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Abstract

Strategic Elements of Route Choice
by
Thomas James Pingel

While digital navigation assistants have improved greatly since the mid-1990s, most
systems still produce a single route based on extremely limited criteria. Performance
and user satisfaction could be improved by better incorporating individual strategies
into route-selection algorithms. The concept of strategy as it pertains to navigation is
clarified and conceptually tied to attitudes about risk.

A questionnaire was

developed to measure strategic disposition and attitudes about risk. In addition, three
experiments were conducted to determine the role of strategy in search and routefinding tasks. Attitudes about risk were good predictors of strategic search and
obstacle avoidance, while environmental spatial ability and strategic disposition were
good predictors of symmetric travel behavior. Increased scale of problem spaces
resulted in an increased likelihood of strategic search behavior but at a marginally
decreasing rate. Taken together, these experiments reveal how foundational issues of
strategic disposition and orientation toward risk manifest in wayfinding behavior.
Researchers are encouraged to evaluate strategy in light of individual goals, and to
consider minimization in the variability of the result as a likely objective, rather than
simply

analyzing a strategy in terms of its effect on central tendency.
viii
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1. Introduction
Digital navigation systems are becoming ubiquitous. They are often purchased as
stand-alone units for automobiles, and are increasingly integrated into cellular
telephones. These single-purpose geographic information systems utilize the global
positioning system (GPS) to establish the location of the user, while using highly
detailed route information to provide turn-by-turn instructions for following
(typically) least-distance or least-time routes for automobile drivers.
The favorable consumer response for these items suggests a usefulness beyond
mere gimmickry. Routing algorithms are now capable of calculation (and on-the-fly
recalculation) of routes based on the most important user criteria. GPS enabled
smartphones can and do relay position and velocity information to central servers
that aggregate participants’ data to produce to-the-minute descriptions of traffic
patterns along primary and secondary road networks, and use these estimates to
create and revise routes based on anticipated travel times.
Digital navigation systems have indeed come a long way since the Internet-based
applications in the mid-1990s, but they can be improved still further by determining
routes that fit the way that individuals wish to travel. While people overwhelmingly
prefer “fast” routes, they often have secondary goals as well. Individuals have very
different attitudes toward risk that impact their willingness to try alternative routes.
The techniques and heuristics available to meet their goals also vary widely among
individuals. The combination of goals, attitudes about risk, and heuristics represents
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the strategy of the individual with respect to wayfinding. Next generation digital
navigation systems could be improved if they factored users’ strategies into routeselection algorithms.
Recent work has improved the capacity of algorithms to find routes that are
simple, rather than merely least-distance or least-time. Based on the work of Mark
(1986), Duckham and Kulik (2003) created an algorithm that determines simple
routes based on interactions with various types of intersections. Richter and
Duckham (2008) refined the algorithm by selecting routes based on the simplicity
with which instructions can be described for a route. Much empirical work remains
in the assessment of the degree to which these types of simple routes correspond to
the simple routes that humans would select for themselves or others. Still, they
provide an important link between the strategic factors discussed in this study and
the implementation of these factors in real navigation systems.
This research was undertaken to clarify the concept of strategy in navigation, to
develop and test a metric by which elements of strategy can be measured empirically,
and to use these metrics to better understand both search and route-finding classes of
wayfinding behavior. The lessons from this empirical work are then summarized to
provide a mechanism by which the strategic approaches of individuals can be
incorporated into automated route-finding processes.
The emphasis of empirical testing for these metrics is pedestrian travel.
However, many of the same strategic elements that are considerations for one mode
of travel apply to other modes as well. Though different goals and restrictions of
2

movement among media clearly influence route-choice, evidence is presented that
suggests that fundamental characteristics of attitudes about risk and the degree to
which subjects approach navigation problems strategically are consistent within the
individual, regardless of the mode of travel.
The explicit goals are to:
1. Clarify the concept of strategy at it pertains to wayfinding.
2. Investigate the role of vision in strategy formulation on search tasks.
3. Create a questionnaire to identify strategic disposition and affinity for risktaking in wayfinding contexts.
4. Identify points of similarity between pedestrian and driving strategies.
5. Investigate the role of scale on search strategy.
6. Explain wayfinding behavior in terms of environmental spatial ability,
strategic disposition, and affinity for risk.

Chapter Two of the thesis undertakes to clarify the concept strategy as it pertains
to wayfinding. One key consideration when studying strategy in wayfinding is a
separation of the concepts of goals, preferences, plans and heuristics. The notion of
individuals as rational agents and satisficers is examined, particularly as it relates to
the relative importance of improving mean performance and to reducing variability
of performance. Finally, the chapter summarizes and analyzes various heuristics and
techniques used in search and route-finding navigation tasks.

