unhealthy eating from the urban poor themselves to the food 

environments in which the urban poor are constrained to live (Baker et al., 2006; Diez-

Roux et al., 1999; Dixon et al., 2007; Kyureghian et al., 2013; Morland et al., 2002; UCLA, 

2008). By understanding the eating habits of the urban poor as the product of the residents’ 

environment and circumstance, rather than their presumed ignorance and negligence, the 

FD environment became a problem that could could be quantified, understood, and solved. 

In the US, this led to the development of a quantifiable definition of a FD by the USDA 

(USDA, 2017).  

This definition has been used by many studies to identify and assess US FDs (Dai 

and Wang, 2011; Galvez et al., 2008; Lee and Lim, 2009; Smith et al., 2013; Walker et al., 

2010). However, many studies have critiqued this definition as lacking nuance around food 

prices within the region (Block and Kouba, 2006; Chung and Myers, 1999; Kyureghian et 

al., 2013) and consideration of time poverty (Chen and Clark, 2013; Farber et al., 2014; 

Horner et al., 2014; Widener, 2014). Further studies have sought to identify predictors of 
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food access issues (Dutko et al., 2012; Ver Ploeg, 2012; Ver Ploeg et al., 2014), quantify 

access using completely new metrics (Fan et al., 2009; Neckerman et al., 2009; Mckinnon 

et al., 2009), or by defining access with respect to both geography and time (Chen and 

Clark, 2013; Farber et al., 2014; Horner et al., 2014; Widener, 2014). 

Going beyond the definition and quantification of FDs, other research has sought 

to assess the impact of interventions introduced in FDs (Giang et al., 2008; Hardman, 2016; 

Richardson et al., 2017). There is mixed information about how effective food access 

interventions (e.g., implementing fruterias, mobile markets, farmers markets, etc.) have 

been on improving food accessibility and overall health outcomes (Dannefer, 2012; 

Lawman et al., 2014; Raja et al., 2008; Short et al., 2007). Moreover, many of these 

interventions are economically unviable to the cities and start-ups that initiate them 

(Hardman, 2016; Ruthhart, 2015). Research also suggests that certain interventions can 

exacerbate food inaccessibility by inducing gentrification (Florida, 2015). Additionally, 

because these studies are area-specific, the methods used and the results generated cannot 

be easily transferred to FDs in other parts of the country.  

One method of addressing the specificity of region-specific studies and 

interventions is to develop predictive simulation models that can be applied to a variety of 

FDs to understand the unique impact of a given intervention based on the unique 

characteristic of each FD. Predictive models utilizing Object-Oriented Programming have 

been applied with great success to transportation systems (Torrens, 2000), placement of 

public services (Allard et al., 2003; Lineberry and Welch, 1974), and public health 

modeling (Glanz et al., 2002; Sørensen et al., 2012). These modeling approaches allow for 

inexpensive, risk-free experimentation in an artificial world to better understand how 

interventions will perform when implemented in real systems. Initial models that have been 

applied to FDs utilize methods like Geographic Information Systems (GIS) (Eckert and 
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Shetty, 2011; Wilkins et al., 2017), Agent-Based Modeling (ABM) (Auchincloss et al., 

2011; Widener et al., 2013) and individual choice modeling (Hillier et al., 2015). Widener 

et al.’s work (2013) using ABM is unique and allows for the assessment of policy levers 

and their impacts to the system.  

This study continues the current trend in FD research by devising predictive 

modeling techniques to understand how various interventions, or disruptors, may impact 

food access within a given FD. Like previous studies (Auchincloss et al., 2011; Eckert and 

Shetty, 2011; Hillier et al., 2015; Widener et al., 2013; Wilkins et al., 2017), this work 

utilizes GIS and ABM to simulate and visualize how residents move through the modeled 

FD. However, this work is differentiated by its multimodal approach, a focus on the 

mobility options available to the residents of the region, the implementation of choice 

modeling informed by behavioral research (Bhat et al., 2002; Hillier et al., 2015), and the 

utilization of through-the-network (rather than radial) distance calculations. Each of these 

distinctions addresses a gap in the FD modeling literature. 

Moreover, this work is differentiated from prior work in that it develops a 

framework, rather than a region-specific model, that can eventually be applied to any FD. 

This allows the results and potential solutions to be unique to the FD being studied. This 

study will help move FD modeling forward and eventually lead to the development of a 

predictive tool that can be utilized by decision makers and urban planners to generate area-

specific solutions to neighborhood-level food access issues. 
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METHODOLOGY 

The following section outlines the object-oriented programming  techniques used 

and the formulation of the modeling framework, including key assumptions, abstraction of 

the real system, and methods of verification and validation. 

