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Vision is an active process involving the deployment of gaze to acquire

information to guide behaviors. What are the mechanisms that control this de-

ployment of overt attention in scenes? This thesis explores the role of memory

representations in guiding visual search in naturalistic environments. Despite

evidence that memory can guide search in simple two-dimensional (2D) dis-

plays, it is unclear how significant a factor memory is in natural vision. Two ex-

periments were carried out in a multi-compartmental, three-dimensional (3D)

virtual reality environment that allowed subjects to be immersed and walk

freely within the environment. A parallel 2D version was examined in one

experiment in order to compare performance in the two kinds of environment,

and to test the generality of previous findings. Eye tracking was performed

in all the experiments. In the first experiment, subjects searched for a set

of geometric objects for three blocks, and then searched for realistic contex-

tual objects in the last two blocks. Many aspects of search performance were

similar in 2D and 3D, with some suggestive differences. Search performance
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improved rapidly in both environments in the first few trials despite different

targets, suggesting learning of spatial context. However, incidental fixations

did not improve subsequent search performance, and the location of irrelevant

context objects was not learned with experience, suggesting that some other

aspect of the environment like global structure was being learned. Consistent

with this, subjects were more likely to make the correct room choice in 3D

than in 2D with experience, suggesting that memory was used more in 3D,

where the cost of moving around was higher. Consistent with this, more fix-

ations were used in 2D where eye movements did not entail more costly head

movements. Thus the first set of experiments revealed basic similarities with

2D and 3D, but pointed to an additional impact of head and body movements

on the way the space was searched. In the second 3D experiment, subjects

searched for the same set of geometric objects for five blocks in the same 3D

environment. The locations of targets were fixed in the first three blocks, but

were moved around in the fourth block and returned to original locations in the

fifth block. Subjects actively avoided fixating irrelevant areas of the space in a

hierarchical manner, indicating the importance of learning the global structure

of the space. When target locations changed, subjects directed eye and head

movements toward the old locations of the target, indicating that memory was

the primary component guiding target selection with little weighting from the

visual image. This guidance started before the search scene became visible,

suggesting advance planning of movements as a result of memory for target

location, and that memory was used to guide action throughout the search
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process. Together the results suggest that spatial memory is the primary fac-

tor guiding attention allocation in 3D environments, and that this may allow

more energetically efficient search strategies. This strategy also allows more

efficient use of limited attentional resources.
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Chapter 1

Introduction

1.1 Overview

Vision is used to evaluate the state of the world in order to make ap-

propriate action choices. Much of this is accomplished by active selection of

relevant targets in the scene using eye movements to direct the high-resolution

fovea from one place to another. Changing gaze involves selection of target

location in the peripheral retina for the upcoming eye movement. This is ac-

companied by an attentional shift — thus eye movements are considered to

be an overt indicator of attentional allocation in a scene. How is this process

of attentional allocation controlled? While the difference in the processing

of visual information in attended and unattended retinal regions is complex

and not well understood, it is generally agreed that attention sets quite strict

limits on the acquisition of visual information from a scene. Given these at-

tentional limitations, how do humans perform everyday tasks so effectively,

without noticing the limits? How is attention controlled in natural behav-

iors? This thesis explores the role of memory representations of scenes in this

process. To the extent that scenes are represented in memory, the burden on

limited attentional resources may be ameliorated. The present work explores

the nature of these memory representations and how they might affect gaze
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deployment in scenes.

How is the target for the next eye movement selected? One mecha-

nism is the initiation of a visual search process for a particular target defined

by the current cognitive goal. A second mechanism is to select the target

on the basis of a memory representation. It is also possible that these two

sources might jointly contribute to target selection. There has been exten-

sive research on visually-guided search and less on memory-guided search, and

mostly were done with two-dimensional (2D) stimuli. Natural behaviors in

three-dimensional (3D) environments may impose different demands to the

nervous system by creating a dynamically changing visual input as a result

of head and body movements that are often not allowed in 2D settings. It

is therefore important to carry out experimentations that inspect different

aspects of search in 3D environments, particularly in ones that would allow

components of natural behaviors to be manifest while still retaining some ex-

perimental control. This is the basic motivation of this dissertation work —

to understand how memory is used to guide attention allocation in natural

environments. Because so much work on visual search has been done with 2D

displays, this work first set out to investigate the difference in search behav-

ior in 2D vs. 3D using parallel paradigms. In particular, the use of memory

in visual search in these different environments is investigated in Chapter 2.

Following this I will probe the relationship of the structure of memory rep-

resentations and attention allocation (Chapter 3). Finally, I will address the

role of memory in planning head and body movements in 3D environments

2



(Chapter 4).

The Introduction that follows this section will first review the literature

on visual search, from the early attempts to use artificial stimuli to parse out

how features of targets are used to guide search, to later work that adopted

naturalistic images that tried to gain insight into various aspects of the search

process, and more recent work that have looked at visual search in 3D settings

including the real world and virtual reality. Then the efforts to identify the

roles of memory and task in the visual search process will be reviewed. Finally,

the difference between 2D and 3D settings will be discussed to address the

necessity of studying behaviors in naturalistic, immersive settings as in the

work that will be presented in the following chapters.

In Chapter 2 I will first describe one experiment that included a visual

search task in 3D immersive virtual reality environment to acquire understand-

ing of performance and the potential roles of memory in an active search set-

ting when full-body motion is involved. A second experiment that parallels the

first experiment, but done with static images on a 2D screen, was performed

to compare with the 3D findings and the previous literature. In Chapter 3

the focus is first to understand memory for what parts of the structure of the

environments are used to guide search. To achieve this a third experiment

conducted is described. I first tested how the hierarchical structure of the

spatial components in the space interacts with allocation of attention. Then I

describe the evidence that shows that memory for target location exists, and

that search is not achieved solely by relying on visual features of the target.

3



In Chapter 4 I further analyzed the data from the experiment described in

Chapter 3, in the attempt to identify the role of memory in controlling eye

and head movements during search, and to understand when and how memory

is used throughout the search process in a multi-compartmental environment,

where search scene may not be visible at first. A broad discussion and sum-

mary of the chapters, as well as the contributions of this dissertation work are

presented in Chapter 5.

1.2 Background

1.2.1 Visual search

1.2.1.1 Visual search in 2D stimuli

Visual search is a critical behavior that is part of many everyday tasks

that humans perform, and as a result, is one of the most well studied behaviors

in the cognitive and perceptual psychology literature. A classic visual search

paradigm usually consists of a target surrounded by distractors in a uniform

background (for a review, see Wolfe, 1998). The target and distractors can be

different in one visual feature, such as identity, color, and orientation, termed

simple search or a pair of features, called conjunction search. For example, a

search task may require locating a rotated “T” among bunch of rotated “L”s,

or a vertical red bar among green vertical bars and green horizontal bars. The

stimuli are presented on a computer monitor, and the reaction time to find the

target is recorded. If one plots the reaction time over number of items within

the search display (also called set size), it is consistently shown that the slope
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varies with feature dimensions that differentiate target and distractors. Clas-

sic models of search consist of two mechanisms of search: serial and parallel

(Egeth, 1966). In simple search, the target pop out easily and all objects are

processed in parallel. Increasing the number of distractors does not add much

cost to search efficiency in this case. For conjunction search that involves mul-

tiple features, the search becomes inefficient, with serial allocation of attention

to items in the display.

Models of covert attention and eye movement control

The purpose of attention in the search context has been an evolving

topic under debate. In Feature Integration Theory proposed by Treisman and

Gelade (1980), the purpose of attention in the process of conjunction search

is to bind features to objects, as attention must be serially allocated to each

object in a display to distinguish them. Wolfe’s different versions of Guided

Search models hold that search is guided by both bottom-up and top-down

information that influence the likelihood that attention is deployed to an item;

an asynchronous drift diffusion process is also added, where accumulation of

information only begins when an object is selected for attention for the pur-

pose of object recognition (Wolfe, Cave, & Franzel, 1989; Wolfe, 1994, 2007).

The theory of visual attention (TVA) and neural theory of visual attention

(NTV) hold that the rate of processing for items in the display depends on

attentional resources allocated to each item, and that the processor for each

item follows a Poisson process, and attention increases the signal-to-noise ratio
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(Bundesen, 1990; Bundesen, Habekost, & Kyllingsbaek, 2005). Signal detec-

tion models consider stochastic noise in parallel processing, and have been

formalized within a Bayesian ideal observer framework (Eckstein, Pham, &

Shimozaki, 2004). These models together indicate that attention aids search

via a selection or a weighting mechanisms that determines the relevance of

information or location.

A second set of models of attention also concerns the direction of eye

movements with different factors that determine where the eyes fixate during

search. Saliency models hold that attention and eye movements are allocated

to salient regions (Itti & Koch, 2000). It has been shown that saliency models

do not predict eye movements well in specific tasks such as visual search (Foul-

sham & Underwood, 2008; Tatler, Hayhoe, Land, & Ballard, 2011; Torralba,

Oliva, Castelhano, & Henderson, 2006), in which the relevance of different

regions of complex scenes are not homogenous. Another family of models as-

sumes that saccade is directed to regions with components similar to targets.

Top-down search templates are also considered, and some of those models

also incorporate retinal eccentricity (Rao, Zelinsky, Hayhoe, & Ballard, 2002;

Zelinsky, 2008). These models are formalized by maximum a posteriori prob-

ability model (MAP), which calculates the posterior probability that a target

is at a specific location and the distractors are at others, for all locations that

may have the target (Beutter, Eckstein, & Stone, 2003; Eckstein, Beutter, &

Stone, 2001; Najemnik & Geisler, 2008). A saccade is then directed to where

the peak posterior probability is found. The model can also include the prior
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probability that target is at a specific location (Droll, Abbey, & Eckstein,

2009).

Search guidance from contextual information

The process of target selection may be controlled by bottom-up or top-

down attention, where the selection is determined by visual feature of the

target and distractors in the former, while knowledge about the stimulus is

used to guide attention in the latter. For example, learned context can be

used to guide attention during search. Extended search in an artificial display

over hundreds of repetitions leads to implicit learning of the configurations

of the distractors and thus faster search (Chun & Jiang, 1998, 1999). This

phenomenon, called contextual cueing, inspired later work to investigate the

role of scene context in guiding attention in search task, although the context

in early contextual cueing studies were mostly done with artificial stimuli and

the context only means the configuration of items in the display.

What about search in more naturalistic stimuli? Scenes we search in

the real world are much more complicated than simple displays, so there may

be different constraints imposed by more naturalistic scenes, such as where

objects can be placed in a scene (Henderson, Weeks, & Hollingworth, 1999;

Neider & Zelinsky, 2006; for review, see Henderson & Hollingworth, 1999).

Semantic information in natural scenes include gist, or general scene cate-

gory (Friedman, 1979; Oliva & Torralba, 2006; Potter, 1976), object-scene

relations (Brockmole, Castelhano, & Henderson, 2006; Brockmole & Hender-
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son, 2006; Davenport, 2007), spatial relations between objects (Castelhano

& Heaven, 2011; Mack & Eckstein, 2011), and semantic association between

objects (Hwang, Wang, & Pomplun, 2011). Information about scene context,

whether extracted from knowledge or learned through exposure (i.e. from

semantic memory or episodic memory), has been shown to be useful for guid-

ing eye movements during search (Castelhano & Heaven, 2011; Hollingworth,

2009; Neider & Zelinsky, 2006; Torralba et al., 2006; Võ & Wolfe, 2013).

1.2.1.2 Visual search in 3D settings

1.2.1.2.1 Search in stereoscopic displays

Before we consider the active components of visual search in 3D environments,

first I will discuss the effect of depth information on search performance. Stud-

ies using stereoscopic displays have shown that depth does not always produce

efficient search (de la Rosa, Moraglia, & Schneider, 2008; Finlayson, Reming-

ton, Retell, & Grove, 2013; McSorley & Findlay, 2001), although early work

demonstrated that efficient search was possible when target and distractors

were on different depth planes and depth was the only feature that distin-

guished them (Chau & Yeh, 1995; Nakayama & Silverman, 1986). Factors

such as the types and the number of features on each plane, and the disparity

between planes, all come into play on the impact of depth on search efficiency.

However, virtual depth dimensions included in those studies were often dis-

crete, unlike in the real world where the depth is a continuous third dimension

in space.
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1.2.1.2.2 Search in virtual and real-world environments

Differences between 2D and 3D

Although 2D search paradigms have so far captured some elements of

search behavior in the real world, especially those that used naturalistic scenes,

they are limited in ecological validity for many reasons. If you reflect upon

where you left your phone while in a meeting room, or where your glasses

are when waking up in the morning, some critical differences emerge imme-

diately. First of all, search typically occurs in a familiar environment where

extended time has been spent and thus one often has some knowledge or mem-

ory of where things could be. Even in a new environment, say a new house,

knowledge of layout of a typical house may be helpful for finding items or com-

partments inside. Second, a scene in the real world is often much larger than

the scene images used in 2D paradigms. The target is often outside of current

field of view, and thus planning and coordination of eye, head and sometimes

body movements are required to navigate oneself to where the target is within

the visual field, or within reachable distance for further manipulation. Third,

during search that involves eye, head and body movements, the visual input

is spatially and temporally continuous. This suggests a need for some mech-

anism that operates to direct attention while moving around in space. This

leads to the final point. Strategies to deploy attention in natural behaviors

while immersed in 3D environments often occur in the context of a behavioral

sequence linked to the momentary need of the task (consider the classic ex-

ample of sandwich making in Hayhoe, Shrivastava, Mruczek, & Pelz, 2003),
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and the timing of action planning also goes along with task demands. Natural

tasks are often structured in a way that allows each individual fixation to be

interpreted easily. In 2D paradigms, the exposure to each trial instance is

usually very brief and at regular intervals. It is difficult to access what the

internal computations of subjects are, especially in cases where they passively

view visual stimuli. That said, it is possible that experience accumulated in

3D environments carries over to search in 2D, but investigation is necessary to

elucidate what the similarities and differences are and what those would mean

to the control of search behavior in 3D environments, which is ultimately what

we would like to understand. The distinctions described above provide the ra-

tionale for the present work. Experiments designed to explore and compare

search in 2D vs. 3D will be described in Chapter 2. How these extra com-

ponents of search in 3D affect use of memory and attention allocation will be

addressed in Chapters 2-4.

Search in 3D environments

More recently, a number of studies have investigated active search be-

haviors in real-world or immersive virtual environments. Gilchrist, North, &

Hood (2001) asked subjects to search for a film canister that had a marble

inside among varying numbers of canisters in real-world environment. While

search time increased with number of canisters as usually found in search on

2D screen, less rechecking of the same canisters was found in 3D compared to

2D (e.g. Gilchrist & Harvey, 2000). This suggested that memory is exploited
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more in the real-world setting, at least when serial search is required. It is pos-

sible in this case that the cost of movements could be a factor that determines

the extent to which memory is used to guide search. In Foulsham, Chapman,

Nasiopoulos, & Kingstone (2014), subjects searched for a target mailbox in a

mail room, and they found that saliency did not affect search efficiency while

knowledge of visual features of the target facilitated search by reducing num-

ber of head and body movements (for a related discussion, see Tatler, Hayhoe,

Land, & Ballard, 2011). They also found that without knowledge of target

appearance, an average of 80% of search time was taken up by moving the

body and head to bring the target within field of view. With knowledge of

target, target was brought into view earlier and less exploration of the room

was required.

Another line of studies looked at how learned statistics of the envi-

ronment affect attention orienting. Spatial statistics are useful for search

because objects in the real world are rarely distributed randomly; instead,

components of the scene that comprise the general layout, such as desk or

countertop, or even the high-level gist of the scene, such as kitchen, often

provides a framework that probabilistically determines where objects could be

placed around them (Biederman, 1972; Hollingworth, 2009; Neider & Zelin-

sky, 2006). Learned statistical regularities, as suggested by context cueing

studies with artificial stimuli or real-world scene images (e.g. Brockmole et

al., 2006; Brockmole & Henderson, 2006; Chun & Jiang, 1998), were found to

guide attention during visual search in an indoor environment that lacked spa-
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tial cues (Smith, Hood, & Gilchrist, 2010) and outdoor environments (Jiang,

Won, Swallow & Mussack, 2014). Co-occurrence of objects has also been re-

ported to be a contextual cue that guides search in a tabletop setting (Mack

& Eckstein, 2011).

1.2.2 Perception and Memory of space

1.2.2.1 Spatial representations

One function of vision is to learn about a space, and vision has been

considered the main modality to acquire spatial information (Warren, 1970).

A central goal of spatial learning is to navigate in the place where other tasks

crucial to our work or basic needs for survival can be executed. Defining space

requires a reference frame, either an egocentric one or an allocentric one. These

two mechanisms for representing the space provide the basis for navigation.

Egocentric reference frames encode location in relation to the observer, and

the type of navigation using this framework is also called path integration.

Two essential elements of path integration are active movement of body in

space, and computation of the distances and path traveled, which involves

monitoring of the starting position, travel speed, elapsed time and direction of

heading constantly (McNaughton, Battaglia, Jensen, Moser & Moser, 2006).

Allocentric reference frames encode spatial relationship of objects. Navigation

using allocentric reference frames is also referred to as map-based navigation.

Both types of reference frames have been proposed to support behaviors that

require spatial information, such as orienting and navigation (e.g. Mou, Mc-
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Namara, Valiquette, & Rump, 2004; for review, see Burgess, 2006 and Land,

2014). In the real-world navigation, egocentric and allocentric representation

interact to support navigation, and the availability of landmarks and familiar-

ity with structure and the objects within the environment together determine

which form of navigation dominates (Burgess, 2006; Derdikman et al., 2009;

Waller & Hodgson, 2006). Waller & Hodgson (2006) had subjects rotate for

different amounts and point to objects in the room after disorientation. They

demonstrated that egocentric representations are precise but transient, and

after disorientation subjects switched to using more enduring and comprehen-

sive allocentric representations, which are coarse in the beginning but become

more detailed over experience. However, the switch of two forms of represen-

tations has to be a two-way and dynamic process, as formation of egocentric

representations must rely on existing allocentric representations as well even

after extended experience, especially when the environment is complicated

and lots of movements are required. For example, it is common that when we

navigate in the real world we rely on the north-south information defined by

the allocentric representations (such as recognized landmarks that inform the

cardinal direction), and the left-right information with respect to ourselves.

1.2.2.2 Neural codes for space

The neural mechanisms of encoding space and scenes have been ex-

tensively investigated (for review, see Buzsáki & Moser, 2013; Land, 2004).

Buzsáki & Moser (2013) hypothesized that there might be an evolutonary
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linkage between declarative systems and navigation systems, the “mental and

physical form of travel”, and thus common sets of neural substrates may un-

derly these different mechanisms. There are two types of declarative memory:

semantic memory and episodic memory. Semantic memory is knowledge for

objects, facts and events, regardless of the temporal context when the memory

is formed. Episodic memory, on the other hand, is memory for autobiographi-

cal event sequence that has temporal and spatial context, i.e. memory that has

“what, when and where” components of event. Abundant neurophysiological

evidence supports the link between semantic memory and allocentric naviga-

tion, as well as the link between episodic memory and egocentric navigation.

Egocentric representations are encoded in precuneus, an area in medial sur-

face of superior parietal cortex (Schindler & Bartels, 2013; Wolbers, Hegarty,

Büchel, & Loomis, 2008), as well as retrosplenial cortex (Wolbers & Büchel,

2005). Parietal cortex has been associated with many forms of action, includ-

ing reaching, grasping, and saccades, and all of which require an egocentric

representation of space and updating of self-motion (Blangero, Menz, McNa-

mara, & Binkofski, 2009; Desmurget et al., 1999; Filimon, 2010). Allocentric

representations are encoded by place cells of the hippocampus in medial tem-

poral lobe, which has been suggested as the locus of a cognitive map, or the

internal representation of space (Burgess, Maguire, & O’Keefe, 2002; O’Keefe,

1976; O’Keefe & Nadel, 2013; Tolman, 1948), and a network of other extra-

hippocampal regions such as parahippocampal area, retrosplenial cortex, and

prefrontal cortex (Ekstrom, Arnold, & Iaria, 2014). Ekstrom et al. (2014)

14



reviewed models of the relationship between egocentric and allocentric repre-

sentations and their neural correlates, and suggested that the hippocampus

is only one of the areas within the network that together construct allocen-

tric representations, although it has a primary role (see also Byrne, Becker, &

Burgess, 2009).