3

Chapter Three presents the result of a study that investigated the role of strategy
in an indoor search task. The study builds upon the work of Tellevik (1992) and Hill
et al. (1993) who examined the role of search and memorization strategies on object
location learning and search efficiency. While these and other studies have used
blind and blindfolded sighted individuals as searchers, this experiment allowed for
unblindfolded sighted individuals to search as well, as participants searched for
locations in the room that were not marked with physical objects. Instead, a network
of laser sensors tracked the movement of subjects and triggered an audio cue when
they reached particular locations. The experiment sought to explain how different
vision conditions (sighted and two degrees of blindfoldedness) enabled or precluded
search and memorization strategies, and how these strategies impacted search
efficiency and object location learning.
Qualitative data obtained from post-task interviews with participants in the
indoor search study provided guidance for the construction of a questionnaire that
captured the strategic disposition of an individual toward navigation problems. A
second series of questions was designed to mirror the methodology of Kahneman and
Tversky (Kahneman & Tversky, 1979; Tversky & Kahneman 1981) in order to
capture risk-taking attitudes of subjects in pedestrian, driving, and parking
wayfinding contexts. Hochmair’s (2004) classification of wayfinding criteria was
used to gather information about preferences for route-attributes in pedestrian and
driving contexts. The questionnaire was administered to subjects who participated in
a second search study and in a route-finding study. The data obtained from the
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questionnaire were used to develop indices to quantify strategic disposition and risktaking attitudes in wayfinding contexts. The general analysis of the complete set of
questionnaire data is presented in Chapter Four.
A second search study - which was identical in structure to the indoor search
study, but took place outdoors – examined the role of scale in strategic search.
Traversing larger spaces requires more effort and time, and these costs were
hypothesized to result in more strategic search behavior, and a reduction in
memorization efforts. The effect of scale was quite pronounced, and was shown to
relate not to environmental spatial ability or strategic disposition but to orientation
toward risk. These results are presented in Chapter Five.
One revealing aspect of human wayfinding behavior is route asymmetry, or the
change in route selection based on direction of travel. That humans often do not
travel from A to B via the same route that they take from B to A is particularly
interesting as it highlights the importance of perspective on the route-finding process.
Previous work on route asymmetry (Golledge, 1995b; Bailenson, Shum & Uttal,
1998) has emphasized how heuristics account for this effect; this study emphasized
the importance of environmental spatial ability, strategic disposition, and attitudes
about risk as influences that lead to route asymmetry. In addition, the study
investigated the prevalence of variability in route-selection (regardless of direction of
travel) and an alternative hypothesis that asymmetry can be explained partly in terms
of improved rather than simply different routes. The results from the asymmetry
study are presented in Chapter Six.

5

The empirical work presented in the thesis is intended to provide a solid
foundation from which individual differences related to strategy can be incorporated
into digital navigation systems. Chapter Seven provides an account of how the
results of these studies can be used to refine personal navigation technology and to
make them more responsive to users. Chief among the arguments in favor of this
position is the fact that there is often more than one reasonable route to a destination.
These alternatives could be presented to the user, and the pattern of choices that
result could be combined with stated preferences to develop profiles. Nextgeneration digital navigation systems could utilize such profiles to ultimately provide
better routes, where better routes are not merely those that are shortest-distance or
shortest-time, but those that more completely match a user’s own preferences,
abilities, and strategic disposition.