MODELING APPROACHES 

This framework uses Object-Oriented Programming and combines Agent-Based 

Modeling, Geographic Information Systems, and Discrete Event Simulation. Figure 1 

shows the overarching modeling logic and demonstrates how these modeling approaches 

interface with one another. 

 

Figure 1: Methodology and demonstration of the interfaces between modeling methods 

(GIS, ABM, and DES) 

Geographic Information Systems (GIS) 

GIS provides an environment in which object classes (things like buses, people, 

and stores) can interact with a network of established paths and roads that accurately 

portray the FD under consideration (Borshchev, 2013; Goodchild, 2006). Stores, bus stops, 

and residential regions can be placed in their geocoded locations, with additional points of 

interest (e.g., disruptors) added at the user’s discretion. Based on these locations, GIS can 
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determine the shortest paths through the network for various mobility methods (by car, by 

foot, etc.). Calculating shortest paths through the network (as opposed to calculating 

radially) has been shown to more accurately capture real systems (CBS, 2015) and to avoid 

aggregation errors associated with radial measurements (Apparicio, 2008). This model uses 

AnyLogic OpenStreetMap (OSM) tiles. 

Discrete Event Simulation (DES) 

Discrete-Event Simulations model processes that occur in discrete steps and follow 

a logical order (Borshchev, 2013; Law, 2015). Because bus behavior can be broken down 

into a series of discrete steps (see Figure 2), DES is used to model how buses move through 

the simulated FD. During the bus’s hours of operation, buses enter the model via a Poisson 

distribution. This distribution was chosen so that buses arrive, on average, at the scheduled 

frequency for the route (e.g., every 20 minutes), while also ensuring that the model 

encompasses inconsistencies and delays in bus arrival times. As delays and unpredictability 

are commonly encountered by bus end users, this approach more closely approximates 

reality than strict compliance with a posted schedule. 

 

Figure 2: Bus behavior demonstrated as a series of discrete steps 
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Agent Based Modeling (ABM) 

Agent-Based Modeling simulates individual, autonomous entities, called agents, 

that interact with one another and their environment in accordance with behaviors coded 

into them. This methodology is useful as it allows for aggregate behaviors to emerge 

through the individual-level interactions between agents (agent-agent interactions) and 

with their environment (agent-environment interactions) (Bonabeau, 2002; Borshchev, 

2013). ABMs can have multiple kinds of agents (also called agent types or agent classes), 

that can have different ‘rules’ governing their behaviors; this allows the behavior of each 

agent type to be independent and unique. These rules include parameters, functions, and 

state charts (discussed below) that abstract the behaviors of real agents so that they can be 

modeled (Bonabeau, 2002; Borshchev, 2013). The agents simulated in this report include 

residents, food vendors/stores, and buses. Table 1 summarizes the associated behaviors of 

each agent type and their purpose in the model. 
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Table 1: List of modeled agents and the associated rules, behaviors, and parameters used 

to abstract their behavior (adapted from Abel & Faust, 2017) 

MODEL FORMULATION 

Resident Behaviors 

Resident agents are placed in the GIS environment by first recording the size, 

location, and distribution of land zoned as residential. These residential regions are 

subdivided into areas where the distance from the centroid to any edge was less than 0.25 

miles. These areas are then populated with the number of resident agents that corresponded 

Agent 

Classes 
Function 

Parameters and 

variables 

Examples of decision rules 

and formulae 

Resident 

agents 

Represents the 

residents in the 

region and how 

these residents get to 

and from food 

vendors 

 Walking speed 

[mph] 

 Food level (FL)  

 Willingness to 

walk [miles] 

 Home location  

 Car ownership [%] 

 As FL decreases, likelihood 

of going to the store 

increases 

 Select mode of 

transportation 

 Determine which food 

vendor agent to go to based 

on: 

1. Proximity to store 

2. Likelihood of finding 

healthy food at that 

store 

Food 

vendor 

agents 

Represents the 

various food 

vendors of different 

types (convenience 

store, grocery store, 

specialty store, etc.) 