There are many types of cell that play essential roles in spatial repre-

sentations and navigation. Place cells encode spatial locations independent of

head direction in both animals (rats, mice and bats) and humans (Ekstrom

et al., 2003; O’Keefe & Dostrovsky, 1971; Ulanovsky & Moss, 2007). The

corresponding type of cells in the hippocampus of nonhuman primates are

called spatial view cells (Georges-François, Rolls, & Robertson, 1999; Rolls,

1999). Head direction, on the other hand, is encoded in presubiculum by head

direction cells, the input to hippocampal-entorhinal system in rats (Taube,

Muller, & Ranck, 1990) and is encoded in right presubiculum in humans (Vass

& Epstein, 2013). Another type of cell found in dorsomedial entorhinal cor-

tex, called grid cells, encodes position in an environment while the animal is

changing position. A given place cell has a place field corresponding to a par-

ticular location in an environment, whereas a grid cell has firing fields that are

spaced equally apart and are arranged in hexagonal lattice spanning the entire

environment. Grid cells provide a metric system to represent self-location and

possibly support path integration for establishing egocentric representations.

Grid cells are also found in humans (Doeller, Barry, & Burgess, 2010; Jacobs

et al., 2013).
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1.2.2.3 Neural processing of scenes

How does the brain respond to real-world scenes? Above I discussed

some of the known neural mechanisms that together enable navigation by

constructing and updating the relationship of self and the surroundings. A

different line of studies investigated the mechanisms of scene perception to

understand how components of scenes are processed in the human brain. See-

ing images of natural scenes, including landscapes, rooms, cityscapes and even

scenes made up of Lego blocks activates parahippocampal area (PPA), a region

in the parahippocampal cortex (Epstein, Harris, Stanley, & Kanwisher, 1999;

Epstein & Kanwisher, 1998). The role of PPA is to process layout and global

aspects of the scene for scene recognition, and it does not respond to objects

inside the scene, which is processed in the occipitotemporal cortex. The ret-

rosplenial complex (RSC), a region that processes egocentric information, also

provides linkage of the current scene to stored scene information in memory to

enable recognition of scene in broader spatial context (e.g. to recognize your

office building from an image of it), and thus provides translation between ego-

centric and allocentric representations. This is important as knowing where a

scene is situated in the broader environment enables navigation to a location

even when it is not currently visible. RSC is at an ideal location to perform

such a task because it is within the part of parietal cortex that is close to

the medial temporal lobe, where the memory system resides. In additional to

their roles in scene perception, functional connectivity of posterior hippocam-

pus and RSC is higher for individuals that are better navigators, supporting
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the importance of these areas in navigation (Sulpizio, Boccia, Guariglia, &

Galati, 2016). Good navigators are more reliable in identifying stable land-

marks (i.e. those that are less prone to move, e.g. street lights and traffic

lights), and RSC has also been shown to process those landmarks while PPA

is responsible for representing other attributes of landmarks, such as size and

saliency (Auger & Maguire, 2013; Auger, Mullally, & Maguire, 2012). In ad-

dition, local elements of scenes, including surfaces that defines the boundary

and the layout of the scene such as walls and furniture, were found to be rep-

resented in occipital place area (OPA), whereas PPA or RSC represent global

scene properties (Kamps, Julian, Kubilius, Kanwisher, & Dilks, 2016).

In addition to positional information that the brain extract from ego-

centric and allocentric representations, the layout of the environment and the

relationship with stored representations, how are other attributes of the space

processed by the brain? Some evidence suggested that sizes of the environ-

ments are represented. In rodents, the spatial scale that the space fields rep-

resent increases along the longitudinal axis of the hippocampus (Kjelstrup et

al., 2008; for review, see Strange, Witter, Lein, & Moser, 2014). Correspond-

ingly, the firing locations of individual grid cells also increase from dorsomedial

to ventrolateral medial entorhinal cortex, although discretely (Hafting et al.,

2005; Stensola et al., 2012). Initial evidence from humans also showed that

posterior hippocampal activity also scales with the size of the environment,

while activity of anterior hippocampus scales with complexity, measured by

number of corridors (Baumann & Mattingley, 2013). The interpretation from
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this study is limited, however, because the mazes used were composed of linear

paths and subjects were navigating in a virtual environment along these border

paths, and landmarks were fairly rare. Another fMRI study defined complex-

ity of the environment by how well compartments were interconnected, and

reported that navigation in less complex environments was more efficient and

accurate, and led to increased activity in hippocampus, RSC, and precuneus

(Slone, Burles, & Iaria, 2016). In a fMRI study, subjects viewed real-world

images of spaces that were different in physical sizes, and also in the level of

clutter (Park, Konkle, & Oliva, 2015). Multivoxel pattern analysis revealed

that patterns of activation in PPA represent both size and clutter regardless

of category of scenes, and patterns of RSC only represent environmental size.

It is almost certain that during visual search that involves navigating

complex environments, other processes such as attention orienting and tem-

plate matching, interact with the mechanisms that support navigation, which

in itself often requires a component of identification and search for landmarks.

It is still unclear how the hippocampus, PPA, RSC and other scene and place

processing areas together represent attributes of the scenes and support scene

perception and navigation, particularly in settings where humans are allowed

to navigate in the real-world environments, due to the technical constraints

in those studies. Yet the findings reviewed in this section are useful when

considering the neural mechanisms that might be involved during navigation

that is required of natural search behavior.
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1.3 Outstanding questions

While the studies reviewed here provided useful starting points to char-

acterize everyday search behavior in the 3D world, many key aspects still re-

main elusive. What aspects of the environment do humans learn while actively

searching? How is the environment represented in spatial memory used to al-

locate attention? And importantly, what advantages does memory provide for

search guidance? What are the roles of memory throughout the search process

in a complex environment with multiple compartments?
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Chapter 2

Comparison of the role of memory in

naturalistic 2D and 3D environments 1

2.1 Introduction

Allocation of attention is central to visual function in everyday behav-

iors. Normally this process operates seamlessly so that critical information

is attended at the appropriate time to control behavior. It seems likely that

memory representations for familiar scenes are an important factor in normal

attentional allocation. For example, it is not difficult to locate all the ingre-

dients and tools you need to make yourself a meal in your own kitchen. In a

friend’s kitchen, however, it is likely to be more challenging because it is less

familiar. Thus memory representations of familiar environments may stream-

line the allocation of attention in everyday tasks, and mitigate the effects of

limited attentional resources.

To understand the role of memory in guiding attention, one focus of

interest has been visual search. Memory representations encoding the rela-

1This work has been published in the Journal of Vision on June 14, 2016. Li, C.-L.,
Aivar, M. P., Kit, D. M., Tong, M. H., & Hayhoe, M. M. (2016). Memory and visual search
in naturalistic 2D and 3D environments. Journal of Vision, 16 (8):9, 1–20. Chia-Ling Li
contributed to the conception, design, data collection, analysis, interpretation and writing
of the study.
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tionship between objects in the scene have been shown to influence search

(Castelhano & Heaven, 2011; Mack & Eckstein, 2011). When searching in a

synthetic array of stimuli on a homogenous background (e.g. letters arranged

in different orientations), search efficiency increases through implicit learning

of the association between target and surrounding context, a form of learn-

ing termed “contextual cueing” (Chun & Jiang, 1999; Chun & Jiang, 1998;

Jiang & Wagner, 2004; Olson & Chun, 2002). Later studies have adopted

images of naturalistic scenes as stimuli. In these cases associations between

scene and targets are learned much more rapidly (Brockmole, Castelhano, &

Henderson, 2006; Brockmole & Henderson, 2006a, 2006b). When targets are

realistic objects, one brief preview of the search scene is enough to facilitate

search, even if search targets were absent during the preview (Castelhano &

Henderson, 2007; Hollingworth, 2009; Võ & Henderson, 2010). When targets

are embedded in the scenes during the preview, search performance further

improves (Hollingworth, 2006, 2009), although the target effect was found to

be small in another study (Castelhano & Henderson, 2007). The main effect

of the preview is to guide the first two fixations to the relevant locations in the

scene during search (Hillstrom et al., 2012). However when information from

scene semantics is available, search is primarily determined by this factor, and

memory from previous exposures has little effect (Võ & Wolfe, 2012; Wolfe

et al., 2011). Everyday experience suggests that memory must at some point

become a significant factor in visual search, so the effectiveness of memory

may depend on the specific conditions of the experiment. In this respect there
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are clear differences between paradigms that directly test whether incidental

encoding during visual search or scene viewing leads to formation of memory

and the quality of these representations (e.g. Draschkow, Wolfe, & Võ, 2014;

Tatler & Tatler, 2013; Williams et al., 2005), and those which studied memory

indirectly through facilitation of visual search by memory representations (e.g.

Castelhano & Henderson, 2007; Hollingworth, 2012; Võ & Wolfe, 2012). In

the current study our focus is on the latter question: how memory influences

gaze allocation in a scene.

There are many differences between experiments with 2D images and

ordinary experience in natural, immersive 3D environments, even when those

images are taken from realistic scenes (Chrastil & Warren, 2012; Hayhoe &

Rothkopf, 2011). Conventional paradigms often entail very brief exposures to

a large number of images that are usually scaled to fit the display. As a con-

sequence, the nature of such exposure substantially differs from daily visual

experience, where we are immersed in a relatively small number of environ-

ments for longer durations. Spatial learning in 3D environments is also more

active in several aspects: for example, movement is self-initiated and accompa-

nied by proprioceptive and vestibular feedback; subjects make active decisions

and allocate attention based on the constraints of the task and the structure

of the environment (Chrastil & Warren, 2012). These components of active

behavior are rarely possible in experiments that attempt to understand scene

learning and visual search using 2D stimuli. In addition, whole-body motion

in 3D environments enables the parallel development of both dynamic ego-
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centric (observer-centered relationships between objects and human observer)

and allocentric (world-centered representations of object-object relations) rep-

resentations of the environment. In 2D settings, however, dynamic egocentric

representations are not possible (Burgess, 2006; Farrell & Robertson, 1998;

Mou et al., 2004; Waller & Hodgson, 2006).

Task structure in the real world is also rarely similar to that captured

in traditional 2D static paradigms. In this respect, accumulating evidence has

shown the strong impact of task goals on attentional deployment. In the con-

text of natural behavior, fixations are directed almost exclusively to regions

relevant to behavioral goals (Castelhano et al., 2009; Hayhoe et al., 2003;

Jovancevic et al., 2006; Land, 2004; Rothkopf et al., 2007). The intimate

connection between task demands and gaze implies that task may determine

the specific information that is attended and encoded in memory. However,

there is still ongoing debate on this issue. Võ and Wolfe (2012) demonstrated

performance improvement through repeated search for the same sets of tar-

gets, suggesting that spatial information encoded during task-relevant experi-

ence leads to a benefit relative to semantic guidance. On the other hand, a

number of findings suggest that fixated objects are encoded in memory even

when they are irrelevant to the current task (Castelhano & Henderson, 2005;

Hollingworth, 2012; Williams et al., 2005). These two views may not be incon-

sistent, as task may prioritize the selection of information to be incorporated

into memory, while task-irrelevant objects may also be encoded, although with

reduced probability (Tatler & Tatler, 2013). Still, how task and memory in-
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teract to modulate deployment of attention during ongoing behavior remains

unresolved.

There have been some recent attempts to investigate visual search in

more ecologically valid conditions. Kit et al. (2014) showed that visual search

performance in an immersive virtual environment improved rapidly over re-

peated search episodes, and that memory for object locations was maintained

over three days. In a real world setting, Mack and Eckstein (2011) had partic-

ipants search for objects on the tabletop and demonstrated that co-occurrence

of objects, which is part of our priors resulting from daily experience, can

serve as a contextual cue for guiding search. Also, with a similar tabletop

search task Howard et al. (2011) found that objects incidentally fixated on

a trial prior to search were found more efficiently when they became targets.

Tatler and Tatler (2013) investigated the effects of task instructions on object

memory and attention deployment in real world settings. They found that

instructions to memorize objects led to better performance compared to free

viewing; thus memory for natural environments is tightly linked to the specific

task requirements. In the present experiments, the role of repeated search and

incidental learning will be examined further. Jiang et al. (2014) investigated

visual search in an outdoor environment and found that whole body move-

ments influence memory representations by allowing subjects to encode target

locations in both egocentric and allocentric frames. Foulsham et al. (2014)

also suggested that head movement is an important factor in search strategies

in real environments. According to these results it is possible that 2D and
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3D environments may indeed lead to different encoding strategies. Therefore,

in the present investigation, we attempted a direct comparison of 2D and 3D

search contexts.

To capture both the stimulus conditions of natural environments, and

the task context of natural behavior, our first goal for the current study was

to monitor eye movements during search in a naturalistic environment. This

allowed us to monitor attention during ongoing behavior and also probe the

use of memory during repeated search episodes. In most of the conventional

paradigms that have demonstrated memory effects on visual search, a preview

image is usually presented and then followed by the search task after a short

interval. To simulate this situation more closely we devised a virtual environ-

ment in which subjects initially explored a virtual room and then searched for

objects in the different rooms of the virtual apartment while walking around

in the environment. Search targets were geometric objects, chosen to decrease

the likelihood of semantic association with nearby context, and to encour-

age the use of episodic memory, because guidance from semantic context may

reduce the role of episodic memory, as shown in Võ & Wolfe’s (2013) exper-

iments. Although previous work indicates that geometric objects would not

benefit from a preview as realistic objects (e.g. Castelhano & Henderson, 2007;

Hollingworth, 2009; Võ & Henderson, 2010), in our experiment we chose a long

preview period that gave ample time for incidental fixations and for encoding

scene structure. In the first eight trials the search targets were different on

every trial, allowing evaluation of learning of the context. Following this, each
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geometric object was a search target on two more occasions, which allowed us

to assess how spatial memory developed through repeated search experience.

Following the searches for geometric objects, participants were also asked to

search for local (nongeometric) contextual objects that had been present as

part of the visual context during early trials. Draschkow et al. (2014) found

that incidental memory for objects formed during visual search is better than

memory from intentional memorization. Thus, evaluating search performance

for those contextual objects provides another way to characterize the role of

task; that is, do people learn where those objects are located from their experi-

ence in the environment, even though they had not been specifically designated

as relevant items? The effect on search performance of previous fixations to

those contextual objects was examined to determine whether incidental, task-

irrelevant fixations contribute to subsequent search guidance.

Because the actual stimulus sequence and task context differ so exten-

sively in traditional 2D paradigms and realistic 3D environments, it is difficult

to compare the findings in these two situations, given the quantitative and

graded nature of some of the effects. We therefore devised a parallel 2D visual

search experiment that was designed to make the stimulus and task conditions

as similar as possible to the immersive 3D experiment, while maintaining many

of the features of previous 2D experiments, in order to better compare the re-

sults in a quantitative manner. Our 2D and 3D experiments were similar in

many aspects: The task structure and the targets chosen were the same. The

2D search scenes were snapshots taken from the 3D environment. The major

26



difference between both tasks is that head and body movements, and thus

active spatial learning, were not part of the 2D experiment. This comparison

may therefore provide insights into the importance of active body motion in

developing spatial memory.

2.2 Methods

2.2.1 3D Experiment

2.2.1.1 Experimental environment

The virtual reality (VR) environment consisted of two rooms, a bed-

room and a living room, with a corridor in the middle (Fig. 2.1A), and it was

created in FloorPlan 3D V11 (IMSI) and then rendered by Vizard 4 (World-

Viz). The dimensions of the virtual apartment were maximized to the space

available in our lab while avoiding chances of collisions. Each room was 3m

by 6m, and the corridor was 1m by 6m. Participants wore an nVisor SX111

(NVIS) head-mounted display (HMD) through which they viewed the VR en-

vironment, and the HMD is equipped with a ViewPoint EyeTracker (Arrington

Research; Fig. 2.1B). The HMD has a resolution of 1, 280×1, 024, a horizontal

field of view (FOV) of 102◦ (in total, 76◦ each eye), and a vertical FOV of 64◦.

A HiBall motion tracking system (thirdTech) was used to track 6 degrees of

freedom of head position in the environment at around 600 Hz. The latency

for updating the visual display following a head movement was 50 to 75 ms.

The position of the left eye was tracked by the eye tracker at a sampling rate of

60 Hz and an accuracy of about 1◦. The eye tracker was calibrated prior to the
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beginning of the experiments. Because the helmet can shift as the subjects

move around the room, the quality of the calibration was checked half-way

through the experiment as well at the end, using a nine-point (3× 3) calibra-

tion grid. A poor calibration at the end of the experiment was used as a basis

for excluding that subject’s data, as were frequent track losses. Recalibration

was performed during the experiment if drift was detected. Videos of the eye

tracks and the scene display (what participants saw), along with the metadata

of the simulation, synchronized for each frame, were stored in an MOV file

for later gaze analysis and verification. The metadata include the position of

the participants and the objects. Automated analysis was verified using the

video records. A Wiimote (Nintendo) was provided for clicking a button when

the target was found. Participants were required to be within 1.5 m from the

target and looking at the target for the click to end the trial. This was done

to prevent participants from pressing the button without actually finding the

target. Once the Wiimote click was detected a “Trial Done” message appeared

on the screen and participants could proceed to the next trial.
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Figure 2.1: 3D experiment. (A) Experimental environment. Top: birds-eye
view of the 3D virtual apartment. The target of each search trial is shown
on the TV screen at the end of the corridor between the living room and the
bedroom. There are two doors that connect to the rooms. Bottom: example
views of the living room (on the left) and the bedroom (on the right). (B) A
participant wearing the head-mounted display (HMD) equipped with an Ar-
rington eye tracker and HiBall head position tracker, with a second position
tracker on the waist (not used here). (C) Left: 8 geometric objects that were
search targets from Trials 1 to 24. Right: schematic of the location of the
geometric objects in the apartment. (D) 8 nearby and 8 distant contextual
objects that were search targets from Trials 25 to 40. Each nearby contextual
object is on the same surface as a geometric search target, and the distant
ones are on surfaces different from the geometric search targets. (E) Tasks:
exploration and search. An example trial sequence was shown. Trials 1-8 were
novel search trials for geometric objects. The same sets of objects were repeat-
edly searched for in two additional blocks from Trials 9-16 and 17-24. From
Trials 25-40 search targets were a mixture of nearby and distant contextual
objects. Trial sequences were randomized across subjects.
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2.2.1.2 Targets

Target objects subtended approximately 2◦ to 2.5◦ of visual angle on

average when they were viewed from the entry of the room to the center of

room (targets were usually found by the time participants reached the center

of the room). There were two types of target objects in the search task:

geometric objects (Fig. 2.1C) and contextual objects (Fig. 2.1D). The early

search targets were eight geometric objects with homogenous colors. Each of

them was placed on one of eight different pieces of furniture (e.g. desk, dining

table, side tables, dresser, TV table), four in each room (Fig. 2.1C, right).

Later search targets were realistic contextual objects that were continuously

present in the apartment and were part of the context during searches for

geometric objects. Eight of the contextual targets were nearby (i.e., on the

same surface as) the geometric targets that were previously searched for, and

the other eight were distant (not on the same surface, and could be anywhere

in the room). The set of eight geometric objects was searched for in three

successive trial blocks, which comprised Trials 1 to 24. The set of 16 contextual

objects was searched for only once (Trials 25 to 40).

2.2.1.3 Procedure

The experiment started with participants moving from the corridor to

one room, and exploring freely for 1 min to familiarize themselves with the

room (see Fig. 2.1E). The explored room was counterbalanced across subjects.

The unexplored room served as within-subject control for the effect of pre-
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exposure in the analysis. Participants were also randomly assigned to either

explore the room while geometric targets are absent (context pre-exposure

group) or explore while they are present (context-plus-targets pre-exposure

group). Thus half of the participants were only pre-exposed to the context of

the room prior to search. Note that the context here includes everything sur-

rounding the geometric objects (including nearby or distant contextual items).

The other half of the participants were pre-exposed to both context and tar-

gets.