6

2. The Concept of Strategy in Navigation
2.1 Aids to Navigation as the Context of Research
Navigational aids are artifacts that are used to store information about the
environment. They are helpful as surrogates to memories of places, since it is
difficult to accurately store very detailed environmental knowledge. Additionally,
they often provide a first look at places that the traveler has never been. In this
sense, they encode the experiences of others, often a great many others. Navigational
aids may provide more abstract information that helps the traveler locate and orient
himself, or plan his movement through the environment. It is in this sense that
compasses, astrolabes, sextants, and global positioning systems are useful; they
allow the individual to view herself in terms of coordinates or directions (an
objective location), without by themselves providing place information (a subjective
location).
Perhaps the most well known, and most frequently used navigational aid is the
map. Maps moved from analog to digital storage with the advent of computers.
They are often stored in image-based formats that are nothing more than digital
copies of paper maps. Since the 1960s, digital maps have also been stored in
Geographic Information Systems (GIS). These GIS represent different kinds of
geographic information as layers. Layers can be combined in a variety of ways to
produce map-like images on the computer screen, and a variety of operations can be
used to produce new information from existing coverages.
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Recently, GIS have been used as the basis for digital navigational assistants.
Spatial databases of road networks are used to generate route directions and maps for
travelers. While these services were initially offered in distributable media formats
like diskettes and compact discs, the widespread societal adoption of the Internet
allowed for online-based navigation to flourish. GIS were also combined with highly
accurate global positioning systems, digital compasses, and inertial sensors to
provide real-time updating of position and orientation on digital maps. These
systems were initially used on aircraft and marine ships, but were also quickly
adopted for land-based vehicles as well. Today, digital navigation systems are
increasingly available to the general public in personal vehicles and for outdoor
recreational uses. While use of these digital navigation aids continues to increase,
there is still much work to do in primary research on human computer interaction and
other cognitive issues as well as more applied work in increasing the capabilities of
the navigation systems.
The current pattern of navigation system software requires a destination and a
start point. In many cases this start point is provided automatically by Global
Positioning Systems (GPS) or other locating technology (e.g., cellular tower
triangulation or through other wireless networks). To this, users supply a minimum
set of criteria. This often involves some expression of shortest distance, shortest
time, or road type preference (e.g., the “Avoid Freeways” criterion in Google Maps
route planning software). Typically these criteria are few in number and are not well
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interrelated. Ultimately, these criteria are combined with road network information
to provide a single route.
While this methodology often provides good routes, an improved methodology
could provide better ones. Firstly, better incorporation of user strategies and route
preferences would allow for increased specifications for routes that may satisfy users
better. Second, locating technology (e.g., GPS) could be used to generate track
histories that could be interpreted to infer subjects route criteria. These criteria may
well be different from and just as valid as the expressed preferences that the users
directly provide. Both types of information (observed and expressed preferences)
could be combined to produce routes. Third, while most navigation software
provides a single best route, there may be several routes that are nearly as good with
respect to the preferences used in the calculation. Users could be presented with a
set of these near-equivalent routes from which they could choose for themselves
which one to use. This choice, when combined with observed behavior and stated
preferences, could be used to further drive the development of a “strategic profile”
for each individual user. In any case, while navigation software has come a long way
in an amazingly short time, there are still more improvements that can be made. This
research is intended to provide a few of the keys for the continued development of
better route-planning software.

9

2.2 The Key Elements of Strategy
As the purpose of this research is to uncover the role of strategy in the geospatial
domain, especially as it affects navigation and wayfinding, it is worthwhile to first
consider the concept of strategy in the abstract. After clarifying the concept of
strategy, we discuss general epistemological and methodological issues about how
others’ strategies can be known and measured.
In its most general sense, strategy is a method or plan directed to achieve a goal.
Within the realm of child psychology and development, Siegler incorporates this
general sense and uses it to describe any number of problem solving methods of
children (Siegler, 1991). Siegler specifically defines strategy as, “any procedure that
is nonobligatory and goal directed” (Siegler, 1989: 11). The use of the term
nonobligatory is aimed at limiting strategy to contexts in which there are alternative
means of accomplishing an objective. Strategies, in this particular usage by Siegler,
may be consciously or unconsciously formed. He differentiates strategies from
plans, which are used to describe strategies that are consciously formulated.
In another instance he borrows the definition offered by Naus and Ornstein as
“task-appropriate cognitive or behavioral activities that are under the deliberate
control of the subject and are employed so as to enhance memory performance”
(Naus and Ornstein, 1983, p. 12 quoted in Siegler, 1991). It should be noted that
Naus and Ornstein adopt a definition of strategy that is deliberate, not automatic
(terms that Naus and Ornstein explicitly contrast in their discussion of strategy).
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The incorporation of the idea of forethought into the definition of strategy is true
to the original Greek usage of strategos, a term for the office or command of the
general of an army (Oxford English Dictionary). In military science literature,
strategy is reserved for relatively larger-scale methods to achieve some high end. In
this sense strategy is related to but differentiated from tactics, plans that apply to
immediate ends and to maneuver.
Like many conceptual definitions, it may not be worthwhile to exhaustively
define the term strategy such that in every instance a plan, method, or procedure (in
their most general sense) can be classified with certainty as being either a strategy or
not. I believe it is more worthwhile and useful to describe the elements that typically
constitute that which is strategic, and admit that plans, methods, and procedures may
be more or less strategic in their character.
For the two most central elements of strategy, we return its most general usage:
the method or plan and the goal. Setting aside for a moment the intricacy of the
cognitive and behavioral activities that constitute the method, such methods must
ultimately be directed towards some end. As Siegler points out, this distinguishes
strategies from activities that are not intended to accomplish goals. It does not,
however, distinguish them from those that “accomplish goals other than the ones
intended” (Siegler, 1989, p. 10). The formulation of a strategy is fundamentally
about prediction, not about outcome. Strategies may, and often do fail.
Another element of strategy is that of choice. Choice is a decision among
alternatives. Siegler explicitly differentiates strategies, which involve choice, from
11