 Likelihood of 

stocking healthy 

food  

 Geocoded location  

 Hours of operation 

 Stores that are not open 

cannot be accessed by 

resident agents 

 Each store determines 

which bus stop(s) are 

closest to it 

Mobility 

agents 

Represents public 

transit and other 

non-private forms of 

mobility 

 Capacity of bus 

[people] 

 Speed [mph] 

 Geocoded location 

of bus stops  

 Number of passengers in a 

given bus cannot exceed the 

bus capacity 

 Buses can only move along 

their predetermined route 

 Buses pick up and drop off 

passengers at each bus stop 
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to the size of the area enclosed, assuming a uniform distribution of residents across all 

residential zones. As food is often purchased and consumed at the household level (USDA, 

2018), the number of residents per area is divided by the average family size in the FD so 

that a single resident agent represents an entire household.  The allocated residents 

(rounded to the nearest whole number) are placed at the centroid of each subdivided region, 

which acts as these residents’ home location and is also used to conduct shortest path 

calculations.  

After placing the agents, agent behaviors were abstracted in order to determine how 

the different agent types should behave within the model. The decision rules in Table 1 

show examples of abstracted behavior for each agent type. The resident behavior modeling 

consists of determining when to go to the store, selecting a store and a mode of transit, and 

then commuting to and from the store. Figure 3 presents a state chart showing this 

abstracted resident behavior. 

 

Figure 3: State chart governing resident agent behaviors (adapted from Abel & Faust, 

2017) 
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Determining when to go to the store, the Food Decay Parameter 

At the start of the simulation, residents are assigned a random amount of food, 

modeled as a unitless number ranging from 0 to 50, with 0 being no food at all and 50 being 

a fully stocked kitchen. This value, referred to as one’s food level (FL), is assumed to be 

inversely related to one’s need to go to the store, or equivalently, the probability that a 

resident agent will go to the store. The FL decays at some rate, either due to consumption 

or spoilage of the food on hand, thereby increasing the likelihood that a resident agent will 

be probabilistically triggered to purchase food from a food vendor agent. The FL decay 

rate used must be a positive real number with units of inverse days such that: 

𝐹𝐿𝑐 = (𝐹𝐿𝑖)(𝑅𝑑)(𝑡)            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

where 𝐹𝐿𝑐 is the resident agent’s current food level,  𝐹𝐿𝑖 is the resident agent’s initial food 

level, 𝑅𝑑  is the decay rate of food, and t is time. 𝐹𝐿𝑐 is updated every 24 simulated hours. 

To model this process, a value for the FL decay rate 𝑅𝑑   must be determined. A previous 

food access study (Widener et al., 2013) used the decay rate of fresh fruits and vegetables, 

but this approach was rejected for use in this study because food decay rates are not 

consistent across food groups, regions, or between households due to issues of storage. 

Instead, this modeling framework sought to create a proxy parameter to account for decay 

rates of all foods within a household as well as the consumption patterns of the average US 

household. This was done by using the average number of trips to the grocery store per US 

household—1.5 trips per week (“Consumers' Weekly Grocery Shopping Trips”, 2017)—

as an indicator of when food had sufficiently depleted as to warrant a trip to the store. 

Parameter variation was conducted to determine the decay rate that yielded an average of 

1.5 store trips per week per simulated household; this process resulted in a decay rate of 

0.114, or 11.4% decay per day. 
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Store Selection 

Once a resident is probabilistically triggered to go to a store based on their FL, they 

must determine which store to go to. Resident agents are assumed to have the following 

preferences:  

1. Stores that are geographically closer (measured through the network) to a resident’s 

home are preferred to those that are farther away 

2. Stores that are more likely to stock healthy food choices are preferable to those that 

are less likely to provide healthy options 

Store selection is therefore based on the proximity of a store to the resident agent 

and the likelihood that a store will carry healthy food, as shown in Eqn. 2: 

𝑆 =  𝑀𝐴𝑋(𝑈𝑠,𝑖)  = 𝑀𝐴𝑋 (
1

𝐷
∗ 𝑊𝐷  + 𝑃 ∗ 𝑊𝑃)            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

where S is the store an agent selects, 𝑈𝑠,𝑖 is the utility of store i to the individual resident, 

D is the distance in miles between the resident and store i, P is the probability that healthy 

food can be found in store i, and 𝑊𝐷 and 𝑊𝑃 are the relative importance of D and P in a 

resident’s store selection. D is determined using GIS functionality. P ranges from 0 (no 

healthy food offered) to 1 (a complete selection of healthy foods) and is based on databases 

quantifying the amount and number of healthy foods offered by a given store. For this 

study, 𝑊𝐷 = 𝑊𝑃= 0.5.  