After exploration, participants conducted 40 search trials. At the be-

ginning of each trial, participants returned to the corridor from whichever

room they were in and approached the TV screen on the wall at the end of

the corridor, which showed an image of the search target for that trial. The

participants then had to decide which room to enter to locate the target, and

they were allowed to freely traverse between both rooms until the target was

found. The rooms had doors that automatically opened when participants

were close to the entrance; therefore participants could not see most of the

objects in the room until they had actually entered it. This was done in order

to simplify the analysis of search performance. The trial order was random-

ized within each block and across participants (an example trial sequence is

shown in Fig. 2.1E). The targets of two consecutive trials were never the same.

Following three repetitions of the geometric target search trials (total 24 tri-

als), each of the 16 contextual targets was searched for once. The order that

nearby and distant contextual targets were searched for was mixed and also
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randomized across participants.

2.2.1.4 Gaze analysis

A data file that contained the positions of head and eyes and all objects

was generated from reconstruction of the experimental environment in Vizard.

The eye position data were analyzed with an automated program developed

in-house. The data were first preprocessed by a median filter to remove the

outliers and then an averaging filter to smooth the signals. A moving window

of three frames was used for both types of filtering. The next step was to seg-

ment the data into fixations and saccades. The algorithm identified a fixation

when the eye movement velocity fell below 60 degrees/s for a period of at least

100 ms. Note that this relatively high velocity threshold is used because of the

presence of low-velocity vestibular-ocular reflex movements that add to eye ve-

locity during head movements. Consecutive potential fixations were combined

if they were less than 1.5◦ apart in space and less than 80 ms separated in time.

Brief track losses during a fixation were ignored if the object being fixated was

identical before and after track loss. In the reconstruction, the objects being

fixated were then determined by the program using an 80 × 80 pixel window

(approximately 5◦ × 5◦ visual angle) centered at the point of gaze on each

frame. This allowed the projection of gaze location on the 2D space of each

frame of the video. The window used is relatively large partly because of pos-

sible calibration errors and drift during the experiment, but also because the

target was easily visible even when the participant was not directly fixating it.
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This is relevant because in natural vision humans often adopt a “good enough”

strategy and do not make corrective saccades unless there is a large error. The

eye data were then segmented into trials. The starting point of the trial was

defined as first room entry from the door of either room of choice. The end of

the trial was defined as the time when the participants made the first fixation

to the target of that trial, without making further fixations to other locations

until they pressed the Wiimote button. If other fixations intervened, as some-

times happens when subjects are unaware they have fixated on the target and

continue the search, the next fixation to the target that satisfied the criterion

was chosen. This was done this way to avoid the timing variability produced

by the fact that participants had to approach the target before pressing the

button (which they often did while maintaining fixation on the target). First

fixation on the target then reflects the end of visual search more precisely than

the Wiimote press. To analyze the fixations to surfaces containing geometric

targets, boxes that were 40 cm above and 20 cm below all those surfaces were

added to the environment during the reconstruction. The number of fixations

that fell into those boxes was calculated separately from fixations to objects

to determine the percentage of fixations directing to the relevant surfaces.

2.2.1.5 Participants

Forty-two students from the University of Texas at Austin participated

in the 3D experiment. The experiments were approved by the University of

Texas Institutional Review Board (IRB: 2006-06-0085). All participants had
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either normal or corrected-to-normal vision, provided written informed consent

and received experimental credit or monetary compensation upon completion.

Six participants skipped one or more trials, or did not complete the entire

experiment, therefore their data were excluded. Of 36 participants who were

included, 18 did not have reliable eye tracking data, with frequent track losses

and drift (as is commonly found in this particular HMD/eye-tracking system,

given the heaviness of the helmet and cable, and the awkward geometry of the

eye tracker). Because this made it hard to identify the time that the target

was located, their data were also excluded for the calculation of search time

and search fixations. Data from the 18 participants who had good eye tracks

were included in the analysis of search time and fixation counts in the 3D

experiment. For the analysis of probability of making correct room choice in

3D, data from all participants were included.

2.2.1.6 Data analysis

All analyses of recorded data were performed using custom-written pro-

grams in Matlab. The eye position data were used to calculate two measures

of search performance: search time (time spent to locate targets) and number

of search fixations to locate the targets. For each trial, the search time and

search fixations in both the correct room and the incorrect room were calcu-

lated. Data that were three standard deviations away from the mean of each

trial were excluded from the analysis. Statistical methods are described in the

Results section. For all statistical tests, an alpha level of 0.05 was used. Post
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hoc analyses were conducted by bootstrapping.

2.2.2 2D experiment

2.2.2.1 Stimuli and apparatus

To parallel the exploration experience in the 3D experiment, a series of

snapshots taken from the 3D apartment rendered by Vizard in desktop mode

were used for the preview phase, to parallel the pre-exposure to one of the

rooms in the 3D experiment (Fig. 2.2A). There were 10 preview images: eight

overlapping views taken by moving the camera to locations that produced

views that covered the entire room and were similar to those seen by subjects

moving in the 3D environment, plus two panoramic views (one for the left

side of the room and the other for the right side of the room) for each room.

Two versions of those images were generated for preview: geometric-object-

absent and geometric-object-present, to parallel the exploration in 3D. The

angles from which snapshots were taken were fixed between versions. The

search images were of both rooms, although only one of them was visible at a

given time. The images were composed of two parts: a left panoramic view of

the room that appeared on the top part of the screen, and a right panoramic

view of that same room that appeared on the bottom (see rightmost part of

Fig. 2.2A). This arrangement was chosen to mimic the 3D experiment, in which

subjects can only see one room at a time, and also to add the need for a gaze

shift to inspect a different part of a given room. The images were presented

on a 24-inch LCD monitor (resolution 1,920 × 1,200) refreshing at 60 Hz that
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was placed 70 cm away from the participants. Scene images spanned 33.5◦

(width) × 23.3◦ (height) of visual angle on average. Target objects subtended

approximately 1.4◦ of visual angle on average (about 1◦ for geometric objects).

Experiments were conducted using a program written in Matlab, with the

Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) and the Eyelink toolbox

(Cornelissen, Peters, & Palmer, 2002) extensions. The position of the right

eye was monitored by an Eyelink II eye tracker (SR Research) sampling at

250 Hz. Participants placed their heads on a chin rest and were asked to hold

their head position constant. The eye tracker was calibrated with a nine-point

grid before each session, and drift correction was performed before each trial.

A keyboard was provided to participants to choose which of the two rooms to

view during the search trials by pressing the left or right arrow keys.

2.2.2.2 Procedure

Before the main experiment started, a practice session of eight trials was

given to ensure that participants knew how to use the keyboard to switch room

images. During this practice session participants searched for eight rendered

objects that were not used later in the main experiment and that were placed

in two outdoor scenes in the virtual environment. For each trial, the event

sequence was the same as for the search task in the main experiment: The

target was shown on a black screen and participants pressed buttons to switch

among images for search, and hit the space bar when the target was found

(detailed below). For the main experiment, the task structure was the same
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A Preview
10 images  2 sec  3 repeat = 1 min …

B Search
40 trials…

Figure 2.2: 2D experiment. Participants viewed images on a computer monitor
and performed visual search. (A) Preview images of bedroom. Preview images
were repeatedly presented three times, 2 s each image, for a total of 1 minute.
Note that there was a fixation screen (not shown here) shown in between each
preview image in the actual experiment. (B) The search trial started with a
target object image displayed on the screen, then participants pressed left or
right keys to see the image of the living room or bedroom until the target was
found. Each room image is composed of the left panoramic view of the room
on the top and the right panoramic view on the bottom.

as in the 3D experiment: a preview phase followed by a search phase. First,

participants previewed images of one room for 1 minute, which paralleled the

exploration session in the 3D experiment (Fig. 2.2A). To simulate the viewing

experience in the 3D experiment, 10 preview images (successive ones were

overlapping with each other) were sequentially presented to the participants

for 3 repetitions, 2 sec each image, for a total of 1 min. A black screen with

a fixation cross in the center was shown for 0.5 sec in between each preview

images. Then 40 search trials followed (Fig. 2.2B). The search targets and

trial structure were the same as those in the 3D experiment. A target object

was presented at the center of the computer screen, and participants pressed
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the left or right arrow key on the keyboard to see either the image of the

living room or the bedroom. Then they hit the space bar when the target was

found, and the trial ended if the participants were viewing the correct room.

Eye-tracking data were recorded simultaneously. The last object fixated was

used to check if they actually found the target later in the analysis, and the

data of the trial was excluded if the last fixated object was not the target.

The trial was terminated if the target was not found in 30 sec after onset of

the first room image and the data of that trial was excluded.

2.2.2.3 Participants

Twenty students from University of Texas at Austin participated in the

2D experiment. The experiments were approved by the University of Texas

Institutional Review Board (IRB: 2006-06-0085). All participants had either

normal or corrected-to-normal vision, provided written informed consent and

received experimental credit or monetary compensation upon completion.

2.2.2.4 Data Analysis

The EyeLink Data Viewer 2.11 (SR Research) was used to define regions

of interest (approximately 5◦ in diameter) on each image and to obtain fixation

counts and fixation durations on each image and within each trial. The data

were then analyzed in Matlab as in the 3D experiment. Similar to the data

analysis of the 3D experiments, the starting point of a trial was when the first

room image showed up on the screen; the end of the trial was when participants
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made the first fixation to the target, without further fixating other objects until

they pressed the space key to end the trial. Data that were three standard

deviations away from the mean of each trial were excluded from the analysis.

Fixations to relevant surfaces were also analyzed by counting fixations that

fell within 2◦ of the surfaces.

2.3 Results

To quantify visual search performance, we calculated search time and

number of search fixations from the time of first room entry until the target

was located. To take accuracy of room choice into account, search time and

search fixations were calculated separately for the room containing the target

on that trial (the “correct” room) as well as for the incorrect room. Percentage

of correct room choice, fixations to relevant surfaces and incidental fixations

were also analyzed.

2.3.1 Effects of repeated search

To illustrate typical performance, spatial distributions of fixations of

a subject over three separate searches for the same target are presented in

Fig. 2.3. Reduction of search fixations has been observed in both correct and

incorrect room over experience. There is also a tendency to restrict fixations

to surfaces that contain geometric objects. Performance of all subjects in the

first 24 trials with geometric objects is shown in Fig. 2.4. Number of fixations

and total search time show similar trends (Fig. 2.4A-B). Overall, performance

39



improved quickly, with the biggest improvement being the reduction of time

and fixations spent searching in the incorrect room, especially in the 3D ex-

periment as shown in Fig. 2.4B. Search improved in the first eight trials even

though the targets were different objects on each trial, suggesting that some

aspects of learning the environment produced more efficient search. This could

be attributed to either incidental fixations on objects that were targets in later

trials, or greater familiarity with the global room structure, or from restrict-

ing regions searched to the surfaces containing the targets. In Fig. 2.4C, the

data in Part A and B of the figure are grouped into the first, second, and

third episodes of eight-trial blocks. Repeated searches for the same target

led to reduced fixations and search time in both 2D and 3D in the correct

room, where the target was present (see online Movie 1 for examples from the

3D experiment). This suggests that subjects rapidly learned the location of

the targets in the room once the targets had been searched for. Fig. 2.4C

also shows the magnitude of the improvement in the incorrect room (target

absent) in the first episode, where the number of fixations dropped from 11

to 3 by the second episode. In a separate analysis, omitting trials in which

subjects did not enter the incorrect room did not affect this trend (plot not

shown here); that is, there is a rapid drop of fixation count and search time

in the incorrect room. Another notable feature of Fig. 2.4C is that although

the search time in 2D and 3D was comparable in the correct room (around 1-2

s), there were roughly twice as many fixations in 2D as in 3D (around six vs.

three fixations).
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B  1st searchA

D  3rd searchC  2nd search

correct room incorrect room

target

Figure 2.3: Spatial distributions of fixations in the 3D environment. (A)
Birds-eye-view of the environment. The red arrow indicates the location of
the target, an orange cube. (B), (C) and (D) Heat maps of fixation counts
across space are generated from the fixation data of a subject during the three
searches for the orange cube (Trial 2, Trial 10, and Trial 20. Note that the
participant searched for other geometric objects in the intervening trials). The
walls that separate the rooms from the corridor, as well as the outline of the
surfaces that contain geometric targets, are marked with gray lines. For these
three trials, the correct room, the room that contained the target, was on the
left (living room), and the incorrect room was on the right (bedroom).

41



Episode
1 2 3

Se
ar

ch
 fi

xa
tio

ns
 (#

)

0

2

4

6

8

10

12

14Correct room Incorrect roomB A  
3D
2D

3D
2D

C 
3D 
2D
Correct room
Incorrect room

Episode
1 2 3

Se
ar

ch
 T

im
e 

(s
ec

)

0

1

2

3

4

5

6

7

Figure 2.4: Search performance for geometric objects across search episodes
and search trials for 3D (red) and 2D (blue) experiments. (A) Number of
search fixations (top) and search time (bottom) across 24 trials once in the
correct room. Data from two groups of participants (context pre-exposure
group and context-plus-target pre-exposure group) were collapsed within the
2D experiment and 3D experiment. Solid lines show the data series and dotted
lines show the exponential model fit. (B) Number of search fixations (top) and
search time (bottom) in the incorrect room. Note the different scales for correct
room and incorrect room in (A) and (B). (C) Number of search fixations (top)
and search time (bottom) in the correct room and the incorrect room across
three search episodes. Data represent mean ± SEM.

A three-way mixed analysis of variance (ANOVA) was conducted to

examine the effect of 2D versus 3D, correct versus incorrect room and search

episode on the number of search fixations and search time. The details of the

statistical analysis are shown in Table 1. The improvement over episodes in

Fig. 2.4C is revealed by the significant effect of episode. This is reliable in

both 2D and 3D. The significant three-way interaction reflects the big drop in

the first to second episodes in 3D in the incorrect room. To assess whether
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baseline performance and rate of improvement are different between 3D and

2D experiments, we used nonlinear mixed-effect modeling (NLME, Pinheiro

& Bates, 2000) to generate parameters that fit an exponential function to our

search fixation and search time data across the trials (see Brooks, Rasmussen,

& Hollingworth, 2010 for an example of using NLME to analyze data from

contextual cueing experiments). Compared with traditional ANOVA, adopt-

ing NLME has the following advantages in our study. First, NLME treats

time (in our case, search trials) as a continuous factor, rather than categor-

ical as in ANOVA, which increases statistical power. Second, NLME allows

a better characterization of the learning function, as an exponential function.

Third, within-subject variability is also taken into account in NLME. Once

we obtained the parameters, including intercepts and slopes of the exponen-

tial function, from NLME, we bootstrapped the difference of distributions of

intercepts and slopes to indicate the difference in baseline performance and

improvement rate, respectively, in 2D and 3D experiments. The details of this

analysis are provided in Appendix A, and indicate that in the correct room,

fewer fixations were made in 3D than in 2D in the first trial, although neither

search time nor improvement rates were different.
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Table 2.1: Effects of experiments (3D vs. 2D), room (correct vs. incorrect) and
search episode (1-3) on search performance for geometric objects: three-way
mixed ANOVA for data in Fig. 2.4C.
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2.3.2 Memory representations alter attention allocation

There are several potential reasons for the improvement in performance

with increased experience. First, subjects may become better at choosing the

correct room. To examine this possibility, the percentage of trials where the

correct room was chosen first, as well as number of room entries required to

locate the target, was calculated (see Fig. 2.5A). There is significant improve-

ment in the correct room choice across search episodes (mixed model ANOVA,

F (2, 120) = 16.5, p < 0.001, also see Video for examples from the 3D exper-

iment), and the probability was greater in 3D than 2D (F (1, 60) = 16.08, p

< 0.001) (and no interaction was found, F (2, 120) = 1.59, p = 0.21). There

is also a reduction in number of room entries across episodes (mixed model

ANOVA, F (2, 72) = 12.19, p < 0.001). Overall participants make slightly more

(about 0.2) room entries in 2D than 3D (F (1, 36) = 15, p < 0.001). These

findings also indicate that subjects tend to use memory more in 3D than in

2D, perhaps as a result of the higher energetic or time cost of changing rooms.

Another possibility is that they learned the relevant parts of the room

to look at. We analyzed the proportion of fixations that were restricted to po-

tential target locations, i.e., the surfaces where geometric objects were placed

(Fig. 2.5B). Search fixations directed to the relevant surfaces increased (see

Video for examples from the 3D experiment) from about 60% to 87% in 3D

(from the first to the last trial), and from about 66% to 78% in 2D. The

improvement is significant in both experiments (one-way ANOVA, 3D: F (23,

420) = 1.83, p = 0.01; 2D: F (23, 479) = 1.86, p = 0.009). The difference
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Figure 2.5: Performance improved as a result of excluding irrelevant parts of
the environment. (A) Percentage of correct room choice on first room entry
across search episodes in 2D experiment and 3D experiment. (B) Percentage
of fixations made to surfaces that contained geometric targets in the 2D and
3D experiment. Data represent mean ± SD in (A), mean ± SEM in (B).

between 2D and 3D was not significant (t(46) = 1.24, p = 0.22). Note that

even on the first trial, subjects were biased to restrict search to surfaces like

tables. Thus, search benefits from experience by excluding irrelevant parts of

the scene, including the incorrect room and nonrelevant regions in the rooms,

during the search process.

2.3.3 Pre-exposure effects

To assess the effects of pre-exposure on search performance on the first

trial, we first looked at the effect of pre-exposure on search time and search

fixations. This is presented for the correct room (target present) in Fig. 2.6A-

B. Pre-exposure was either to the room only or to the room plus targets.

Although it appears that search fixations were less numerous in the room that

participants explored, at least when exploration included the targets, there
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were no significant differences in either 2D (room: F (1, 19) = 0.42, p = 0.53,

targets: F (1, 19) = 0.15, p = 0.7) or 3D (room: F (1, 17) = 1.93, p = 0.19,

targets: F (1, 17) = 0.01, p = 0.91). However, because we are only looking at

the first trial, the statistical power of the comparisons is very poor. Therefore,

these results are inconclusive. However, there may be some effects of pre-

exposure to both room and targets on the probability of choosing the correct

room for the initial search. This data is presented in Fig. 2.6C. Seeing targets

during pre-exposure seems to facilitate selection of the correct room, although

the difference between rooms does not reach significance as a result of the

small sample size (Fisher’s exact test, 3D: p = 0.24; 2D: p = 1).
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Figure 2.6: Effects of pre-exposure on search performance. (A) Search fixations
when the target of the first trial was in the unexplored room and the explored
room, in the group that was pre-exposed to room context only and the group
that was pre-exposed to both the context and the targets in a room in the 3D
experiment. (B) Same as (A) but in 2D. (C) Percentage of correct room choice
upon first room entry on the first trial when the target was in the unexplored
and the explored room, in the group that was pre-exposed to both the context
and the targets, in 2D and 3D. Data represent mean ± SEM in (A) and (B),
mean ± SD in (C).
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In summary, the primary conclusions from these data are: (a) with

only three repeated searches of the same objects performance improved sub-

stantially, indicating rapid encoding in spatial memory; (b) performance in

2D and 3D is comparable in this respect, although number of fixations in the

correct room was overall lower in 3D (discussed below); (c) search time in the

incorrect room in 3D is very large for the first few trials, perhaps reflecting

a reluctance to change rooms because of the energetic cost; (d) a significant

component of the improvement with experience is the reduced time searching

in irrelevant locations, such as the incorrect room or the regions less likely

to have targets; and (e) there is some indication of an advantage from pre-

exposure to the scene, but the weak power of the statistical tests does not

allow any firm conclusions.

2.3.4 The role of task relevance: Are local contextual objects learned?

We demonstrated that when an object is the target of search, subjects

learned which room it is in, what parts of the room might be relevant, and

the location of the target in the room. We then examined whether subjects

learn the location of other objects in the environment that have not been

explicitly searched for. While searching for the designated geometric target,

participants made many fixations in the room, and the exposure to the search

environment was substantially longer (> 10 min) than in the pre-exposure pe-

riod (1 minute). In the second phase of the experiment (Trials 25-40), objects

that were part of the context during early searches were chosen as targets. It

48



is possible that nearby contextual objects were part of the memory represen-

tations formed for targets in the early searches. Here we examined whether

the locations of these contextual objects were learned from early search ex-

perience. We also compared search for nearby contextual objects with more

distant objects. Fig. 2.7 shows search fixations for nearby and distant contex-

tual objects compared with that for geometric objects, both in the first and

the later episodes, in both correct and incorrect rooms in 2D and 3D exper-

iments. Search time and fixation count data show the same trends so only

search fixation count data are shown here. The significant difference between

novel and repeated search for geometric objects has been shown in the results

described above (Fig. 2.4), so our interest now lies in the comparison of the

search performance for contextual objects versus geometric objects.
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Figure 2.7: Number of search fixations for novel (Trials 1-8) and repeated (Tri-
als 9-24) search for geometric objects, and for nearby and distant contextual
objects in the correct room and in the incorrect room in (A) 3D experiment
and (B) 2D experiment. Data represent mean ± SEM.