Another assumption inherent in Equation 2 is that the price of the food within the 

stores is not prohibitive to the residents, and that residents who find healthy food can afford 

it. In reality, smaller stores tend to have higher prices than larger grocery stores, which 

adds yet another barrier to food access in these regions. While price is not assessed in this 

study, Equation 2 is adaptable enough to allow for the addition of a ‘cost of food’ term that 

can incorporate the price of food into a resident’s store selection process. 
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Selecting a Mode of Transportation 

Following store selection, a resident agent then selects their means of mobility. In 

order of most preferable to least preferable, a resident agent’s mobility options are driving, 

walking by choice, using the bus, or walking as a last resort (See Figure 4). To model 

unequal private mobility access, US Census data indicating the percentage of residents 

within a FD who own a private vehicle was used to randomly assign that percentage of 

resident agents as car owners. Two parameters were created to determine the usability and 

preference between walking by choice and using the bus: Willingness to Walk to the Store 

(WTWS) and the Willingness to Walk to the Bus (WTWB). The WTWS is defined as the 

maximum distance that a resident agent is willing to walk by choice to reach a store. The 

WTWB indicates the maximum distance a resident agent is willing to walk to reach a bus 

stop and utilize the bus (measured both from a resident agent’s home location to the bus 

stop, and from the bus stop to the selected food vendor agent location). As shown in Figure 

4, if none of the preferred mobility options are available to a given resident, then the 

resident is forced to walk as a last resort. It is important to acknowledge that there are a 

small population of people who are unable to walk to the store for health reasons, which is 

not captured by this selection process.  

Figure 4: flow chart showing a resident agent's selection of transportation to a store  
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MODEL IMPLEMENTATION 

Metrics 

The percentage of residents who must walk as a last resort is used as the proxy 

variable for the number of people living in this census tract who do not have access to food. 

This departs from previous metrics in that it incorporates not only physical distance 

between stores and residents, but also an individual resident’s mobility options to reach a 

store. By modeling how a given disruptor influences the percentage of people who walk as 

a last resort, the most effective disruptor (or combination of disruptors) can be identified 

as a potential solution to food insecurity within a FD. 

Disruptors 

The baseline value of food access for a given FD (or the percentage of people who 

use mobility options other than walking as a last resort) is determined by running the model 

without implementing disruptors in the region. Table 2 summarizes the disruptors modeled. 
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Table 2: List of disruptors introduced into the model 

Disruptor Type of change Justification 
How change is 

modeled 

Changing 

WTWS and 

WTWB 

Built 

environment 

change; change 

in human 

behavior  

Improved safety and 

walkability of region is 

correlated with larger WTWS 

and WTWB (Bennett, 2007; 

Donahue, 2011)  

The value of 

WTWS and WTWB 

parameters are 

changed between 

simulations 

Introduction 

of new 

grocery 

stores 

Built 

environment 

change 

More grocery stores 

distributed across the region 

increases the availability of 

food in the area, and decreases 

the average distance between 

residents and healthy food 

vendors  (Richardson, 2017) 

New food vendor 

agents were created 

in the GIS space; 

resident agents 

added these 

vendors to their 

store determination 

decision 

Inclusion 

and/or 

expansion 

of Public 

Transit 

Built 

environment 

change 

Public Transit is an important 

form of urban mobility, 

especially among low-income 

populations (Giuliano, 2005; 

White, 2015) 

Expanding service and 

reliability of buses increases 

both the attractiveness and 

practicality of using transit for 

food trips (Hardman, 2016) 

Bus stops added to 

the GIS map and to 

the Bus agent logic 

to expand existing 

routes 

Experiments 

Experiments in this context are simulations run after the implementation of a given 

disruptor. For each experimental simulation, once the aggregate number of trips taken is at 

least 100,000, the percentage of resident agents who utilize each type of transit is measured. 

This data is used to determine a disruptor’s relative impact, measured as the change in the 

percentage of residents who walked as a last resort.  

(i)  Willingness To Walk: All things held equal, the WTWS was varied from 1.00 

mile (the definition used by the USDA to identify FDs; USDA, 2017) to 0 miles in tenth-
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of-a-mile increments.  For the remaining experiments, WTWS was set to 0.25 miles (0.4 

km), as this is the maximum distance the 90th percentile of US residents are willing to 

travel in order to gain access to a given service (Atash, 1994; Donahue, 2011).  

(ii)   Creating new grocery stores: The next experiment was to simulate the creation 

of new grocery stores within the case study region, with particular attention paid to the role 

of store placement. Because grocery stores have the greatest potential for providing access 

to healthy food (Abel & Faust, 2017), store disruptors introduced in the simulation were 

characterized as grocery stores and assigned high probabilities of stocking healthy food 

(P=1). Stores were created (one at a time) in currently undeveloped locations that held 

development potential based on the size of the plot of land. The relative effect of store 

placement was determined by comparing the impact of identical stores in equally viable 

locations.  

(iii) Changing Current Public Transit Options: While public transit may exist within 

a FD, low frequency of buses, unreliable service, or lack of bus stops near grocery stores 

may all decrease the viability of public transit as a mobility option (White, 2015). To 

understand the role of bus mobility within the system, two experiments were conducted. 

First, existing bus routes were entirely eliminated to quantify how many residents rely on 

this form of transit. Next, existing bus routes were expanded (through the addition of more 

bus stops) to understand how increases in service affect food accessibility.   

(iv) Measuring potential multipliers: The final experiment compares the net effect 

of multiple solutions used in tandem. This approach aims to measure any economies of 

scale by comparing the sum of the impacts of individual disruptors to the impact of multiple 

disruptors applied in unison. This evaluation may reveal emergent behaviors within the 

system, and present decision makers with an argument for or against multi-pronged 

approaches to food access issues. 
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CASE STUDY REGION 

To construct and test the modeling framework, a case study census tract in Austin, 

Texas, was selected. Compared to both Austin and the US, this FD has disproportionately 

high unemployment (~30%), low private vehicle ownership (~ 50%), low annual median 

income ($31, 994 in 2010; 2010 US Census, 2010; Lentz and Patel, 2016). This region is 

also predominantly non-white (only 18.6% white; 2010 US Census, 2010; Lentz and Patel, 

2016). Additionally, data are readily available due to the City of Austin’s goal of expanding 

food access to underserved communities (Abel & Faust, 2017; City of Austin, 2015; City 

of Austin, 2016; Lentz and Patel, 2016). Specifically, the City of Austin Department of 

Sustainability’s Healthy Food Access Initiative Food Environment Analysis which rates 

stores on a scale from 0 (no healthy food options available) to 26.5 (complete selection of 

healthy food categories) is used to determine the value of P for the stores in the case study 

FD. To ensure that P is between 0 and 1, P is calculated as the ratio of an individual store’s 

offerings to the highest possible store rating (26.5). These factors make this FD a prime 

candidate in which to implement and test the proposed model. 

DATA 

Data for this model include open source data from both national and local 

government entities. National data were collected from the US Census, the USDA Food 

Access Research Atlas, and the USDA Food Environment Atlas. Local open source data 

includes studies published by the City of Austin, and data from the City of Austin’s 

transportation authority, Capital Metro (Austin Capital Metro, n.d.). Of pivotal importance 

is the data from the City of Austin’s Office of Sustainability’s Food Environment Analysis.  

In addition, six semi-structured interviews with subject matter experts (SMEs) were 

conducted. These SMEs have expertise in transportation, food systems, program impact 
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evaluations, urban development, construction, and food politics. Two conversations with 

tenured professors in the transportation field (with combined experience exceeding 70 

years) informed assumptions around bus ridership, willingness to walk values, agent choice 

methods, and other transportation topics. Ongoing conversations with two research 

professors whose experience conducting research into local and global food access issues 

span more than thirty years is used to inform the current state of food access, the 

intersection of mobility and food access, and assumptions about healthy food preference. 

One SME worked for the City of Austin’s Office of Sustainability, spearheaded a project 

that quantified the healthy foods offered by every food vendor in the greater Austin area, 

and has 20 years of experience in urban farming and food policy. Another SME who was 

consulted regularly has spent 15 years as the founder and director of two Austin non-profits 

revolving around urban food systems and food access in the Austin area. Information 

collected in these interviews was used to inform this project and to validate the results 

gathered. 

VERIFICATION AND VALIDATION 

Verification and validation (V&V) was an iterative process conducted from model 

formulation through simulation (Sargent, 2004). Methods of V&V include operational 

validity, conceptual model validity, data validity, and computerized model verification 

(Sargent, 2004).   

In this study, conceptual model validation occurred using empirical data about 

agent behaviors and information gleaned from six SME interviews. Computerized 

validation was done via logic tracing and studying the model while it ran to ensure agent-

agent and agent-environment interactions were correct. Operational validation was done 

by conducting sensitivity analyses on various model parameters and by assessing the model 



 20 

at the extremes (for example, WTWB = 0 and/or WTWS = 0). Data validity was conducted 

by checking for logical compliance with expected outcomes after implementing a given 

disruptor, and by matching empirical data (such as the average number of trips to the store 

and the frequency of bus arrivals) to the actual output of the model. 