In both 2D and 3D, search for contextual objects was no more effi-

cient than novel search for geometric objects in the correct room (Fig. 2.7).
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Bootstrapped distributions were used to determine the significance of pairwise

differences in the measures of search performance, as the samples are not in-

dependent and we thus did not use ANOVA first. For detailed description of

the statistical analysis, see Appendix B. Our data indicate that participants

learned to search for specific items in the room and the spatial learning that

occurred during this process may not be sufficient to support searching for

a different set of items, possibly because they were not relevant for the task

early on. However, subjects may still learn more general aspects of the room

structure even if they do not learn the locations of specific objects. This is

supported by the fewer fixations for contextual objects than novel search for

geometric objects in the incorrect room in 3D, but not in 2D.

2.3.5 Contribution of incidental memory to search

It is unclear whether the failure of contextual objects to benefit from

experience is a consequence of not being fixated, or being fixated but not re-

membered. We therefore investigated the effect of incidental fixations, which

are fixations made to an object before it becomes a target. This also allowed

us to examine the extent to which search performance can be attributed to

memory built up during task-irrelevant incidental fixations. That is, do fix-

ations on irrelevant objects, that are nearby previously-searched items, help

later searches for those objects? Incidental fixations were calculated for each

nearby and distant contextual object including all trials that occurred before

the first time they were searched for. For the nearby contextual objects, 84.4%
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of them were incidentally fixed at least once before searched for in 3D, 90%

in 2D; for the distant contextual objects, 53.5% of them were fixated before

becoming search targets in 3D and 77% in 2D. Thus in general contextual

objects are fixated more in 2D, perhaps because of the smaller visual angle

of the display. We plotted histograms separately for nearby (see Fig. 2.8)

and distant contextual objects, and found that there was no discernable effect

of incidental fixations for the distant contextual objects, consistent with the

reduced frequency of incidental fixations on those objects.

The frequency distributions of search fixations for nearby contextual

objects, given the different number of incidental fixations to those same ob-

jects during prior searches, were plotted for both 3D and 2D (Fig. 2.8A and

B, top). Cumulative distributions are also shown here (Fig. 2.8A and B, bot-

tom). Data for one or more incidental fixations are combined in Fig. 2.8A and

B because one to three incidental fixations were most common and the cor-

responding histograms of search fixations do not differ much. The frequency

distribution of number of search fixations in the case in which there had been

no prior fixation on the target is compared with the case in which one or more

incidental fixations had been made on the target. Two main findings emerge:

First, there is some indication that incidental fixations shift the distribution

of search fixations leftward slightly, especially in 2D. However, there is con-

siderable variability. Despite prior incidental fixations to some objects, many

targets still required multiple search fixations. Most of the time the nearby

contextual objects were fixated during early searches, yet fixation does not
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Figure 2.8: Incidental fixations do not always facilitate search. Distributions
of search fixations in the correct room when no incidental fixations were made
or when at least one incidental fixation was made prior to search trials in
(A) 3D experiment and (B) 2D experiment. Graphs on top show the origi-
nal distributions and graphs on the bottom show the cumulative probability
distributions of search fixations. In (A) and (B), probabilities or cumulative
probabilities for making more than 30 search fixations were not shown so that
the difference between the distributions could be seen easily. (C) Number of
search fixations as a function of number of incidental fixations made in 3D
experiment. (D) Same as (C) but for 2D experiment. Data represent mean ±
SEM in (C) and (D).
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seem to guarantee faster search (or memory for the locations of objects). An

alternative way of plotting this data is shown in Fig. 2.8C and 8D, which

present search fixations for a given number of incidental fixations. These plots

show no clear trend of the effect of incidental fixations (a measure of goodness-

of-fit of the raw data, R2, is 0.001 for both 3D and 2D data). Thus it appears

that the cumulative distributions in Fig. 2.8A and 8B are more suggestive in

revealing a small effect of incidental fixations.

2.4 Discussion

The goal of this study was to examine how memory affects gaze alloca-

tion in natural environments. We investigated how search changed as a func-

tion of experience, what components of the scene guided search, and whether

performance was similar in 2D and 3D versions of the experiment that were

parallel in task structure. Experience in the search task led to rapid improve-

ment in both 3D and 2D. In the first 8 trials, search improved substantially

even though targets were different on each trial. A large part of this improve-

ment was reduction of the time spent in the incorrect room, especially in 3D,

where it dropped dramatically in the first 3 trials. Learning in the first 8 trials

was also accompanied by increased probability of choosing the correct room,

and fewer fixations to irrelevant regions within the rooms. Thus some global

aspects of the scene context aided search in the first 8 trials, despite our failure

to find evidence for an advantage of the 1-min pre-exposure to the context.

When search targets were repeated in the second and third episodes, sub-
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jects improved over only three repetitions, indicating that locations are stored

in spatial memory. Despite extensive experience in the environment during

search for geometric objects, performance of search for contextual objects was

no better than early search of geometric objects. Extending this finding, we

observed very little effect of incidental fixations on subsequent search trials.

Thus learning the location of specific objects appears to depend primarily on

previous search for that object. Finally, 2D and 3D search were similar in

most respects, with the primary differences being the better selection of the

correct room to search in 3D, as well as more initial fixations in the incorrect

room, indicating higher utility of memory in 3D, which is likely a consequence

of higher energetic cost of whole-body movements.

2.4.1 Memory for context

2.4.1.1 Repeated search

There are a number of factors that might have led to the improvement

in the first eight trials. One factor is that subjects increasingly restricted fix-

ations to the four surfaces where the geometric targets were located. This

kind of advantage, driven by memory for the scene structure, was suggested

by Wolfe et al. (2011), who found that in realistic scene images the number of

items fixated is restricted by prior knowledge of the scene. This was proposed

by Neider & Zelinsky (2008), referred to as functional set size. Interestingly,

in our experiments this strategy was present even in the first trial, suggesting

that prior knowledge of typical room structure guided search. Another factor
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leading to improvement in the first eight trials was the reduction of time and

fixations in the incorrect room, where the target was absent, most notably in

3D in the first few trials (Fig. 2.4B). Once a subject had chosen the incorrect

room in 3D, the cost of leaving and searching the other room is likely to be

higher, both in energy and in time, compared with 2D, and this may have

led to the longer initial search times. With experience, subjects were able to

reject the incorrect room much more quickly and by the third to fifth trial

the number of fixations in the incorrect room were very similar for both 3D

and 2D. It is not clear exactly what is being learned here. One possibility is

increasing familiarity with the global room structure that allows faster search.

Another possibility is that subjects were better able to define a generalized

search template for colored geometric objects. This latter suggestion is con-

sistent with the result that a 1-min preview that included geometric objects

reduced search time in the incorrect room. We also found improvement for

both 2D and 3D searches in the first eight trials in the correct room where

the target was different on every trial. In Võ & Wolfe (2012, 2013), subjects

searched for realistic objects embedded in the scene images. These authors

found that search was typically guided by general knowledge of object loca-

tion within natural scenes when such cues were available; however when those

cues were unavailable, episodic memory of object-scene relationships was used

to guide search. This is in line with our finding here. Because we adopted

geometric objects as search targets, scene semantics were not as useful for

our task and thus it is likely that episodic memory was used to guide search.
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The improvement in our case suggests a rapid formation of episodic memories

associating targets and the scenes as well as the scene layout through active

search experience. However, when contextual objects were searched later on,

they did not seem to benefit from scene semantics very much. This might

be a result of subjects adopting a search template specifically for geometric

objects, which may restrict the extent to which other items are processed even

when gaze lands on them. Thus, the nature of the search template may deter-

mine what aspects of the context are remembered, by excluding nonmatching

objects from memory. This result will be revisited later in the discussion of

pre-exposure effects.

Despite the large improvement in the avoidance of the incorrect room,

the improvement we found over repeated search episodes in the correct room

(where the target is present) is quite small (around 1-2 fixations), although

numerically comparable to the improvement found previously (e.g. Kit et al.,

2014; Võ & Wolfe, 2012). One speculation is that the fairly simple layout of

objects and potential search surfaces, as well as the relatively small scale of

the apartment room (3 m × 6 m each room), made search in our environment

easy enough that visual guidance dominated search once the body and head

were directed to the local region that contained the target. A more difficult

or energetically costly task would likely recruit memory more (Ballard et al.,

1995; Solman & Kingstone, 2014; Solman & Smilek, 2012). For instance, a

larger space with more items on each search surface or increasing similarity

between targets and distractors might increase the effects of memory (Duncan
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& Humphreys, 1989; Neider & Zelinsky, 2008).

Compared with previous results of contextual cueing with 2D stimuli,

the effect of repeated search is bigger and develops faster. With simple ar-

ray stimuli, Chun and Jiang (1998) showed that the contextual cueing effect

became noticeable after five repetitions of search trials. The improvements

continue after 15 to 20 repetitions, with a total improvement of 60 to 80 ms.

With 2D images of real-world scenes, Brockmole and Henderson (2006b) found

that only four repetitions are required to reach maximum benefit, which is 20

times larger than that of simple stimuli. In both of our 2D and 3D experiments,

repeated search benefits with only one repetition in the correct room and the

magnitude is about 1 s. Thus, our results also showed that the learning of

target-scene association is faster in naturalistic environments and scenes.

2.4.1.2 Pre-exposure effects

We were unable to determine the effect of pre-exposure on search be-

cause of insufficient power, although there is a hint from our data that seeing

the targets during pre-exposure may promote selection of the correct room

on the first trial. We speculate that to see a context pre-exposure effect in

complex 3D environments, more extensive and interactive experience may be

required to generate robust memory representations. There are several possi-

ble reasons that pre-exposure experience in our experiment would not result in

much search benefit. First of all, participants were not informed about the fu-

ture targets during exploration, and thus lacked explicit goals or expectations
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for the main task. Free exploration, like free viewing, is unlikely completely

task-free/goal-free (see discussion in Tatler, Hayhoe, Land & Ballard, 2011).

Tatler & Tatler (2013) demonstrated that free viewing leads to worse memory

recall of objects in real world environments than when participants were asked

to memorize all or a subset of the objects. Even intentional memorization

may not lead to a better memory recall of objects than when incidentally en-

coded during visual search (Draschkow et al., 2014). Second, as mentioned

previously, the usage of geometric objects minimizes search guidance from the

knowledge of the object-scene relations. We chose geometric objects in order

to evaluate the role of episodic memory of object-scene relationships, because

scene semantics determine search performance when search targets are familiar

(Võ & Wolfe, 2013b). We were interested in examining the effects of longer

pre-exposure periods than those typically used (e.g. Võ & Henderson, 2010;

Hollingworth, 2009). Because even a relatively long exposure had little effect,

a more interactive experience may be required to form episodic memories that

are useful for later search. Third, it is also possible that pre-exposure may be

useful only for guiding the first few fixations to the potentially relevant parts

of the scene (Hillstrom et al., 2012). This is consistent with our finding that

a high proportion of fixations were directed to relevant surfaces in the room

even on the first search trial.

It is also worth noting that the preview benefits reported in the liter-

ature might result from the constraints of conventional paradigms, in which

tasks are usually more obvious to the participants even without explicit in-
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structions. This might be caused by the task structure that those paradigms

use, within which participants look for a target shortly after the preview scene

was presented, and this event sequence occurs for a large number of image-

target pairs in a short time. Thus, during each scene preview, there is likely an

inherent task for the participants to remember the scene components as much

as possible to prepare for a forthcoming search. Varying the nature of the

interaction with the environment during pre-exposure may also influence the

extent to which memory representations develop, and thus generate a more

profound effect on subsequent search. One example could be allowing man-

ual exploration of objects in the environment instead of just visually browsing.

Providing specific instructions that imply relevance of certain objects may also

change the influence of such exposure to later search. For example, Tatler and

Tatler (2013) instructed subjects to remember tea-related objects, and that led

to higher chance of directing fixations to those items and also more fixations

made to them compared with the free-viewing condition.

2.4.2 Local contextual objects and incidental fixations

Although memory for some aspects of the context seems to benefit

search, search for nongeometric contextual objects in the room was no better

than initial search for geometric objects despite extended experience (at least

24 trials) prior to those searches. Early in the experiment participants might

learn that only geometric objects were targets, and thus surrounding objects,

even nearby ones that might have received some incidental fixations, were not

59



considered as task-relevant until contextual objects became targets. This is

consistent with the finding, with simple stimuli, that subjects learn to restrict

attention to relevant items with repeated search experience (Kunar, Flusberg,

& Wolfe, 2008). Thus there exists a delicate tradeoff during spatial learn-

ing: The more prioritized the relevant information is, the less the irrelevant

information is processed (Tatler & Tatler, 2013). Together with the findings

discussed above that experience leads to increase attention to the room and

its relevant parts, the poor performance for local contextual objects suggests

that search is primarily guided by memory representations of global compo-

nents of scenes. In this case the room and layout of furniture in the room

are learned, rather than local components, including the nearby or distant

contextual items. This is consistent with Brockmole et al. (2006) in that

global context is more critical for search guidance. It is also consistent with

the idea of Brooks et al. (2010) that representations of the environments may

be hierarchically constructed, although we showed only that different levels

of context were differentially affected by experience and did not directly test

whether each level is nested within another. Here we extend the finding that

the more local level of context is not well represented in our environments.

The detailed representations may not be built up unless relevant.

The small effect of incidental fixations on nearby contextual objects

supports this account. Fixating an object one or more times does not guar-

antee more efficient search, as indicated in prior studies (Castelhano & Hen-

derson, 2005; Hout & Goldinger, 2010; Olejarczyk et al., 2014; Williams et
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al., 2005). Thus incidental fixations to individual objects may not be the pri-

mary contributor to search performance. It is possible that some properties

of those objects were remembered through previous experience, but their lo-

cations in the environment may not be well represented in memory. This can

be attributed to the task effect: subjects may form a search template that

prioritized the geometric objects and de-prioritized a detailed representation

of irrelevant items, in this case the local contextual objects, in the environ-

ment. Howard et al. (2011) found incidental learning in consecutive trials in

real-world search, so the timing of incidental fixations may play an important

role in this. The temporal and spatial history of incidental fixations and how

they contribute to search need to be further explored to provide more refined

insight on this issue.

We also found a greater percentage of fixations to contextual objects

in 2D than in 3D. This may be attributed to the overall smaller visual angles

between the contextual objects and the geometric objects (by about a factor of

two), which may also be related to the more separated distributions of fixations

in 2D (Fig. 2.8B). This effect is particularly pronounced for distant contextual

objects, because some of them require a head turn to be fixated in 3D (e.g.

cushion on the couch), whereas only small eye movements are required (and

allowed) in 2D.
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2.4.3 Comparison of 2D and 3D

In general, the results in 2D and 3D are very similar. However, as men-

tioned above, there were fewer search fixations in 3D than in 2D (Fig. 2.4A).

In 3D, a substantial fraction of the search time was taken up by large head

movements, during which fixations were not identified, with a consequent re-

duction in fixation counts. Although this is the primary factor, we cannot rule

out differences in saccade detection. When the head is moving, the vestibular-

ocular reflex adds to eye velocity, so a higher velocity criterion for detecting

saccades was needed. In addition, noise in the 3D signal was counteracted

by clumping fixation locations within 1.5◦ radius into a single fixation. Thus,

smaller saccades are easier to detect in 2D. So although a smaller number of

fixations in 3D is most likely a consequence of the need to make large head

movements, it is hard to be confident of the precise magnitude of the difference.

Eye movements in 2D are less energetically costly, as they are typically smaller

and are not accompanied by head movements, and this potentially accounts

for the smaller number of fixations in 3D. The other major difference was the

large number of fixations in the incorrect room in 3D for the first few trials.

Subjects may have been reluctant to exit the room until they were sure the

target was not there, because of the big cost of changing rooms. As discussed

above, this might point to one of the important characteristics of experience

in the 3D environments: The overhead of moving the body from one room to

the other, compared with the ease of looking from one room to another in the

2D experiment, may lead to very different strategies. In 3D, search involves
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full-body motion whereas only eye movements are allowed in our 2D task. The

greater probability of choosing the correct room in 3D is also consistent with

the adoption of different strategies. To further understand the causes of rapid

improvement in 3D, we investigated how subjects exclude irrelevant spatial

regions at two levels: decreasing entries to the incorrect room and avoiding

visual exploration of irrelevant parts of the rooms. At the first room entry

after the beginning of each trial, the probability of choosing the correct room

to search increased from chance level to around 70% on the third episode in

3D, yet in 2D this choice remained at chance levels (despite some hints of

improvement). In addition, a smaller number of room entries was required

to locate the target in 3D than in 2D. This may also reflect the fact that it

is relatively easy to switch between rooms by pressing keys in 2D. The rapid

increase of probability of directing fixations to potential target locations upon

room entry is another fact that accounts for the sharp improvement seen in

incorrect room in 3D. Interestingly, even at the first trial, about 60% of the

fixations were devoted to relevant locations. This may indicate the tendency

to look at surfaces that likely contain objects based on prior knowledge, and

perhaps also from the pre-search exploration experience. It is consistent with

the cognitive relevance framework proposed by Henderson et al. (2009) that

suggests that attention is directed to regions relevant to the current task goal

based on scene knowledge during search in realistic scenes. This is achieved by

integrating prior knowledge and task to narrow down regions to be searched

for (Kunar et al., 2008; Neider & Zelinsky, 2008; Wolfe et al., 2011) effectively,
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even with only a glimpse of a scene (Castelhano & Henderson, 2007; Võ &

Henderson, 2010). Here we also showed that repeated search experience is an

important factor in this process of “cutting down the irrelevant regions from

search” in a naturalistic environment.

2.5 Conclusions

Our results indicate the importance of task in learning the spatial struc-

ture to support visual search. The effect of context is very sensitive to the

task-specific nature of prior experience in both 2D and 3D environments. In

general, search performance in 2D and 3D environments was quite similar, al-

though body movements in 3D allow stronger guidance from the scene memory

and structure. Such guidance is characterized not just by associating target

location with global scene structure, but also by restricting visits of the eyes

and the body to the regions of the scene that are irrelevant to the goal. Thus

memory for global spatial context is important in making search more efficient

by directing the body to the relevant scene regions.
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Chapter 3

Structure of memory representations and

strategies of attention allocation

3.1 Introduction

In the previous chapter, visual search in 3D settings was characterized

and compared with 2D. One key finding was that environmental context was

learned quickly. What did the subjects learn about the 3D space? How is

the spatial context represented in memory and how does attention interact

with the structure of memory? Is the specific target location remembered in

addition to the global context? Given that search can be based on visual input

or memory, how and when is spatial memory used during the search process?

In this chapter, a new experiment will be described in attempt to address these

issues. The background will first be introduced below.

The results of the previous chapter, which showed rapid learning of

location but not of the task-irrelevant objects in the room, suggest that the

more global structure of the space is learnt first. The need to orient to regions

outside the field of view in natural vision (for example, moving around within

a room) provides a rationale for storing information about spatial layout. For

example, Land et al (1999) noted instances when subjects made a number
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of very large gaze shifts to locations outside the field of view. These gaze

shifts involved a combination of eye, head, and body movements, and were

remarkably accurate. When objects are within the field of view, subjects have a

choice of searching for a target on the basis of its visual features, and thus they

may not need to use memory. There is some evidence that memory is indeed

used in this instance. Experiments by Epelboim et al., (1995) provide evidence

that saccade targeting is facilitated by memory in tasks such as tapping a

sequence of lights in known positions. In a task where subjects built a toy

model, Aivar et al. (2005) showed that saccades were sometimes made to the

remembered locations of targets that had subsequently been moved to new

locations, revealing that subjects often planned saccades on the basis of a

memory representation, even in the presence of conflicting visual information,

and then had to make corrective movements. In Chapter 2 it was shown

that memory is used more in an immersive 3D environment to choose the

global context (room) to search than in 2D images of the same environment.

There are several possibilities of how search could be both memory-guided

and visually-guided in this process. First, memory directs the body to the

room that contains the target, and then visually guided search may follow to

complete the rest of the search inside the room before the target is visible

within current view. It is also possible that after entering the room, memory

could direct the head and body to the relevant part of the room that contain

the target, then visual search in the local scene might follow. Finally, the

specific spatial coordinate of the target within the larger context might be
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remembered and vision may be used only to identify observer location within

the space. With subjects being immersed a multi-compartmental environment,

the focus here was to identify the usage of memory in directing attention during

the entire search process.

To understand the usage of memory in search, it is important to con-

sider how memory representations are structured. There has been a consistent

observation of human spatial memory that multiple scales of the space is or-

ganized hierarchically (Hirtle & Jonides, 1985; McNamara, Hardy, & Hirtle,

1989). Thus the location of an object is represented as a sub-region of the en-

vironment, and the sub-region is represented within a location of larger spatial

scale within the environment (McNamara et al., 1989). Hollingworth (2007,

2009) also provided evidence for memory representations at different spatial

scales, and showed that disrupting the spatial relationships within the scene

impairs search performance. With simple stimuli, some studies found that tar-

get location is represented within local context in memory, such that repeated

configuration of local components is enough to generate a contextual cueing

effect (Brady & Chun, 2007; Jiang & Wagner, 2004; Olson & Chun, 2002).

On the other hand, Brockmole et al. (2006) showed that with real-world

scene images, global aspects of the scene dominate the contextual cueing ef-

fect, rather than the local component. Brooks, Rasmussen and Hollingworth

(2010) attempted to resolve the conflicting results, and reported evidence of

contextual cueing on stable scene background and disruption to the effect on

different backgrounds even with the same array. Their findings support the
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hierarchical representation account in the visual search context. With real-

istic immersive environments, we found that memory for global structure is

critical for search yet local contextual items were not found efficiently despite

extended experience within the environment in Chapter 2. It remains unclear

how attention guidance interacts with memory representations during search

in large-scale, immersive environments, which are likely represented hierarchi-

cally in memory. Thus our second focus is to understand how strategies of gaze

allocation are influenced by the structure of spatial memory during search.

In the present investigation, to probe the usage of memory throughout

the search process, we used the same virtual reality apartment as in Chapter

2, where subjects sequentially searched for eight targets placed in two rooms

repeatedly for three blocks (Trials 1-24). On the fourth block (Trials 25-32),

locations of all the target objects were shuffled to different surfaces within the

same room or even to another room every trial, so the target was moved from

its previous location. Targets returned to their original locations in Block

5. If the specific target location is represented in the large-scale memory

representations, subjects may orient their gaze and head (and presumably

body) to the previous target location in Block 4. Thus we can evaluate the

usage of memory for specific target location by looking at the extent to which

subjects fixated previous target location despite its absence in Block 4. The

extent to which shuffling of target locations disrupts search performance may

also provide additional evidence on the nature of what is learned about the

environment.
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To understand how the space is represented and how such representa-

tions guide attention, we examined a spatial hierarchy with regard to how the

target location is represented. Then we examined whether attention increas-

ingly narrowed down to only relevant parts of the scene by calculating the

number of fixations directed to non-relevant parts of the scene at each level

of the hierarchy at each block, including incorrect room, non-surface areas in

the correct room, incorrect surfaces, and finally, wrong parts of the correct

surface. With 2D stimuli, it has been shown that restriction of attention to

relevant areas of the scene indicated by semantics, and inhibition of attention

to irrelevant areas are both mechanisms that may be involved in directing

attention during search (Kunar, Flusberg, & Wolfe, 2008; Neider & Zelinsky,

2008; Pereira, Liu, & Castelhano, 2009; Wolfe, Alvarez, Rosenholtz, Kuzmova,

& Sherman, 2011). In our case, a decreasing number of fixations at each level

of the hierarchy with experience would indicate that subjects actively avoid

attending to the irrelevant regions in 3D environment.

3.2 Methods

There are several aspects of the methodology of current study are iden-

tical to the 3D experiment in Chapter 2: the design of the virtual reality

environment, including the objects inside; the head-mounted display and the

eye tracker that the subjects wore; and the software that was used to render

the virtual scenes, record eye movements and track locations. The new feature

in this experiment is that instead of searching for both geometric and contex-
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tual objects, only geometric objects were used as targets, and the locations

of the targets were randomly moved to another location during the fourth

search block. The details are provided below and repeat the material already

described in Chapter 2, for completeness. The new manipulation is described

in section 3.2.2 Targets and 3.2.3 Procedure below.

3.2.1 Experimental environment

The environment is composed of a bedroom and a living room (3 m ×

6 m each) connected by a hallway (1 m × 6 m) in between (Fig. 3.1A). It was

generated in FloorPlan 3D V11 (IMSI) and rendered by Vizard 4 (WorldViz).

Subjects saw the virtual environments through an nVisor SX111 head-mounted

display (NVIS), which was fitted with a ViewPoint eye tracker (Arrington

Research). The resolution of the HMD is 1,280 × 1,024 and the field of view

(FOV) is 102◦ (in total, 76◦ each eye) in horizontal and 64◦ in vertical. Motion

tracking was performed by HiBall motion tracking system (thirdTech) at 600

Hz, and the latency for updating the display after head movement was 50 to

75 ms. Only the left eye was tracked, and the sampling rate was 60 Hz and

the accuracy was about 1◦. The calibration of the eye tracker was performed

before, in the middle of, and at the end of the experiments on a nine-point (3

× 3) grid shown in the HMD. Recalibration was conducted when track loss or

drift was observed, although we tried to minimize the amount of recalibration

as that interrupts the task. At the end of the experiment, the synchronized

videos of the scene display that subjects saw and the eye tracks, as well as the
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metadata that contain information regarding positions of subjects and object

and timing of specific events, were saved in an MOV file for following data

analysis and for verification of the automated analysis. Subjects clicked on a

button on a Wiimote (Nintendo) when the target was found and they were

able to trigger the button press to end the trial only when they were within 1.5

m from the target and were looking at the target so that the target was within

the central 70% of the screen. This prevented subjects from clicking on the

button randomly without locating the target. When the Wiimote button was

triggered successfully, a “Trial Done” message would show up on the screen to

signal the completion of a trial.

3.2.2 Targets

Target objects were a set of eight different uniform-colored, geometric-

shaped objects placed on eight different pieces of furniture, such as cabinet,

dining table, desk, side tables and TV table, four in each room. The visual

angle that targets subtended was approximately 2◦ to 2.5◦ on average when

viewed from the entry to the center of a room. Subjects usually found the

target prior to reaching the center of the room. The same set of targets was

searched for five search blocks. Each target was searched for once in each block

and thus there were eight trials in each block. The locations of the targets

were the same at the first three blocks. In Block 4, the targets were moved to a

different surface randomly chosen at the location that used to contain another

target in the first three blocks. That is, the target locations were shuffled.
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Figure 3.1: Experimental setup. (A) Virtual apartment. Top: bird’s eye view
of the environment. On each trial, the target was shown on the TV at the
end of the hallway when subjects approached it. Bottom: views of the living
room (left) and bedroom (right). (B) A subject wearing the head-mounted
display (HMD), which was equipped with an Arrington eye tracker and a
HiBall head position tracker. (C) Top: target objects. Bottom: illustration of
the placements of the targets on eight surfaces across two rooms. Note that
the sizes of the targets are enlarged for illustrative purposes. (D) An example
trial sequence of five search blocks.

This was true for each trial in the fourth block. They might be moved to a

surface in the same room or in another room. In Block 5, the targets returned

to their original locations, where they were in the first three blocks. Subjects
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were not told that the targets were moved in Block 4 or that they moved back

to the old location in Block 5.

3.2.3 Procedure

Prior to the start of the experiment, the eye tracker was calibrated and

then subjects were given instructions about the procedure while standing in

front of the TV on the hallway within the VR environment. Then they were

instructed to proceed from the hallway to one of the two rooms to become

familiar with navigating in a virtual environment and looking around freely.

Following free exploration the subjects returned to the hallway to start the

main task: visual search for targets for five blocks, for a total of 40 trials.

Each trial follows the same structure: at the beginning of a trial, subjects

must returned to the hallway from any room they visited and approached the

TV screen at the end of the hallway, on which an image of the target object

would showed up. Then subjects had to turn around and decide which room

to enter to look for the target. They were allowed to freely traverse between

two rooms until the target was located, which usually takes one to three room

visits. Each room has a door that opened when approached. The order of

the trial was randomized within each search block and across subjects. The

targets of two successive trials were never repeated.
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3.2.4 Gaze analysis

An in-house program written in Vizard was used to reconstruct the

environment from the metadata and generate a data file that includes the

positions of head, eye, objects and identity of the object that the gaze intersect

at each frame. The data were then analyzed with an automatized program

in Matlab developed by our lab. A median filter was first applied to remove

outliers of the eye tracking signals, and then an averaging filter to smooth the

signals with a moving window of three frames. Next the data were segmented

into fixations and saccades using a velocity based algorithm. A fixation was

determined when the velocity of the signal was lower than 60 degrees/s and

lasts at least for 100 ms. Note that a relatively high velocity threshold was

used due to the signal from low-velocity vestibular-ocular reflex, which addes

to the velocity of the eye movement signal while head is moving. Transient

track loss were ignored if the fixation was made to the same object prior

and after the loss happened. When consecutive fixations were less than 80

ms and 1.5◦ apart, they were combined as one fixation. The labeling of the

object being fixated was determined by the program with a window of 80 ×

80 pixel that spans approximately 5◦ × 5◦ of visual angle centered at the gaze

point on each frame. This enables the mapping of the 2D gaze coordinates

for each frame in the data. A relatively large window was used to tolerate

for possible drifts of the eye track and inaccuracy of the calibration. Another

reason worth noting was that the target was easily visible even without direct

fixation. Next, the eye movement data were segmented into trials. We defined
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the start of each trial in our later analysis as the point in time when the first

room entry was made. The end of the trials was the time when the target was

found, which was defined as the time when the subjects made the first fixation

to the target without making successive fixations to other objects until the

Wiimote button was clicked. In the cases where subjects were unaware that

they have fixated the target and proceed to fixate other objects, the time of

the upcoming fixation to the target was determined to be the end of the trial.

Since the subjects had to be within 1.5 m to trigger the Wiimote click and that

usually happened after they visually spotted the target, this approach cuts out

this down time that is not related to search performance. However, even with

subjects that had good tracks, in some trials the track might have drifted. In

those cases, the fixation to the nearest neighboring object was used instead.

Video record was used to verify that the subjects were looking at the target yet

it happened to drift to a nearby object in those cases. For analyzing fixation

to surfaces that contain target objects, another version of reconstruction was

performed with boxes that were 40 cm above and 20 cm below all the surfaces

were added to label fixations that fell within these boxes as fixations to the

surfaces. Again the large size of the boxes was used to tolerate the drift of the

tracks.

3.2.5 Participants

Twenty-one students from the University of Texas at Austin partici-

pated in the experiment approved by the University of Texas Institutional Re-
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view Board (IRB: 2006-06-0085). All of the subjects had normal or corrected-

to-normal vision and provided informed consent to participate. Class credit

or monetary compensation was provided. Of all the subjects, two skipped the

first trial and were excluded from all analysis; ten subjects did not have reli-

able eye tracking data that allow parsing fixations were excluded from all the

data analysis that are related to fixations, including search time (since the end

of the trial was defined by the fixation to target), fixations in general and fix-

ations to surfaces. Thus nine subjects were included in those analyses. Other

analyses, such as analysis of percentage of making error in choosing room and

analysis of head angles, 19 subjects that have full behavioral data (no trials

skipped) were included.

3.2.6 Data analysis

All analyses of the data extracted from the reconstruction were per-

formed in Matlab. Search time (time spent to find the targets) and number

of search fixations were calculated and used as the indicators of search perfor-

mance. Time and fixation counts spent in the correct room (the room that

contain the target of a trial) and the incorrect room were also calculated. Data

that were three standard deviations away from the mean were excluded. An

alpha level of 0.05 was used for all statistical tests. Levene’s test of homogene-

ity was used to test the equality of variances between groups. When variances

are equal, standard ANOVA was used to test differences of means, and Tukey’s

HSD test was used for post-hoc analysis. When the assumption of homogene-
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ity in variances was violated, Welch’s test was used to test differences in means

and Games-Howell post-hoc test was used instead.

3.3 Results

3.3.1 Effect of changing target location on search

We first examined the effect of moving the search target to a new lo-

cation in Block 4. Fig. 3.2 shows search time and number of fixations as a

function of search block. Each block therefore consists of 8 search trials with

a different search target on each trial. In repeated blocks the same set of 8

targets were searched for again. Search time and fixations in the correct room

(containing the target) are separated from those in the incorrect room (tar-

get absent). Note that there were initially a large number of fixations and

long search times in the incorrect room, both of which declined rapidly on the

2nd and 3rd search block. There were fewer fixations and more rapid search

initially in the correct room, and this number declined also in Block 2 and

Block 3. In Block 4, when target location was changed, there was a small (but

insignificant) increase in fixations and search time in the incorrect room, and

essentially no change in fixations in the correct room (Games-Howell test for

Block 3 vs. Block 4, time/correct room: p = 0.42, time/incorrect room: p

= 0.26; fixation/correct room: p = 0.7; fixation/incorrect room: p = 0.18).

Thus as long as subjects choose the correct room by chance on the 4th block,

they found the target equally rapidly even though it is in a new location.

This means that subjects learned something general about the search space
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that allows rapid search. Memory for the specific spatial location from the

previous trial did not allow more rapid search. In Block 5, when the target

location reverts to its previous location, search time and number of fixations

are similar to the Block 3. There is a small but insignificant decrease in the

incorrect room (post-hoc test results for Block 3 vs. Block 5, time/correct

room: p = 0.72, time/incorrect room: p = 0.9; fixation/correct room: p = 1;

fixation/incorrect room: p = 0.66). This is most likely accounted for by the

reduced probability of going into the incorrect room.
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Figure 3.2: Search time and search fixation counts across search blocks. Data
represent mean ± SEM.

3.3.2 Attention and hierarchical memory structure

In this section we explore what subjects learned about the space, given

the small impact on search performance from changing target location. Based

on the idea of hierarchical structure of scene proposed by Brooks et al. (2010),

we sought to investigate how the strategies of attention allocation change with

experience and how they relate to the structure of the environment. More
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specifically, we tested whether subjects learn to avoid irrelevant regions and

whether the space is represented in a hierarchical manner. We tested this

idea by first specifying a presumed hierarchy of the environment. This is

illustrated in Fig. 3.3A. To find a target, subjects must first choose the correct

room. Within the room there are four surfaces that contain targets on different

trials. Of those four surfaces, one will be correct and contain the target of the

current trial. The bottom level of this hierarchy is the location of the target

on the surface.

To explore whether subjects are refining their knowledge of target loca-

tion at these different hierarchical levels, we explored gaze distribution at each

of these levels in the first three search blocks. Fig. 3.3B plots heat maps of the

gaze distribution of one subject searching for one target and illustrates how

they change over search blocks. In the first search block there were numerous

fixations in the incorrect room, and a number of fixations on regions other

than the four surfaces that contain targets. In the second and third blocks

there were fewer fixations overall, and fewer fixations on non-surfaces. When

the target was shuffled to the other room in Block 4, almost all fixations fell on

surfaces even in the incorrect room. When the target returned to its previous

location in Block 5, the regions fixated in the correct room were similar to 2nd

and 3rd searches.

To quantify these observations, first we assessed the percentage of trials

that subjects chose the wrong room. Fig. 3.3C shows that by the third block of

trials subjects chose the incorrect room only 24% of the time, decreasing from
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Figure 3.3: (A) Left: Hierarchical structure of the experimental environment.
The orange box at each level of the hierarchy is the one that subjects had to
locate in order to find the target. Right: the top-down view of the environment
with each surface that contains target numbered. (B) Heat maps showing
distribution of fixations at five trials when a subject searched for a red sphere.
Location of the target was marked by a red arrow. Note the change in location
on 4th search. (C) Percentage of subjects making an error in choosing the
correct room. (D) Number of fixations to non-surface areas in the correct
room. (E) Number of fixations to incorrect surfaces. (F) Number of fixations
to wrong part of the correct surface. (G) Number of fixations to non-surface
areas, incorrect surfaces, and wrong part of the correct surface in the data from
the 2D experiment described in Chapter 2. Data represent mean ± SEM.
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47% in Block 1. The reduction in error in choosing room in the first three

blocks was significant (F (2, 56) = 6.92, p = 0.002). Mean fixation counts

to “the wrong part of the space” once subjects were in the correct room is

shown in Figure 3D-F. The wrong part of the space includes locations in the

room that are not surfaces that have targets on different trials (non-surfaces,

Fig. 3.3D), surfaces that do not contain the target of a current trial (wrong

surfaces, Fig. 3.3E), and part of the correct surface that does not have target

(wrong part of the correct surface, Fig. 3.3F). When the scene became visible

upon entrance to the correct room, there were significant changes in fixation

counts to non-surfaces areas (Welch’s F (4, 172.7) = 2.48, p = 0.045), wrong

surfaces (Welch’s F (4, 172.04) = 4.2, p = 0.003), and wrong part of the correct

surfaces (F (4, 277) = 2.83, p = 0.025) across five blocks. Thus it appears that

subjects quickly learned the relevant regions of the space at different scales.

To see to what extent the faster exclusion of incorrect room could result

from learning the relevant space in the room, the number of fixations made to

non-surfaces areas in the room was analyzed in the incorrect room. Fixation

count to non-surface areas dropped quickly after Block 1 in the incorrect room

(Welch’s F (4, 156.8) = 8.82, p = 0). The drop was also larger than that in

the correct room (an average drop of 1.1 fixations in the correct room and

6.28 fixations in the incorrect room from Block 1 to Block 3), and is consis-

tent with the rapid improvement in search performance. Taken together, the

results suggested that memory of the spatial structure and avoiding alloca-

tion of attention to irrelevant parts of the scene in hierarchical fashion is the
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dominating factor that leads to improvement in search performance.

Considering that the first three blocks of this experiment corresponded

to the 2D experiment described in Chapter 2 (targets were geometric objects),

a similar analysis on the fixations to each level of the hierarchy from the 2D

data set was conducted (Fig. 3.3G). As mentioned in Chapter 2, there were

more fixations in 2D than in 3D. Fixations to non-surface, incorrect surfaces,

and wrong parts of the correct surface decreased across blocks significantly

(non-surface: F (2, 23) = 5.64, p = 0.011; wrong surfaces: F (2, 23) = 8.63,

p = 0.0018; wrong parts of the correct surface: F (2, 23) = 5.67, p = 0.01).

Percentage of room choice error did not change over the blocks (F (2, 59) =

2.41, p = 0.10). The average number of fixations to wrong parts of the correct

surface is smaller than 1 as a result of the relatively small visual angle that

each surface spans, so that a fixation to any part of the surface is likely to be

counted as a fixation to the target. Thus in 2D, there was also avoidance of

attention to the irrelevant parts of the correct room in a hierarchical manner

but there did not appear to be any improvement in choice of the correct room.

The larger spatial structure was not encoded in the 2D experiment.

In general there was an increase in fixations to irrelevant regions in

Block 4, when targets were randomly moved to another surface. However, the

increase from Block 3 was not big enough to reach significance (Games-Howell

test, non-surfaces: p = 0.31; Tukey’s HSD test, wrong parts of correct surface:

p = 1) except for fixations made to incorrect surfaces (Games-Howell test, p

= 0.026), and the number of fixations to non-surfaces and the wrong surfaces
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were still less than those in Block 1. Thus the spatial layout of the rooms and

the likely target locations were learnt rapidly, so that displacement to another

target location did not impair performance very much.

3.3.3 Memory for target location

During the 4th search block, target objects were shuffled to different

surfaces and sometimes to the other room. The key of this design was that

current target of each trial was absent from its previous location. This allowed

us to ask to what extent memory for specific target location is used to guide

search. If it is used, then subjects should still approach previous locations

despite the absence of target. We found that across 8 shuffling trials, on aver-

age, 57.9% of total fixations in the room that targets used to reside were made

to previous locations of the targets (see Fig. 3.3B for an example trial). On

58.3% trials, subjects fixated previous locations. An average of 0.9 fixations

was made to those locations. In addition, 30.6% of first fixation and 44.4% of

the first two fixations in the correct room were made to the previous locations.