LIMITATIONS 

This study is limited by the assumptions made about the available forms of transit 

(e.g., exclusion of bikes and ridesharing, assumption that everyone is physically able to 

walk), the preferences of the resident agents (e.g., preferred rank of mobility options, 

values of WD and WP, preference of healthy to unhealthy foods), the equal distribution of 

residents across all residential zones, and the focus on distance traveled rather than time as 

the primary determinant of food access. However, this model is still useful and impactful 

as it establishes an adjustable framework that can be applied to any FD to determine what 

unique disruptors have the highest potential to alleviate issues of food access within a FD. 
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RESULTS AND DISCUSSION 

The following section details the results of the simulated experiments, and the net 

impact of each disruptor on food access in the case study region. Also discussed is the level 

of control (either direct or indirect) that decision makers have on each disruptor, as this 

impacts the efficacy and sustainability of each solution.  Results indicate that all modeled 

disruptors improve food access in the case study region, but efficacy is dependent on 

WTWS and WTWB. Moreover, results demonstrate the modeling framework’s ability to 

identify emergent behaviors in the system, affirming that FDs do not have a one-size-fits-

all solution.  

WILLINGNESS TO WALK 

Figure 5 shows how changing WTWS affects the percentage of residents who must 

walk as a last resort, or equivalently the percentage of residents without access to healthy 

food. As expected, as WTWS increases, the percentage of people who walk as a last resort 

decreases (food access increases). This result shows the importance of one’s WTWS to 

overall levels of food access.  
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Figure 5: Effect of Willingness to Walk on Food Access Levels 

Local decision makers can increase WTWS in a variety of ways consistent with the 

literature (Calise et al., 2018), including improving pedestrian infrastructure (e.g., creating 

sidewalks, repainting crosswalks, etc.), improving perceived safety for pedestrians (e.g., 

increased street lighting), or by increasing residents’ motivation to walk to the store.  Local 

governments can address the first two methods directly by investing in pedestrian and 

safety infrastructure. Moreover, educational programs may improve (by a small margin) 

the distance people are willing to walk to the store (Dubbert, 2002; Calfas, 1996). All of 

these tactics would lead to residents transitioning from walking as a last resort to walking 

by choice.  

However, Figure 5 also reveals that food access as a function of WTWS is convex. 

This implies that each unit increase in WTWS does not cause an equivalent improvement 

in food access, and that the number of people choosing to walk is somewhat inelastic with 

respect to walkability. In other words, large increases in walkability (of any form) are 

needed to induce a nominal increase in the number of people who walk by choice. This 
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inelasticity could demonstrate to decision makers that investing in improvements to the 

walkability of this region may not be the most efficient allocation of resources, as the per-

dollar impact on food access is nominal.  

Working counter to this inelasticity is the fact that expanding WTWS tends to be a 

one-time fixed cost. Other means of increasing food access—such as expanding bus 

routes—require both initial and continual investment of capital. This difference creates 

ambiguity about which experimental approach would be most efficient at converting 

invested dollars into increases in food access. Future work in this area could help shed light 

on which disruptors are most effective when normalized for total cost of implementation. 

Figure 5 also sheds light on the problematic definition of a FD. The USDA FD 

definition uses 1 mile (1.6 km) as the distance which differentiates a resident from having 

food access (living ≤1 mile from a store) and not having access (living >1 mile from a 

store). When WTWS is consistent with this 1-mile definition, the percentage of people who 

lack access in the case study FD is 4%. In reality, the 90th percentile of people in the US 

are only willing to walk 0.25 miles (0.4 km) to access key services (Atash, 1994). When 

WTWS is set to 0.25 miles, the model found that 46% of residents in the FD lack access to 

food—a more than 40 percent discrepancy. This failure of the FD definition to account for 

human behavior and preferences indicates that food access, and therefore the severity and 

prevalence of the FD problem, may be underestimated at a national level. Further research 

is needed to understand this discrepancy and to devise better ways to conceptualize and 

quantify food access in the US. 

CREATING NEW GROCERY STORES 

Within the case study region, there are two viable locations in which a full-service 

grocery store could be built and operated (see Figure 6). Table 3 shows the net effect of 
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adding store disruptors (one at a time) in either location 1 or location 2 given various 

WTWS values. 