(So they did look at where target used to be, although not always, or not

caught because of not-good-enough eye track). However, subjects did not fix-

ate previous locations longer compared to other locations in the room (Welch’s

t(10.23) = 0.74, p = 0.48). These results suggest that subjects have memory

representations of the target location and are using that to guide their gaze

when such representations are available. It is possible that memory is used to

guide head and body movements as well, as eyes, head and body are nested
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effectors that coordinate to move in natural behavior. We will explore this

topic in Chapter 4.

3.4 Discussion

3.4.1 General discussion

The question in this study concerned the nature of the memory rep-

resentation that guides search. Subjects searched for the same set of targets

for three times, then targets were moved to different locations on the fourth

search to test usage of memory for target location. Search performance was

not disturbed much in spite of the shuffling of locations, and thus memory

for structure of the room, or components other than the target location, was

robust enough to support efficient search. We next sought to ask what was

learned about the structure of the environment, and how attention would be

allocated based on such memory representations. Consistent with the finding

in Chapter 2, better choice of room was found as a result of experience. Here

we also found that fewer fixations were directed to incorrect part of the space

in a hierarchical manner, i.e., decreasing fixations to non-surfaces areas in the

correct room, incorrect surfaces, and wrong parts of the correct surface. This

finding is compatible with the idea that such a hierarchical representation al-

lows efficient guidance of eye movements, since subjects can restrict search to

only part of the space. The content of such memory representations may be

dominated by global structure of the space and also specific target locations,

which in this case are sufficient to support efficiency in the face of disturbance.
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3.4.2 Effect of shuffling target locations

The improvement of search performance in the first three blocks, espe-

cially in the incorrect room, replicates our findings in Chapter 2 that three-

dimensional, complicated context is learned fairly quickly. Here we introduced

disturbance by shuffling the locations and yet the performance was barely af-

fected. In the cases where target was moved to a different surface within the

same room in Block 4, subjects scanned mostly only the relevant surfaces, and

were able to find the target as fast as they were previously, although they were

more than likely to check the old locations as well and that might add a small

cost. For those targets that were moved to a surface in the other room, sub-

jects sometimes entered the room where target had been previously (especially

in the early trials in Block 4), but could rapidly exclude the room by directing

gaze to relevant surfaces (maximum of four).

Changing location of objects could be of surprise to subjects when

it occurs, but it is important to recognize that this happens constantly in

our daily life, and thus our mental representations should be flexible enough

for us to operate in dynamic environments (O’keefe & Nadel, 1978; Plank,

Snider, Kaestner, Halgren, & Poizner, 2014). It may also attract gaze, given

the difference of online sensory data and stored memory representations (Itti

& Baldi, 2009). If this is true, then each of the four surfaces that contains

potential targets in each room would have been fixated in order to update the

new target locations, although this may also happen if subjects were scanning

all surfaces for the search purpose. The average fixation counts in the incorrect
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room in Block 4 is 3.1, 95% CI [1.05, 5.15]. However, it is impossible to

dissociate from our data whether fixations made to those surfaces were made to

update the new location of potential targets, or are for the purpose of finding

the current target and excluding a surface when the target was not there,

or a combination of both. It is still interesting to acknowledge that both

processes may be going on at any given fixation, especially during shuffling

and perhaps also during early on in the experiment, during which subjects

started to register individual target location into memory. Within a few trials

of shuffling, subjects seemed to realize that locations of the geometric objects

changed every trial and thus adopted a strategy to search for targets based

mostly on their knowledge of the general layout of the room. However, our

data does not allow us to tell at what point subjects started to use such a

strategy.

Plank et al. (2014) did an experiment, which is similar to ours but

with EEG recording and without eye-tracking and the visual search compo-

nent, that showed what might be the neuropsychological underpinning of the

shuffling process. In the study, subjects learned the location of 39 objects in

a virtual reality room on day 1 by popping the bubbles that hid the objects;

on day 2, a third of objects interchanged their locations from day 1, and the

EEG trace was compared with that on day 1 when they popped the bubbles of

changed objects. Mismatches of object locations were found to induce negativ-

ity in parietal and temporal regions after 400-700 ms of revelation of mismatch,

signaling the error when sensory data do not match with expectations from
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memory. Theta power in middle frontal region also increased, which could

result from retrieving the memory of previous object in the current position.

In Block 5, targets were returned to their original locations. Within a

few trials, subjects quickly realized that all targets were at their old locations

and were directing their attention there reliably. Performance was also at the

same level as Block 2 and 3. Thus the search strategy again incorporated using

both memory for the global structure and target locations. These data showed

that the advantages of learning the global structure are not only allowing effi-

cient attention allocation, but also making one less susceptible to interference.

Importantly, it also showed that subjects were flexible in adopting a search

strategy of using memory in response to changes in the task.

The search targets we used in the experiment were geometric objects

that do not have obvious associations with their surrounding items. As in-

dicated by Võ & Wolfe (2012, 2013), in naturalistic images scene semantics

dominates search performance rather than episodic memory from search ex-

perience. Using geometric objects allowed us to assess the effect of episodic

memory on search, instead of scene semantics, in alignment with our goal to

understand what is learned from active search experience. Note that we are

not excluding the effect that meaning of the context could have in our results.

Part of the reason that spatial learning in this kind of context could occur very

rapidly may be that humans often spend years learning the statistical regu-

larities of their surroundings, and the knowledge of how things relate to each

other may also play an important role. In our experiment, subjects rarely look
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at the ground and ceilings for targets, demonstrating the existence of strong

priors.

3.4.3 Hierarchical memory representations

It is likely that spatial memory for both the structure of the space and

the location of target contributed to the improvement over repeated search

and resistance to interference. Our next steps are to separate out these factors

to understand: 1) how the environment is represented in memory as revealed

by search strategies; 2) whether the specific spatial locations of targets are

represented in memory in addition to the contextual information. We showed

that attention was diverted from incorrect parts of the space in a hierarchical

fashion, suggesting attention allocation may be guided by hierarchical repre-

sentations of the environment. Subjects visited remembered locations of tar-

gets even when they were no longer there, supporting the idea that memory

for specific target location was used to guide search.

In Chapter 2, it was shown that memory was used to choose the room

to search in a 3D virtual environment, but less in the static 2D images of the

same environment. It was also suggested that higher percentage of fixations

were directed to the surfaces in the room with more experience. In addition,

looking at surfaces was likely a prior that we used when we first visit a room

given the high percentage of fixations to surfaces on the first search trial. Here

we explored further by looking at multiple levels of spatial structure of the

room, and showed that attention was not just more focused on relevant part
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of the scene, but there was also active avoidance of attending to irrelevant

spaces at each level of the hierarchy: incorrect room, irrelevant regions in the

room (non-surface areas), surfaces that did not contain the current target,

and the parts of the correct surface where the target was not at. Here we

were not trying to show that each level of representation existed by testing

subjects’ memory of those levels directly. Instead, we are suggesting a way that

attention interacts with spatial representations of a complex 3D environment,

assuming that they are constructed hierarchically. It should also be noted

that the levels in the hierarchy examined in the gaze data were arbitrarily

determined from the spatial structure and task requirements, and the actual

mental representation of the space could be different in complexity and extent

of details. Non-spatial attributes may also affect how landmarks in the space

are grouped and represented (Hirtle & Jonides, 1985; McNamara et al., 1989).

In Chapter 2 it was also reported that local contextual objects, nearby

or distant to geometric search targets, are not found efficiently despite ex-

tended experience in the environment. Taken together with our current report,

these results demonstrated that it is memory for the global structure (surfaces

and the layout of them in our case), rather than objects surrounding the tar-

gets, that people take advantage of when searching in immersive environments,

and such structure could be nested. Memory for spatial layout that is relevant

to the task is encoded in memory and used to guide search. In our experiment,

the relevant surfaces and the association of specific surface-target pair mat-

tered more than items on the surfaces that were not the target. There were
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usually about 1-2 fixations on the correct surface. This could be attributed to

guidance from memory for specific target location on the correct surface, and

perhaps also the saliency of the targets compared to the surrounding objects.

Foulsham et al. (2014) showed that a salient target has higher chance of being

fixated once it is present within the view in the real-world environment. Given

that the targets we used were homogenous in color and thus relatively salient

(although there were plenty of other salient objects in the surroundings), it is

possible that once a target was in the periphery of visual field it likely attracts

attention, or at least to the correct surface. An average of about 1 fixation

was directed to wrong parts of the correct surface, and thus in some cases the

target was not the first thing they fixated on the correct surface. However, we

also showed that subjects were heading toward the target location in memory

even when it was absent. This provides the evidence for the presence of repre-

sentations for target location must have existed in memory, although it does

not count against the effect that saliency may have on encoding and using that

memory to direct attention.

The notion that directing of attention with different levels of spatial

representation in memory does not mean that one need to access each level,

from coarse to fine, sequentially to guide attention during navigation. That

is, one does not need to plan which side of the room to look at after they

enter the correct room. Instead, it is possible that the entire route for a

space of such scale (each room is 3 m × 6 m, not really that big compared

to some environments we traverse daily) were planned as subjects were cued
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about the current target on TV on the hallway, while the rooms were not

visible. Such ability of movement planning with memory would be ecologically

advantageous, as the real-world environments are often at larger scales, more

complex, and dynamic. Deploying attention by taking advantage of memory of

spatial relations organized in meaningful ways is likely how humans navigate

in large-scale environment and search efficiently. Marchette, Ryan, & Epstein

(2017) showed that while navigating in a virtual environment that contains

four museums in a desktop setting, subjects often navigated to the correct

location defined by the local geometry of the museum, but inside the wrong

museum. This supports the idea that retrieving spatial memory does not need

to start from the top level of the spatial hierarchy.

3.4.4 Conclusions

Our results from this chapter showed that learning of the global struc-

ture of the environment occurred rapidly, and is resistant to interference in

the form of target displacement, which is a common situation. Attention was

directed to relevant regions of the search scene, and there was also active avoid-

ance of attention to irrelevant parts in a hierarchical fashion. Importantly, this

suggests a way that visual attention could interact with a structured space that

resemble common environments, and extends the functionality of organizing

spatial memory in a hierarchy to include efficient guidance of attention.
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Chapter 4

Planning of head movements with spatial

memory

4.1 Introduction

When moving around in large spaces, one factor that needs to be taken

into consideration in understanding the role of memory is the cost of the move-

ment. Recent work in understanding sensory-motor decisions has revealed the

pervasive effects of the underlying neural reward machinery (e.g. Glimcher,

2011; for review, see Kable & Glimcher, 2009 and Platt & Glimcher, 1999).

Although it is unclear exactly how the dopaminergic reward circuitry influ-

ences momentary action choices in natural behavior, it is likely that the ener-

getic costs of movement is an important factor. For example, in locomotion,

subjects choose a preferred gait that reflects the energetic minimum deter-

mined by their body dynamics (Holt, Jeng, Ratcliffe, & Hamill, 1995). Other

experiments have demonstrated that subjects prefer to store information in

spatial memory rather than making an eye movement to acquire the infor-

mation if the movement involves a large head movement, presumably because

the head movements are more energetically costly (Ballard, Hayhoe, & Pelz,

1995; Hardiess, Gillner, & Mallot, 2008; Solman & Kingstone, 2014). Daily

visual search often occurs in complex environments that have multiple rooms,
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such as apartments or laboratories, and always involves orienting behavior

that necessitates planning and coordination of movements of the eyes, head

and body through space as in many other natural tasks (Foulsham, Chap-

man, Nasiopoulos, & Kingstone, 2014; Foulsham, Walker, & Kingstone, 2011;

Land, 2004). Thus the constraints of the task, the reliability of the memory,

the effectors involved and the cost of the movements to complete the task are

factors that are likely to shape the weighting of memory versus visual informa-

tion throughout the task. The weighting of each source of information must be

adapted dynamically during the course of the behavior, as the sub-elements of

the behavior that has unique goals unfold (e.g. Brouwer & Knill, 2007, 2009;

Droll, Hayhoe, Triesch, & Sullivan, 2005; Droll & Hayhoe, 2007).

Consider this common sequence of daily search: i) search is initiated

while the goal is set and the target is still outside of the field of view, ii)

the head and body moves to the point where target is within view, and iii)

gaze shifts to the point where the target is finally found. The extent to which

memory is involved during this whole process in complex environments is rarely

addressed. Continuing from Chapter 3, in this Chapter I sought to ask the

following questions: What is the optimal strategy for using memory during the

search process, given resource limitations and the need for body movements to

complete the search? Given that memory guides eye movements and presum-

ably attention, is memory also useful in directing head and potentially body

movements? How are head movements planned in multi-compartmental envi-

ronments? By analyzing head movements during the full sequence of search
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in the experiment introduced in Chapter 3, which involved navigating in the

space to identify the correct room and bringing target into view, the results

provided support for the critical role of spatial memory in guiding head move-

ments, and perhaps the coordination of eyes, head and body movements.

4.2 Methods

The analysis described below was performed on the same dataset ob-

tained from the experiment described in Chapter 3 (see section 3.2 for general

methods). Data analyses were performed in Matlab. The angles between head

direction and the vector from the head to the target 1 second before the room

became visible and at first fixation upon entrance to the correct room were ob-

tained by taking arccosine of those vectors. The head direction vector and the

target vector were calculated by subtracting the location of the head from the

location of the fixated object, and the target, respectively. Distance traveled

was also calculated from head position data.

4.3 Results

To what extent do subjects orient their heads to the direction of target

before and after the room is visible? An example of gaze and head direction

at different points in time during a search trial from a subject ZL is shown in

Fig. 4.1. A movie showing the sequence of gaze and head direction change can

be found here (click on the link for the online video). During this trial (Trial

26), the subject was searching for a pink cone, which used to be on the desk

94

https://www.dropbox.com/s/amg26iq2nai0kfl/tr26_2D_full.mp4?dl=0


in the bedroom in Block 1 to Block 3, but was moved to the side table next to

the desk on this trial. It is obvious that the subject was pointing her gaze and

head toward the target direction even before seeing what was inside the room.

This behavior was very common when subjects remembered target location (as

mentioned in the results in Chapter 3, in 58.3% of the trials subjects fixated

previous location of target during shuffling trials).

Before room was visible 1st fixation after room was visible After room entrySubject 34 - tr26 - Frame# 24

New
location

BedroomLiving room Hallway

Door

Previous
location

Subject 34 - tr26 - Frame# 132

New
location

BedroomLiving room Hallway

Door

Previous
location

Subject 34 - tr26 - Frame# 173

New
location

BedroomLiving room Hallway

Door

Previous
location

A B C

head
gaze

Figure 4.1: Simplified bird’s eye view of the environment and the head and gaze
direction when a subject set out to look for a pink target that she previously
searched for three times, but now displaced to a nearby surface (Subject ZL,
Trial 26), when the first fixation was made, and after room entrance. A green
object now replaces the previous location of the pink target. The other colored
dots are targets at different trials. The black dots on the hallway are the head
position. The red arrow indicates the direction of head and the pink arrow
indicates the direction of gaze. (A) Before the room was visible, the subject
was pointing her head and gaze to the previous target direction already. (B)
The first fixation after the room was visible was made to the previous location
of the target. (C) About 1 sec later, the subject entered the room and was
still fixating the same location. Later she moved her gaze to the new location
of the target (without moving her head very much, as the new location was
visible in the periphery while she was looking at the old location. Not shown
here). This suggests that memory of the target location helped plan head and
eye movements for the upcoming search.

To understand the extent that subjects oriented to targets, the angle
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between head direction while making the first fixation and direction to target

(Blocks 1-3 and 5), or direction to previous target location (Block 4), was

calculated across search blocks for all subjects. No significant change in the

angles was found across search blocks (F (4, 40) = 0.93, p = 0.46). This result

was surprising, because we expected to see smaller angles when subjects were

more experienced. We further analyzed the angles according to the locations

of the surfaces that contain the targets in the rooms, given that the amount of

head and body rotation required to fixate objects at different locations were

different. We therefore grouped surfaces into four locations for each room that

require similar amount of head rotations in the same direction in order to

look at them across rooms, as shown in Fig. 4.2A. The head angles between

head direction one second before the room was visible and direction to target

is shown in Fig. 4.2B, and the head angles at the first fixation is shown in

Fig. 4.2C. The results for the first fixation are described first below. In the

first three blocks, the angles were different across four locations in the room

(two-way ANOVA, location: F (3, 204) = 17.33, p = 0; block: F (2, 204) = 2.45,

p = 0.09; interaction: F (6, 204) = 1.1, p = 0.36). There was also significant

differences in angles across those locations in Block 1 (F (3, 68) = 5.65, p

= 0.0016). This is likely a result of the amount of deviation of the surfaces

at those locations from the center of the room. When walking into either

room while facing straight to the front, objects on surfaces at Location 2 and

Location 3 are usually within view. Thus it required smaller head rotations

to fixate objects at those locations, while larger rotations for fixating objects
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at Location 1 and Location 4. For targets at Location 2 and Location 3, no

significant change in head angles was found across three blocks (Location 2:

F (2, 51) = 0.18, p = 0.83, Location 3: F (2, 51) = 0.79, p = 0.46). However,

with three blocks of search experience, subjects learned to orient themselves

to the target direction for targets at Location 1 (one-way ANOVA, F (2, 51)

= 4.72, p = 0.013), but not for those at Location 4 (F (2, 51) = 0.21, p =

0.81), although those locations are more eccentric. When walking down the

hallway after checking the target for a trial on the TV, the head direction

usually aligns closer to the direction to objects at Location 1, if the subject

did not make a turn to face directly to the door. Thus this result may be

attributed to the lower cost for orienting to Location 1 with experience. These

results show guiding head and body movements are one of the advantages of

using memory representations in the search process. The extent that memory

helps orient head may vary strategically according to location of the target in

the room, and thus how easy it is to orient.

We took a step further to see if subjects started to orient their head

toward the location of target even before seeing the room with more experience,

and presumably, memory of the space. The angle between head direction and

direction of the target from subjects was again calculated, but at one second

before the room is visible (Fig. 4.2B). The angles were different across four

locations, but did not decrease over blocks overall (two-way ANOVA, location:

F (3, 426) = 0.46, p < 0.001; block: F (2, 426) = 2.06, p = 0.13; interaction:

F (6, 426) = 0.46, p = 0.84). When the angles were compared between Block
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Figure 4.2: Orienting head to target before and after the scene of the room
was visible. (A) Left: Top-down view of the room with targets shown on the
surfaces. The angular deviations of the targets when looking straight ahead
while entering the room in which they reside are marked next to the targets.
The surfaces are colored by locations in the room: Locations 1-4. (B) Angles
between head direction one second before the room is visible and direction
to targets in Location 1-4 across search blocks. (C) Angles between head
direction while making the first fixation in the room and direction to targets in
Locations 1-4 across search blocks. (C) Cumulative change of angles between
head direction and target direction from when scene became visible until the
target was found. Data represent mean ± SEM.

1 and Block 3, there was significant reduction only in Location 1 (paired t-

test, t(36) = 1.74, p = 0.045), but not for all other locations. Thus subjects

oriented more before the scene became visible for targets at Location 1 with

experience. In addition, the differences of head angles between locations are
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significant in Block 1, 2 and 4, but not in Block 3 and 5. Because subjects were

familiar with target locations at Block 3, and targets were placed at the same

locations in Block 5 as in Block 1 to 3, the lack of difference in head angles

across all locations in those blocks means that subjects were orienting more

before seeing the scene when experienced, and when the memory for target

locations established early on was reactivated again.

Increasingly directing the head toward the target direction may also

imply a reduction of cost of head and body movements for locating the target.