 

Figure 6: Locations at which store disruptors can be placed within the case study region  

Table 3: Introduction of the store disruptor in locations 1 and 2 (rounded to the nearest 

whole number) 

Disruptor 

Residents who 

walked as a last 

resort 

Increase in 

Food Access  

WTWS = 1.00 mile 

Baseline 6%  -  

Location 1 6% 0% 

Location 2 0% * 6% 

WTWS = 0.50 mile 

Baseline 41%  -  

Location 1 30% 11% 

Location 2 38% 3% 

WTWS = 0.25 mile 

Baseline 49%  - 

Location 1 47% 2% 

Location 2 45% 4% 
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Because constructing food stores does not change the mobility options available to 

residents, a store’s effect in the model is essentially to displace residents from walking as 

a last resort to walking by choice, thereby increasing food access. Given this context, it is 

perhaps intuitive that when WTWS is large, the impact per store disruptor decreases—if 

people are willing to walk further, then they can access more stores, and the impact of a 

new store is minimal. Conversely, as WTWS decreases, the impact of a new store increases, 

because more residents are walking as a last resort and, therefore, more people can be 

displaced to a preferable mode of transit. However, this effect is limited; as WTWS 

approaches 0.25 miles, store disruptors become less effective because fewer residents live 

within WTWS, and thus cannot walk by choice.  

It is important to note that decision makers have far less control of this experimental 

alternative, as stores are private entities who place themselves in locations that will 

maximize their profitability. Tax incentives and other supports can be offered to grocery 

stores to incentivize development within FDs. However, these incentives cannot ensure 

that stores build and remain in the area, which makes this approach slightly riskier than 

experimental alternatives over which decision makers have more direct control. Moreover, 

the creation of full service grocery stores in low-income regions may induce gentrification 

(Florida, 2015), forcing out the residents one had hoped to help. Alternatively, providing 

incentives for local residents to open small markets that service their neighborhoods may 

provide food access and economic opportunity while minimizing gentrification of the FD. 

This approach may result in a more sustainable solution to food access issues.   

In addition to the presence of a store in FDs, the location of a new store is also 

important, as evident in one simulation (store disruptor at Location 2 and WTWS = 1 mile) 

which resulted in the elimination of the FD (0% of residents walked as a last resort after 

store implementation). To understand this result, sensitivity analysis of the geocoded 
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placement of the store was conducted. This led to the discovery that a local creek in the 

region (indicated by the dotted line in Figure 6) acts as a physical barrier and divides the 

FD into two distinct parts that residents cannot easily traverse. This finding demonstrates 

that establishing foot traffic across this creek may have a profound impact on agent 

mobility—and therefore access—in this particular FD. More generally, this finding 

demonstrates that the model is able to capture emergent behavior, which affirms that the 

proposed framework can help identify unique solutions specific to individual FDs. 

EXPANDING PUBLIC TRANSIT OPTIONS 

Figure 7 shows how food access varies with WTWB when WTWS is held constant, 

indicating that increasing access to bus routes can have significant effects on food access. 

Figure 7(a), demonstrates when the WTWS is 1 mile (1.6 km), more people are able to walk 

by choice, and adding buses to the system has only a minimal effect on overall food access. 

However, as WTWS decreases, buses play an increasingly important role in resident 

mobility (See Figure 7(b), (c), and (d)). This is apparent in that walking as a last resort 

decreases in equal proportion to the increase in bus usage, with no change to the percentage 

of people who either walk by choice or drive. This shows that implementing buses in this 

region increases food access by giving alternate mobility access to those who walk as a last 

resort. 
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Figure 7: Impact of WTWB on the percentage of people who use each types of transit 

option 

The expansion of bus routes is another solution that local governments can directly 

implement and control. Moreover, the data show that this solution is more effective in 

regions in which WTWB is large and WTWS is small. Therefore, this solution may be 

preferable (1) when private vehicle ownership is relatively low; (2) in regions where public 

transit is seen as a viable option (indicated by a high WTWB); and (3) where pedestrian 

safety is a concern and walking is not seen as a viable mobility choice (i.e., when WTWS 
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is small).  In addition to the expansion of bus services, public authorities can invest money 

into making bus stops safer and more pleasant. This has been shown to increase WTWB, 

and may augment the efficacy of bus system solutions (Delbosc, 2012; University of 

Minnesota Center for Transportation Studies, 2015; TransitCenter, 2018).  

However, Figure 7 also shows that the effectiveness of the buses simulated has a 

natural limit; there exists a threshold WTWB (roughly 0.5 miles, or 0.8 km) beyond which 

the percentage of people who bus no longer increases. This bounded effectiveness was 

concluded to be the result of a geographic limit in the region. As described previously, the 

region is essentially divided in half by a creek that runs west to east (see Figure 6), and 

mobility across this boundary is limited. Because the existing bus routes service the 

northern half of the region, the residents that live in the southern part of the census tract 

cannot easily utilize the bus. This explains the natural limit of the bus’s efficacy, and could 

indicate that a new or extended bus route serving the southern half of the tract could address 

this natural limit and further expand access.  