The question here is to what extent memory helped subjects by eliminating

the need to move their body around a lot and make many head rotations

to locate the target. The distance traveled and cumulative change in head

angles between head direction and direction to the target were thus analyzed

(Fig. 4.3). Since we did not track the body, the change in location of head

during search was used for calculation of distance traveled as a proxy for change

in body location. The distance traveled decreased across blocks significantly

and did not differ between locations (two-way ANOVA, block: F (2, 415) =

54.8, p = 0; location: F (3, 415) = 1.02, p = 0.38; interaction: F (6, 415) =

1, p = 0.43). There was a small but significant increase in distance traveled

from Block 3 to Block 4 when target locations were changed (p = 0.045). The

cumulative change in head angles decreased over the first three blocks and

were different among locations (two-way ANOVA, block: F (2, 397) = 13.16,

p < 0.001; location: F (3, 397) = 3.32, p = 0.02; interaction: F (6, 397) =

0.96, p = 0.45). When the cumulative angles were compared between Block 1
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Figure 4.3: (A) Total length of the trajectory, or distance traveled, across
blocks. (B) Distance traveled across blocks and four locations as categorized
in Figure 4.2A. (C) Cumulative change in head angles from when the scene
became visible until target was found. Data represent mean ± SEM.

and Block 3, significant reductions were found in Location 1, 2 and 4 (paired

t-test, L1: t(28) = 2.55, L2: t(28) = 2.26, L4: t(29) = 3.24, all p < 0.05) and

the difference was nearly significant for Location 3 (t(30) = 1.53, p = 0.068).

Therefore, the cumulative deviation of head direction from target direction

decreased with more experience. These results suggest that memory reduces

the energetic cost for directing head and body movements in search.

Taken together, the results presented in this chapter showed that sub-

jects adopted different strategies of using memory for orienting head move-
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ments depending on the locations of the targets in the room. For those that

are convenient to orient to, memory help to orient the head toward them be-

fore and after the scene is visible. Additionally, using memory to guide head

movements is an energetically efficient strategy.

4.4 Discussion

In previous chapters, it was shown that memory facilitates visual search

by allowing efficient deployment of attention to regions in the space that are

relevant to the task. Here we demonstrated another major advantage of spatial

memory is planning of costly movements of head, and presumably body as well

during search. The orientation of the head improved over repeated searches,

especially for targets that are on the surfaces at the sides of the room, which

required a larger head rotation. Importantly, our results showed that for tar-

gets on the sides of the room, orientation of the head toward the remembered

target location started before the scene was visible. This demonstrates the

role of memory for preparing head movements in advance for efficient search.

When targets are located in the direction subjects are facing when they walked

down the hallway, they learned to keep their original facing to minimize cor-

rection of head orientation later. For targets at the locations that required

largest head rotation to orient to from the direction of facing when walking

down the hallway, subjects mostly just orient to face the door but not to the

target location as much. Cumulative change in head angles when the scene

was visible until the target was found, as well as distance traveled, also de-
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creased with experience, indicating memory’s role in potentially saving energy.

This reflects a flexible strategy of using memory for planning head movements

that potentially leads to higher efficiency in the coordination of eye, head and

body movements. We also found evidence of fixating to as well as orienting

the head to the remembered location of target in the fourth block, indicating

memory for target location is guiding search throughout the search process.

Several studies have investigated head movements in active task set-

tings. Consistent with our finding here, Aivar et al. (2015) analyzed the

trajectory upon room entry during visual search in an immersive environment

and showed that spatial memory of target location is used to guide the tra-

jectory when the target location is stable. Brennan et al. (2011) showed that

head movement frequency is a more sensitive indicator of search efficiency

in the real-world, whereas eye movement frequency better predicts search on

two-dimensional screen. In active task settings, such as walking in an outdoor

environment or making a sandwich, body and head are often directed to the

region that contains the target of a current action, and individual items are

then fixated with eye movements within the central visual field (Brennan et

al., 2011; Foulsham et al., 2011; Hayhoe, Shrivastava, Mruczek, & Pelz, 2003).

Won, Lee & Jiang (2015) also suggested that first head movement a search

task in a large-scale space is a sensitive measure of learned statistics of the

environment. Here we looked at the head direction while subjects made the

first fixation, assuming that the head would be pointed toward the target or

on the way to the target if target location was remembered, as a predictor
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of attention orienting. Indeed we found that subjects oriented their heads

toward target direction on the first fixation increasingly with experience, at

least for the target that was easy to orient to upon entrance. Importantly,

this learning occurred not just after the room was visible, but also prior to

that. This suggested advance planning of head movements based on memory,

as sensory data was not yet available. For targets that were placed closer to

the central direction when entering the room (Location 2 and 3), we could

not really tell whether memory was used to guide head orientation for those

searches since the angles have been relatively small. It is possible that they

remembered those targets were at locations that did not require much head

rotation, or that they usually faced to the front while entering the room and

those targets were already visible and thus easy to find, or a combination of

both. For eccentric targets (at Location 1 and 4), there was more orienting

of the head for targets that required the least rotation from the direction of

the heading when walking down the hallway before room entrance (Location

1). This reflects a flexible strategy in using visual information and memory to

guide head movements, and the associated cost is likely a critical determinant.

We addressed this issue next.

The total path traveled and the cumulative change in angle between

head direction and target direction after seeing the room also dropped with

experience. That is, less change in locations and head rotations, and presum-

ably reduced energetic cost, were required for finding the target with active

searching experience. The energetic cost for accessing memory for search could
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be higher than relying on visual features. But when head and body move-

ments are involved, it may help save energy by reducing the extent of body

movements. There has been accumulating evidence that showed the trade-off

between sensory information and memory, especially the short-term memory

(or working memory), when performing various tasks. Brouwer and Knill

(2007, 2009) used a task where subjects picked up a target to a location while

the next target in the periphery changed location in some of the trials, and

showed that initial movement to pick up the next target was biased toward

the remembered location. The information in memory is also given stronger

weight while integrating visual input and memory when it is more reliable.

Effectors used have also been suggested to influence strategies of using mem-

ory (Ballard et al., 1995; Hardiess et al., 2008; Solman & Kingstone, 2014),

as the energetic cost associated with the movements depends on the effectors

involved. When body movement is also involved in a task in addition to eye

and head movement, an effective strategy would be to plan ahead of time,

rather than making corrections later if possible. The present findings provide

support of the role of memory in this process.

4.5 Conclusions

Humans conducted visual search in dynamic, large-scale environments

that necessitate coordination of eye, head and body movements. Our data

demonstrated that subjects use memory to plan head and potentially body

movements in advance, as well as reducing the extent of head rotations and
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distance traveled with experience. This would be a cost-efficient strategy in

our task, and more than likely also in many other tasks that involve navigation

in complex environments.
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Chapter 5

Discussion

“Intelligence is not only the ability to reason; it is also the ability to find

relevant material in memory and to deploy attention when needed.”

— Daniel Kahneman, Thinking, Fast and Slow

“Memory is the diary we all carry about with us.”

— Oscar Wilde

This dissertation work started out with the question: How is attention

controlled in natural behavior? A rich body of evidence attests to the lim-

itation of attentional resources of human brains, yet our attention seems to

flow seamlessly from one place to another in all sorts of tasks in everyday life.

Memory may be a critical part of the solution to this problem. It is known that

eye movements can be made on the basis of spatial memory, and that mem-

ory representations influence eye movements in 2D images of natural scenes.
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However, it has not previously been known how important spatial memory is

in guiding attention in natural behavior, and in situations when the image of

the target is present on the retina and easily located through visual search.

The current work suggests that it is a pervasive aspect of attentional deploy-

ment in natural vision. To understand the role of spatial memory in control of

attention, the present work studied attention allocation in visual search since

it is the component of many daily activities. To achieve this, I integrated a

virtual reality environment with eye tracking where subjects were immersed

in a large 3D environment and looked for targets. Below I will first list key

findings that emerge from this work, followed by a discussion of the findings

and questions that arise from these findings.

Key findings

1. In a naturalistic environment, spatial memory is the primary determi-

nant of search behavior. Search rapidly improves with active experience

and reflects both memory for the spatial context as well as the particular

spatial location.

2. The pattern of search performance is similar across 2D and 3D, but

memory is used more to make choice of room to search in 3D and there

are more fixations in 2D.

3. Locations of local contextual items that are neighbors of search targets

are not well represented in memory and might not contribute much to
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improvement in search performance without more extensive training.

4. Incidental fixations do not necessarily lead to better search performance.

5. Spatial memory for the 3D environment is hierarchically constructed

(room, surfaces, and location on the surface) and attention is directed

to relevant parts of the space. There is active avoidance of attention to

irrelevant regions in a hierarchical manner.

6. When the location of a target is remembered, memory for target location

is used to guide search throughout the entire process, from the point

when scene is not yet visible to when the target is found.

7. Memory guides eye and head movements, and potentially also body

movements as those effectors are nested. Thus an advantage of using

spatial memory during visual search is to allow efficient guidance of eyes,

head and body movements.

In Chapter 2, parallel experiments were performed in a 3D immersive

virtual environment and a 2D version. The primary goal was to characterize

search performance and attention deployment during extended search expe-

rience in 3D. The secondary goal was to compare the potential difference in

strategies of attentional control and memory usage in 2D versus 3D settings.

We found that search improved rapidly with active experience and learning

the 3D spatial context of the room is advantageous. This finding led to our

next questions: What contributed to the improvement? What did the subjects
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learn about the environment? What attributes of the space were represented

in their memory that support search? First we found that the room, that

is, the large search context, was part of what was remembered. Memory was

exploited more when choosing which room to search within, as suggested by

better room choice in 3D than in 2D. From previous research we might have ex-

pected that learning aspects of the local context might have facilitated search

as well (Brady & Chun, 2007; Chun, 2000; Chun & Jiang, 1998). Unexpect-

edly, neither local contextual items nearby nor distant search targets were

remembered well. This result, however, was not due to lack of fixations to

those contextual objects. There were many incidental fixations to those local

contextual objects, yet they did not benefit search when those objects became

targets later in the experiment. This further strengthened the finding that

local contextual items were not registered in memory, or at least not robustly

enough to support subsequent search. The selective recall of task relevant

items has also been reported by several studies (e.g. Draschkow, Wolfe, & Võ,

2014; Tatler & Tatler, 2013). Interestingly, Draschkow et al. (2014) also found

that recall performance is better if objects were actively searched for, than if

they were memorized explicitly.

The performance patterns are generally similar across 2D and 3D set-

tings: subjects improved rapidly, and later analysis also found avoidance of

attention to irrelevant regions in the scene in the correct room (this particular

analysis was described in Chapter 3). The major differences are that in 3D,

there were fewer search fixations in the correct room, a higher proportion of
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search fixations in the incorrect room in the first few trials, and that subjects

made better choice of room to search. A key factor that may contribute to

these differences is the higher cost of moving the head and body around in

3D, whereas only eyes were allowed to move in 2D and eye movements are

relatively cheap. In addition, the difference in saccade detection methods may

also take part in the difference in fixation count. Further work is required to

resolve this issue but preliminary data with an improved methodology suggests

that this is not a significant factor.

In continuation from the question of ‘what is represented in memory’,

in Chapter 3 the first focus was to adopt a different approach to examine the

potential hierarchical representation of the space that might be taken advan-

tage of during search. Based on a hierarchical structure of spatial components

in the environment, I attempted to map out the relationship between the

structure of the space and allocation of attention, and found active avoidance

of attention to irrelevant parts of the space in a hierarchical fashion. This

means that when subjects entered the correct room, they learned which sur-

faces were potentially important, which one of them contained target, and

where the target was located on the correct surface. In a new experiment

with the same virtual apartment, the target location was changed at the 4th

block of search, and yet subjects still directed their attention to where target

used to be. This provides evidence that spatial memory for the target location

was the primary factor that is guiding search, since subjects oriented toward

the old target location with high frequency. In addition, the fact that search
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was barely affected by the target displacement showed memory for the global

structure of the scene and likely target locations. Changing target location

also did not reduce efficiency in finding targets in new locations, again sup-

porting the idea that memory representation of the space, especially of the

global structure, are robust and critical in guiding search. However, when

searching for local contextual objects (Block 4 and 5 in 3D experiment in

Chapter 2), the performance was not better than novel search for geometric

objects in the correct room. This may seem contradictory because if learning

the global structure is enough to support efficient search, finding contextual

objects should not be difficult. But if we look at the data in the incorrect

room, search for contextual objects did seem to benefit from experience, pre-

sumably because subjects knew likely target locations and could reject the

room more rapidly. What those results together suggested is that memory

for global structure dominates search performance, but memory from previous

searches can also have strong influence, especially in a task as specific as visual

search. When being asked to search for new targets (when the goal changes),

the learned large-scale structure may still support search but perhaps their

relationship with new targets requires further search experience to establish.

It is possible that search is such a specific task that only the most important

information (relevant surfaces and target location on the correct surface) is

stored in memory but not irrelevant information (neighboring items). Thus

what subjects learned from the search experience only includes the elements of

the environment that are critical to serve the needs of the task, or the spatial

111



schema (Bartlett, 1932; Marchette, Ryan, & Epstein, 2017; Tse et al., 2007;

van Buuren et al., 2014), which would be beneficial for integrating new in-

formation into memory when encountering similar environment in the future.

Draschkow, Wolfe, & Võ (2014) reported that memory for scenes was better

for searched objects than those that were asked to be memorized explicitly.

Importantly this effect only existed when the scene context was preserved and

disappeared when the background was removed, and distractors were far less

likely to be recalled than targets. Therefore, it is the interaction between the

target and contextual information during search supports strong memory rep-

resentations, which may not include surrounding items in the scene. It is also

possible that subjects had learned that targets were always geometric objects

and so did not encode information about other objects. Another experiment

where subjects search for realistic objects (the contextual objects) instead of

geometric object in the first part of the experiment may be a useful compar-

ison. It is also likely that visual search engages a highly selective filter that

excludes information from incidental fixations, and other tasks might allow

more incidental memorization. These issues require future examination.

A recent report from Marchette et al. (2017) showed that retrieving

spatial memory does not need to start at the highest level of the spatial hi-

erarchy, and thus the location of an item defined by the local geometry can

be recalled without necessarily retrieving the global information. That means

one may find an item inside a building without thinking about which building

it is in first. The virtual environment I used here is multi-compartmental,
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but is relatively small in the sense that it does not require navigation between

buildings or more than two rooms. Remembering which room to explore in

our case may thus be easier (because it does not require considering identity

of building or parts of the building that the apartment resides), and that the

knowledge of “where to look and where not to look” can be used across rooms

(both rooms have four surfaces that were relevant). Given the flexibility of

adapting environments in virtual reality, a similar setup can be used to test

how memory for one local environment transfers to another within the same

or a new global environment.

In Chapter 4 I further analyzed the data from the experiment described

in Chapter 3. The first focus was to identify which part of the search pro-

cess was memory critical, and what was it critical for aside from guiding eye

movements, as described in previous chapters. To find a target in the multi-

compartmental space, search has to start from the point where search scene

(the room) is not visible, and navigation to the room makes the scene visible

and then the target could be found. We found that subjects directed head

movements to remembered location of target despite its absence both before

and after the scene was visible. This again showed that spatial memory for

target location is used to guide search. It also demonstrated that memory was

used to guide eye and also head movements throughout the entire search pro-

cess, from the time that the search scene was not yet visible until target was

found. The fact that geometric objects are homogenous in colors and may pop

out easily may contribute to the fast learning of target locations. Importantly,
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the frequent fixations to the old location suggested that memory representa-

tions, rather than visual features of the target, is what is guiding search. To

further understand how spatial memory would affect strategies of orienting

head movements, I analyzed the angles between direction from subjects to

target and the head direction (which I referred to as head angles) during first

fixation, and also at 1 second before the room was visible. Subjects learned

to orient to the remembered location in the room with more experience when

the target was at a location that required a small head rotation, and this oc-

curred even before the scene was visible. This reflects a flexible strategy in

using memory to guide head movements. Cumulative change in head angles in

the room and distance traveled also decreased with experience. These results

revealed an important advantage of spatial memory in 3D environments is

for advance planning of movements of effectors, which may be a cost-efficient

strategy. As pointed out in Hayhoe (2017), the exclusive use of memory to

guide eye and body movements is inconsistent with approaches such as that

which treats perception and action as separate systems (Goodale & Milner,

2005) and the ecological approach (Zhao & Warren, 2015) that emphasizes

online visual control of action.

There are several factors that were not explicitly controlled in the ex-

periments presented in this work that may be important in affecting usage of

memory in guiding behavior and are worthy of further investigations. The first

factor is the amount of experience and thus the strength and extensiveness of

memory for the environments. Subjects were exposed to the environments in
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our study and scene images in others for relatively short time (about 5 min-

utes before subjects started to search for contextual objects in our first 3D

experiment, and usually a few seconds or less for those studies using images

of real-world scenes), and task relevance may play more critical roles when

environmental context and objects inside are more or less novel. It is true

that prior knowledge allows efficient search even in novel context, but it is

also possible that extended exposure in an environment (and thus more ac-

cumulated fixations within the environment) will enable fairly efficient search

for objects that are rarely searched for. Complexity of the environment, ac-

cessibility and function of objects, task requirements and other factors may

play a role in this as well. For example, Draschkow & Võ, (2016) found that

active handling of objects during search supported strong memory for location

of the objects that are relevant to the task. Thus the form of interaction with

objects may modulate strength of spatial memory. Tatler & Tatler (2013)

reported that information extracted from fixations directed to task-relevant

objects were prioritized and led to better memory, while information for task-

irrelevant objects were less well remembered. Certain properties of objects,

such as identity and position, were prioritized in memory for relevant items,

which may vary by task demands. In those studies the experimenters often as-

signed the category of objects that was relevant, which allowed the task effect

to be assessed easily. Yet it is also important to consider that in many daily

tasks that are complicated and involve visual search and many other subtasks

(e.g. make a meal, fix a car), what information is relevant may change at a
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moment-to-moment basis (e.g. Hayhoe, Shrivastava, Mruczek, & Pelz, 2003).

Understanding the usage of memory under those less well-defined task settings,

especially when navigation in the environment is also involved, will also be an

important direction.

It is also important to keep in mind that our brains are very sensi-

tive to the sensorimotor requirements that a given task impose and adapt the

cognitive strategies accordingly, such that nuances in the design of the exper-

iments may lead to different results. For example, one concern regarding our

paradigms is that the HMD we used is very heavy, and it could have impact

on the extent to which subjects would rotate their heads. Data collection with

a lighter new HMD has thus been initiated recently, and the results will allow

us to assess if the additional weight was a constraint for head and body move-

ments and reevaluation of the head movement data would then be required.

Thus one must be cautious in designing the paradigm and interpreting the

results, especially from experiments done in naturalistic settings. It is perhaps

most advisable to design the task in a setting that is as similar as natural

behavior that include most of the essential components such as full-body mo-

tion, given what we ultimately would like to understand is how attention and

memory processes work in real life. That way the nuances revealed by con-

trolling different factors would also more likely to speak to what truly matter

in guiding action.

One important implication of the findings here is the importance of

memory representations in active vision, a concept that considers the goal of
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vision is not just passively receiving input but also to serve action (Findlay

& Gilchrist, 2003). A critical component of active vision is the existence

of memory schema to guide the acquisition of information (Hayhoe, 2006).

This ensures smooth coordination of movements in the course of behavior,

and reduces costs that arise as a result of movement correction. Once visual

information is available (when the target or the room that contains the target

is in view), the representations of the state of the world can be updated in

the memory schema, with the majority already retrieved from the memory. In

our experiments, subjects may be planning gaze and head movements before

the room is visible by taking advantage of spatial representations learned from

previous occasions. Even when the location of the target is not remembered,

knowing the structure of the space well enough to direct gaze to relevant

surfaces also enable efficient search.

The sequences of attention and gaze shifts during visual search can be

thought of as making a series of sensory-motor decisions. Recent approaches

to understand sensory-motor decisions are in the context of statistical decision

theory where the costs of the decision is considered to be an important factor

(Maloney & Zhang, 2010; Wolpert & Landy, 2012). The costs are mediated

by the dopaminergic reward circuitry which has been extensively explored in

the context of eye movements (e.g. Schultz, Tremblay, & Hollerman, 2000).

Although there is extensive evidence about the role of reward on neural firing in

neurophysiological paradigms, it is unclear how this machinery controls natural

behaviors. The present findings suggest that these costs are a pervasive aspect
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of visually-guided behavior in natural environments, and that head and body

are integrated parts of the system, and that the costs of moving them must

be considered for an integrated understanding of decision making in natural

tasks.