To confirm this conclusion, WTWS was set to 0.25 miles and the modeled bus route 

was expanded into the southern part of the region (see Figure 8). As Figure 8 shows, while 

the northern bus routes experience a leveling off of effectiveness at 0.5 miles (as indicated 

by the gray dotted line), expanding the bus route results in a roughly linear decrease in the 

percentage of residents walking as a last resort (as indicated by the solid line). This result 

confirms that the natural limit identified in Figure 7 is the result of both a unique geographic 

boundary (the creek) and the fact that public transit exclusively serves the northern part of 

the census tract. 
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Figure 8: Extended bus routes may address geographic barriers within FDs 

These experiments demonstrate the adaptability of this framework to simulate the 

impact of public transit disruptors on food access. Moreover, effectiveness of mobility 

disruptors depends on the unique route placement and walkability of the FD being studied. 

These factors can be directly impacted by local decision makers and transit authorities. 

Therefore expansion of viable mobility options may be an effective way to increase food 

access in underserved regions. 

LIMITATIONS 

Comparing the results generated by the model allows for the determination of 

potential multiplier effects when more than one disruptor is implemented at a time (e.g., 

increasing walkability and implementing a new bus route, increasing walkability and 

creating a new grocery store). However, while this study has already demonstrated that the 

relative success of a given disruptor depends on the walkability of a region (measured as 
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either WTWS or WTWB), the non-linearity of this complex system makes isolation of 

multiplier effects difficult. For example, while it is clear from Figure 7 that the efficacy of 

bus routes (one disruptor) is boosted when walkability is increased (another disruptor) it is 

difficult to quantify this increase. The same can be said for store placement, as the efficacy 

of stores placed in the region (disruptor) is parabolic with respect WTWS (disruptor). 

Further work is needed to understand the interaction of disruptors, and to quantify the 

multiplier effects that occur when more than one disruptor is introduced to the system.  
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CONCLUSION 

Food Deserts are an expansive problem with cascading effects on quality of life, 

equity, and health outcomes for FD residents. Within FDs, a disconnect exists between the 

built environment and stakeholder populations, which exacerbates access issues. Modeling 

food access within FDs could help decision makers and urban planners devise and test 

solutions to increase access and mitigate negative effects on FD residents. The devised 

framework provides an adaptable model that can be applied to any FD and then used to 

simulate the impact of a variety of disruptors. To test its functionality, this framework was 

applied to a case study region in Austin, Texas.  

Results indicate that all modeled disruptors improve food access in the case study 

region, but efficacy is dependent on disruptor location and the values of WTWS and 

WTWB. Data generated from the model was also able to critique the USDA definition of a 

FD by quantifying the potential disconnect between the USDA definition of accessibility 

and actual human choice behaviors. Moreover, the study demonstrated that improving 

walkability in the region is a viable approach to alleviate access in the case study region, 

but may not be the most efficient solution as increases in food access are relatively inelastic 

to increases in walkability.  

Most significantly, this work demonstrated and discussed how simulation modeling 

can be used to (1) inexpensively test proposed solutions to food access issues before large-

scale capital investments are made; (2) identify emergent behavior and confounding 

variables that might increase or decrease a disruptor’s efficacy if leveraged correctly; and 

(3) identify unique, area-specific solutions to food access issues within FDs to achieve 

more sustainable improvements in food access among underserved populations. These 
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results demonstrate the adaptability of the devised modeling framework, and its utility to 

decision makers.  

The practical application of this work is its ability to provide decision makers with 

data on what built environment disruptors would be most effective at improving food 

access in FDs. Future iterations of this work may be used to recommended courses of action 

to engineers and decision makers about how to address food access in underserved regions 

from both a policy and a built environment perspective. This work contributes to the 

literature by utilizing through-the-network distance calculations, accounting for mobility 

options (or lack thereof) in the urban environment, and creating an adaptable modeling 

framework that can be applied to any FD of interest.   

There are two clear extensions of this model that should be addressed in future 

work. First, store selection is considered to be a function of proximity to the store and 

availability of healthy food at that store. However, many factors influence store shopping 

and choice behaviors. Therefore, future work should consider time poverty and price 

constraints in the store selection process. Second, the USDA defines FDs discretely at the 

level of the census tract. However, access to food and other services is continuous and 

residents leave their census tracts to meet their needs. Future work should explore how 

treating the food environment as continuous may change how we visualize, understand, 

and address food access issues in the urban environment. 
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