Importantly, memory can substantially modulate the costs and thus the

strategies to achieve the behavioral goals. Given that visual search is highly

goal-specific in the sense that items that are not targets are not represented

well (as shown in this study), other natural tasks that have different demands

on visual input and memory resources should also be investigated. The costs

of movements of the associated effectors should also be considered when de-

signing the experiments and interpreting the results. Follow-up experiments

that manipulate the difficulty of using memory or constrain the use of certain

effectors might reveal how the costs are calculated to maximize the reward of

a given action.

The 3D experiments presented here involved navigation in an environ-

ment that is relatively large-scale compared with the visual search tasks used

in the studies that used 2D stimuli, in the sense that whole-body movements

are involved and the visual space extends beyond the field of view at any

moment. However, it is also relatively small-scale compared to some of the

everyday environments that we navigate in. In larger environments that have

more compartments or potentially a more complex hierarchy, the dependence

on knowledge or memory may manifest in different forms. The ability to

transform the egocentric information to allocentric mapping, and to identify
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important anchor points may all come into play when planning action. How

the findings here extend to large-scale navigation, such as finding a building

on campus or in a city, or in environments where search is more difficult or

the space is more complex, requires future exploration.

In this work, I provided evidence that demonstrate the importance of

spatial memory in guiding eye, head and body movements to relevant regions

in the environments, and also actively avoid deploying attention to irrele-

vant space at various spatial scales. Memory representations for the global

structure of the environments is the most critical factor that determine search

performance, rather than the fine details. Memory allows rapid change from

a vision-based search strategy into a predominantly memory-based strategy.

Search is a very specialized task that locations of irrelevant contextual details

are not well represented, yet locations of the immediately relevant objects are,

leading to rapid improvement of search performance. Thus, relevant objects

are represented hierarchically in spatial memory, allowing efficient search and

thus alleviate the problem of resources limitation on attention. The impor-

tance of memory in allowing economical use of the body’s resources sheds a

different light on factors that determine search behavior and attests to the

importance of exploring immersive environments for deeper understanding of

visual search.
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Appendix A

Bootstrapping the parameters for the

exponential model fit to the learning curve

data in Fig. 2.4A and Fig. 2.4B

The function we fit takes the form of y = ixs. Here y can either be

number of search fixations or search time, i is the intercept and s is the slope

of the function, and x is search trial. i and s are the outputs from nonlinear

mixed-effect modeling (NLME, Pinheiro & Bates, 2000). The experiment (2D

vs. 3D) was the factor specified as the fixed effect, and the difference between

subjects was the random effect included. For number of search fixations in

the correct room (Fig. 2.4A, top), the intercept of fit produced by NLME is

5.21 in 3D and 10.08 in 2D; the slope is -0.26 in both 3D and 2D. The boot-

strapped difference between the distributions of intercepts in 3D and that in

2D is significant (M = -4.8, SE = 0.53, p < 0.001), whereas the bootstrapped

difference of distributions of slopes is not different (M = 0, SE = 0.01, p =

0.48). For search time in the correct room (Fig. 2.4A, bottom), the intercept

obtained is 2.81 in both 2D and 3D; the slope is -0.3 in 3D and -0.38 in 2D. The

bootstrapped difference of intercepts is not significant (M = 0.09, SE = 0.22,

p = 0.34), as well as for slopes (M = 0.05, SE = 0.05, p = 0.14). For number

of fixations in the incorrect room (Fig. 2.4B, top), the intercept obtained is
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24.58 in 3D, and 11.76 in 2D; the slope is -0.8 in 3D, and -0.44 in 2D. The

bootstrapped difference between the distributions of intercepts in 3D and that

in 2D is significant (M = 10.88, SE = 5.7, p = 0.03), and the bootstrapped

difference of distributions of slopes is also different (M = -0.29, SE = 0.17,

p = 0.04). For search time in the incorrect room (Fig. 2.4B, bottom), the

intercept obtained is 13.37 in 3D, and 3.27 in 2D; the slope is -0.78 in 3D,

and -0.52 in 2D. The bootstrapped difference of intercepts is significant (M =

9.36, SE = 2.5, p < .001), as well as for slopes (M = -0.14, SE = 0.17, p <

.001).
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Appendix B

Bootstrapping the difference between the

search performances of novel search for

geometric objects, repeated search for

geometric objects, search for nearby

contextual objects and search for distant

contextual objects (data shown in Fig. 2.7)

We suspected that early search experience for geometric objects might

aid subsequent search for other items in the virtual apartment as a result

of memory representations of the environment being developed through the

experience. We thus compared search performance for novel searches for ge-

ometric objects (Trials 1-8), repeated searches for geometric objects (Trials

9-24), search for nearby contextual object (eight trials within Trials 25-40),

and distant contextual objects (8 trials within trial 25-40), in both the cor-

rect room and the incorrect room. Because those four groups of samples are

not independent (one covariate is time but the change is not linear: Repeated

geometric objects were sought for after novel search trials, and the timing

of search for nearby and distant contextual objects was mixed within par-

ticipants and the order of trials were randomized between participants), we

did not use a one-way ANOVA to analyze our data first. Instead, we calcu-
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lated the obtained F value from our data, bootstrapped the F distribution

from 5,000 repetitions of resampling from the data, and calculated the p value

by evaluating the percentage of area under the bootstrapped F distribution

that is larger than the obtained F value. The results generated showed the

same trend as the one-way ANOVA we later conducted, thus we report the

ANOVA results below. There were significant differences between both num-

ber of search fixations and search time for novel geometric search, repeated

geometric search, nearby contextual search and distant contextual search in

the incorrect room and the correct room, in both 3D (fixation/correct room:

F (3, 68) = 4.11, p = 0.01, fixation/incorrect room: F (3, 68) = 12.56, p <

0.001, time/correct room: F (3, 68) = 2.96, p = 0.04, time/incorrect room:

F (3, 68) = 8.3, p < 0.001) and 2D (fixation/correct room: F (3, 76) = 30.35,

p < 0.001, fixation/incorrect room: F (3, 76) = 16.72, p < 0.001, time/correct

room: F (3, 76) = 32.91, p < 0.001, time/incorrect room: F (3, 76) = 15.54, p

< 0.001).

Then we bootstrapped the pairwise differences of the four conditions by

resampling the data for 5000 repetitions for each pair, acquiring the sampling

distributions of the means of the differences and derived p values from the

means and standard errors of those distributions. The results showed that in

both rooms in 3D (see Fig. 2.7A), the search for nearby contextual objects was

not as efficient as the repeated search for geometric objects (fixation/correct

room: M = 1.54, SE = 0.77, p = 0.02, fixation/incorrect room: M = 4.37,

SE = 1.42, p = 0.001, time/correct room: M = 2.44, SE = 0.86, p = 0.002,
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time/incorrect room: M = 3.13, SE = 1.12, p = 0.003), and was better

than novel search for geometric objects only in terms of number of search

fixations in the incorrect room (M = -4.47, SE = 1.97, p = 0.01) but not

in other parameters (fixation/correct room: M = 0.31, SE = 0.82, p = 0.35,

time/correct room: M = 0.72, SE = 0.97, p = 0.23, time/incorrect room: M

= -1.4, SE = 1.31, p = 0.14). Search efficiency for distant contextual objects

in 3D also did not benefit from previous search experience, since it is no more

efficient than novel search for geometric objects, except for number of fixations

in the incorrect room (fixation/correct room: M = 1.97, SE = 1.1, p = 0.03,

fixation/incorrect room: M = -3.31, SE = 1.67, p = 0.02, time/correct room:

M = 1.39, SE = 0.99, p = 0.08, time/incorrect room: M = -1.58, SE = 0.91, p

= 0.04); and it is also less efficient than repeated search for geometric objects

(fixation/correct room: M = 3.23, SE = 1.06, p = 0.001, fixation/incorrect

room: M = 5.48, SE = 1.07, p < 0.001, time/correct room: M = 3.11, SE

= 0.89, p < 0.001, time/incorrect room: M = 2.95, SE = 0.62, p < 0.001).

In 2D, search for neither nearby nor distant contextual objects benefits from

early searches for geometric objects.
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visual search: comment on Võ and Wolfe (2012). Journal of Experimental

Psychology: Human Perception and Performance, 38 (6), 1596–1603.

Holt, K. G., Jeng, S. F., Ratcliffe, R., & Hamill, J. (1995). Energetic cost and

stability during human walking at the preferred stride frequency. Journal

of Motor Behavior, 27 (2), 164–178.

Hout, M. C., & Goldinger, S. D. (2010). Learning in repeated visual search.

Attention, Perception & Psychophysics, 72 (5), 1267–1282.

Howard, C. J., Pharaon, R. G., Körner, C., Smith, A. D., & Gilchrist, I. D.

137



(2011). Visual search in the real world: Evidence for the formation of

distractor representations. Perception, 40 (10), 1143–1153.

Hwang, A. D., Wang, H. C., & Pomplun, M. (2011). Semantic guidance of eye

movements in real-world scenes. Vision Research, 51 (10), 1192–1205.

Itti, L., & Baldi, P. (2009). Bayesian surprise attracts human attention. Vision

Research, 49 (10), 1295–1306.

Itti, L., & Koch, C. (2000). A saliency-based search mechanism for overt and

covert shifts of visual attention, 40, 1489–1506.

Jacobs, J., Weidemann, C. T., Miller, J. F., Solway, A., Burke, J. F., Wei,

X., Suthana, N., Sperling, M. R., Sharan, A. D., Fried, I., Kahana, M. J.

(2013). Direct recordings of grid-like neuronal activity in human spatial

navigation. Nature Neuroscience, 16 (9), 1188–90.

Jiang, Y., & Wagner, L. C. (2004). What is learned in spatial contextual

cuing–configuration or individual locations? Perception & Psychophysics,

66 (3), 454–463.

Jiang, Y. V, Won, B., Swallow, K., & Mussack, D. (2014). Spatial reference

frame of attention in a large outdoor environment. Journal of Experimen-

tal Psychology: Human Perception and Performance, 40 (4), 1346–1357.

Jovancevic-Misic, J., Sullivan, B., Hayhoe, M. M., Jovancevic, J., Sullivan,

B., & Hayhoe, M. M. (2006). Control of attention and gaze in complex

138



environments. Journal of Vision, 6 (12), 1431–1450.

Kable, J. W., & Glimcher, P. W. (2009). The Neurobiology of Decision: Con-

sensus and Controversy. Neuron, 63 (6), 733–745.

Kamps, F. S., Julian, J. B., Kubilius, J., Kanwisher, N., & Dilks, D. D.

(2016). The occipital place area represents the local elements of scenes.

NeuroImage, 132, 417–424.

Kit, D., Katz, L., Sullivan, B. T., Snyder, K., Ballard, D. H., & Hayhoe, M. M.

(2014). Eye movements, visual search and scene memory, in an immersive

virtual environment. PLoS ONE, 9 (4), 1–18.

Kjelstrup, K. B., Solstad, T., Brun, V. H., Hafting, T., Leutgeb, S., Witter, M.

P., Moser, E. I., Moser, M.-B. (2008). Finite scale of spatial representation

in the hippocampus. Science, 321 (5885), 140–143.

Kunar, M. A., Flusberg, S., & Wolfe, J. M. (2008). The role of memory and

restricted context in repeated search. Perception & Psychophysics, 70 (6),

1117–1129.

Land, M. F. (2004). The coordination of rotations of the eyes, head and trunk

in saccadic turns produced in natural situations. Experimental Brain

Research, 159 (2), 151–160.

Land, M. F. (2014). Do we have an internal model of the outside world?

Philosophical Transations of the Royal Society B: Biological Sciences, 369,

139



20130045.

Land, M. F., Mennie, N., & Rusted, J. J. (1999). The roles of vision and eye

movements in the control of activities of daily living. Perception, 28 (11),

1311–1328.

Li, C.-L., Aivar, M. P., Kit, D. M., Tong, M. H., & Hayhoe, M. M. (2016).

Memory and visual search in naturalistic 2D and 3D environments. Jour-

nal of Vision, 16 (8):9, 1–20.

Mack, S. C., & Eckstein, M. P. (2011). Object co-occurrence serves as a

contextual cue to guide and facilitate visual search in a natural viewing

environment. Journal of Vision, 11 (9), 1–16.

Maloney, L. T., & Zhang, H. (2010). Decision-theoretic models of visual per-

ception and action. Vision Research, 50 (23), 2362–2374.

Marchette, S. A., Ryan, J., & Epstein, R. A. (2017). Schematic representations

of local environmental space guide goal-directed navigation. Cognition,

158, 68–80.

McHugh, T. J., Blum, K. I., Tsien, J. Z., Tonegawa, S., & Wilson, M. A.

(1996). Impaired hippocampal representation of space in CA1-specific

NMDAR1 knockout mice. Cell, 87 (7), 1339–1349.

McNamara, T. P., Hardy, J. K., & Hirtle, S. (1989). Subjective hierarchies in

spatial memory. Journal of Experimental Psychology: Learning, Memory,

140



and Cognition, 15 (2), 211–227.

McNaughton, B. L., Battaglia, F. P., Jensen, O., Moser, E. I., & Moser, M.-B.

(2006). Path integration and the neural basis of the “cognitive map.”

Nature Reviews Neuroscience, 7 (8), 663–678.

McSorley, E., & Findlay, J. M. (2001). Visual search in depth. In Vision

Research, 41 (25), 3487–3496).

Mou, W., McNamara, T. P., Valiquette, C. M., & Rump, B. (2004). Allocen-

tric and egocentric updating of spatial memories. Journal of Experimental

Psychology: Learning, Memory, and Cognition, 30 (1), 142–157.

Najemnik, J., & Geisler, W. S. (2008). Eye movement statistics in humans are

consistent with an optimal search strategy. Journal of Vision, 8 (2008),

4.1-14.

Nakayama, K., & Silverman, G. H. (1986). Serial and parallel processing of

visual feature conjunctions. Nature, 320 (6059), 264–265.

Neider, M. B., & Zelinsky, G. J. (2006). Scene context guides eye movements

during visual search. Vision Research, 46 (5), 614–621.

Neider, M. B., & Zelinsky, G. J. (2008). Exploring set size effects in scenes:

Identifying the objects of search. Visual Cognition, 16 (1), 1–10.

O’Keefe, J. (1976). Place units in the hippocampus of the freely moving rat.

Experimental Neurology, 51 (1), 78–109.

141



O’Keefe, J., & Dostrovsky, J. (1971). The hippocampus as a spatial map.

Preliminary evidence from unit activity in the freely-moving rat. Brain

Research, 34 (1), 171–175.

O’keefe, J., & Nadel, L. (1978). The hippocampus as a cognitive map. Oxford:

Clarendon Press.

Olejarczyk, J. H., Luke, S. G., & Henderson, J. M. (2014). Incidental memory

for parts of scenes from eye movements. Visual Cognition, 22 (7), 975–995.

Oliva, A., & Torralba, A. (2006). Building the gist of a scene: the role of global

image features in recognition. Progress in Brain Research, 155, 23–36.

Olson, I. R., & Chun, M. (2002). Perceptual constraints on implicit learning

of spatial context. Visual Cognition, 9 (3), 273–302.

Park, S., Konkle, T., & Oliva, A. (2015). Parametric Coding of the Size and

Clutter of Natural Scenes in the Human Brain. Cerebral Cortex, 25 (7),

1792–1805.

Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics:

transforming numbers into movies. Spatial Vision, 10 (4), 437–442.

Pereira, E. J., Liu, Y. Q., & Castelhano, M. S. (2014). Inhibition of attention

to irrelevant areas of a scene during visual search. Journal of Vision,

14 (10), 371–371.

Pinheiro, J. C., & Bates, D. M. (2000). Statistics and Computing. Mixed-

142



Effects Models in S and S-Plus. Springer-Verlag, Berlin, D.

Plank, M., Snider, J., Kaestner, E., Halgren, E., & Poizner, H. (2015). Neu-

rocognitive stages of spatial cognitive mapping measured during free ex-

ploration of a large-scale virtual environment. Journal of Neurophysiology,

113 (3), 740–753.

Platt, M. L., & Glimcher, P. W. (1999). Neural correlates of decision variables

in parietal cortex. Nature, 400 (6741), 233–238.

Potter, M. C. (1976). Short-Term Conceptual Memory for Pictures. Journal of

Experimental Psychology: Human Learning and Memory, 2 (5), 509–522.

Rao, R. P. N., Zelinsky, G. J., Hayhoe, M. M., & Ballard, D. H. (2002). Eye

movements in iconic visual search. Vision Research, 42 (11), 1447–1463.

Rolls, E. T. (1999). Spatial view cells and the representation of place in the

primate hippocampus. Hippocampus, 9 (4), 467–480.

Rothkopf, C. A, Ballard, D. H., & Hayhoe, M. M. (2007). Task and context

determine where you look. Journal of Vision, 7 (14), 16.1-20.

Schindler, A., & Bartels, A. (2013). Parietal cortex codes for egocentric space

beyond the field of view. Current Biology, 23 (2), 177–182.

Slone, E., Burles, F., & Iaria, G. (2016). Environmental layout complexity

affects neural activity during navigation in humans. European Journal of

Neuroscience, 43 (9), 1146–1155.

143



Schultz, W., Tremblay, L., & Hollerman, J. R. (2000). Reward processing in

primate orbitofrontal cortex and basal ganglia. Cerebral Cortex, 10 (3),

272–284.

Smith, A. D., Hood, B. M., & Gilchrist, I. D. (2010). Probabilistic cuing

in large-scale environmental search. Journal of Experimental Psychology:

Learning, Memory, and Cognition, 36 (3), 605–618.

Solman, G. J. F., & Kingstone, A. (2014). Balancing energetic and cognitive

resources: Memory use during search depends on the orienting effector.

Cognition, 132 (3), 443–454.

Solman, G. J. F., & Smilek, D. (2012). Memory benefits during visual search

depend on difficulty. Journal of Cognitive Psychology, 24 (6), 689–702.

Stensola, H., Stensola, T., Solstad, T., Frøland, K., Moser, M.-B., & Moser,

E. I. (2012). The entorhinal grid map is discretized. Nature, 492 (7427),

72–8.

Strange, B. A, Witter, M. P., Lein, E. S., & Moser, E. I. (2014). Functional

organization of the hippocampal longitudinal axis. Nature Reviews Neu-

roscience, 15 (10), 655–669.

Sulpizio, V., Boccia, M., Guariglia, C., & Galati, G. (2016). Functional con-

nectivity between posterior hippocampus and retrosplenial complex pre-

dicts individual differences in navigational ability. Hippocampus, 26 (7),

841–847.

144



Tatler, B. W., Hayhoe, M. M., Land, M. F., & Ballard, D. H. (2011). Eye

guidance in natural vision : Reinterpreting salience. Journal of Vision,

11 (5), 1–23.

Tatler, B. W., & Tatler, S. L. (2013). The influence of instructions on object

memory in a real-world setting. Journal of Vision, 13 (2), 5.

Taube, J. S., Muller, R. U., & Ranck, J. B. (1990). Head-direction cells

recorded from the postsubiculum in freely moving rats. I. Description

and quantitative analysis. Journal of Neuroscience, 10 (2), 420–35.

Tolman, E. C. (1948). Cognitive maps in rats and men. Psychological Review,

55 (4), 189–208.

Torralba, A., Oliva, A., Castelhano, M. S., & Henderson, J. M. (2006). Con-

textual guidance of eye movements and attention in real-world scenes:

the role of global features in object search. Psychological Review, 113 (4),

766–786.

Treisman, A. M., Gelade, G., Columbia, B., & Nagle, M. (1980). A Feature-

Integration of Attention. Cognitive Psychology, 136 (1), 97–136.

Tse, D., Langston, R. F., Kakeyama, M., Bethus, I., Spooner, P. A., Wood,

E. R., Witter, M. P., & Morris, R. G. M. (2007). Schemas and memory

consolidation. Science, 316 (5821), 76–82.

Ulanovsky, N., & Moss, C. F. (2007). Hippocampal cellular and network

145



activity in freely moving echolocating bats. Nature Neuroscience, 10 (2),

224–233.

van Buuren, M., Kroes, M. C. W., Wagner, I. C., Genzel, L., Morris, R. G.

M., & Fernández, G. (2014). Initial investigation of the effects of an

experimentally learned schema on spatial associative memory in humans.

Journal of Neuroscience, 34 (50), 16662–70.

Vass, L. K., & Epstein, R. A. (2013). Abstract Representations of Location and

Facing Direction in the Human Brain. Journal of Neuroscience, 33 (14),

6133–6142.
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