procedures, which do not (Siegler, 1989). This emphasis on choice carries through
to the discipline of game theory. Game theory uses the term player to describe the
decision-maker. In the following discussion, I will use the broader term “agent” to
describe the decision-maker, following the usage in computer science, philosophy,
economics, and other social sciences.
One consistent element of strategies is that they are schematic. While a strategy
dictates an agent’s behavior in response to contextual or environmental occurrences,
it does not necessarily explicitly do so – the particular choices within the context of a
game, problem, or other situation are typically derivative of the overarching strategy.
This again involves the distinction between strategy and tactics. Both have similar
characters, but the purpose of strategy is to determine the general plan, not the
implied particulars. Strategy thus varies at the scale of its application. The
schematic nature of strategies is what enables agents to apply strategies to new
situations for which they cannot predict many particular events or occurrences. It is
also the general and schematic nature of strategy that enables a single strategy to be
used for many different problems of the same type and often across multiple
domains.
Strategy also varies in degree of latency. Latency in this context is the degree to
which an agent creates or maintains the strategy in the conscious mind. In many
cases, strategies are completely latent – the agent may not know what particular
approach it has when solving a problem, and yet problems are solved in consistent
ways. In other cases, strategies may be latent, but agents may be able to account for
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them when asked to do so. Finally, a strategy may be conceived and held in
consciousness at all times. Since conscious strategies are more in line with both
common usage and the concept origin, and since many researchers reserve the term
strategies for those that are deliberate, it seems easiest to say that the more a
problem-solving method has its origin and is maintained in the conscious mind (i.e.,
the less latent it is), the more strategic it is.
The schematic and latent elements of strategy are highly related. In the strict
game theory sense, a strategy is “a complete plan of action that describes what a
player will do under all possible circumstances” (Davis, 1997). In this sense even a
simple game like tic-tac-toe with only 2 players and 9 game spaces, has 255,168
different games (though only 26,830 if you consider board space symmetry). More
generally, strategies contain implied responses to stimuli that are never completely
anticipated by the agent. We call these latent predictions the implied conditionals.
Strategies vary in degrees to which they are externalizable. In some cases, the
agent may be able to completely and accurately describe a given strategy. In the case
of game theory, strategies are not only externalized, they are highly formalized as
well. In other cases, while the agent believes it is following a strategy it may be
unable to adequately externally account for that strategy. This may be due to the
strategy itself, the abilities of the agent, or the environment in which the agent exists.
Highly latent strategies may not be externalizable by the agent at all. In these cases,
the external manifestation of the strategy (i.e., the relevant behavior) may be the only
indication of the agent’s strategy. Hill et al. (1993) found that the observed use of

13

strategy generally corresponded well to an individual’s ability to externalize which
strategies he or she used, with one glaring exception: while the best performers on
the spatial task under study were more likely (than the worst performers) to use
highly systematic grid-like search patterns, none described his or her search pattern
in that way.
The final hallmark of strategic thinking is its scope. Strategic thinking involves
assessing the impact of a course of action on a variety of variables. In American
military terms, strategy is the province of generals. The connection to the term
general, meaning the whole considered apart from particulars, is not a mere
coincidence. In the route choice context, it means that the individual considers the
choice as it impacts all other route choice criteria. Taken further, it means that the
individual considers the impacts of his or her own choice on other individuals. For
instance, when driving a vehicle, an agent may be presented with a choice that has
benefits to his or her own outcome but negatively impacts the entire road system
(e.g., moving the car into the middle of an intersection, thereby blocking it for others,
but enabling the driver to move through a traffic light sooner). Consideration does
not necessarily mean behaving so that others benefit. It merely means that, for good
or ill, the repercussions of an agent’s action are weighed inasmuch as they impact
other people or things.
From one perspective, strategic thinking then abounds. Interpreted as Siegler
interprets it, nearly all thinking is in some way strategic. Put another way, strategy is
involved in any decision involving choice, and thus humans employ strategies all of
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the time. Most people, however, will recognize that the level of strategic thinking
varies greatly in different tasks. Choosing what to have for dinner is in one way a
strategic decision, but most would agree that it is not typically as strategic a decision
as deciding where to locate your business. Commercial puzzles and games are often
classified as either “strategic” or not. So, while it makes sense to say that all
decisions are in some way strategic, it also makes sense to talk about some decisions
and activities as being more strategic or requiring more strategic thinking than other
decisions and activities.
In addition to the elements of strategic thinking outlined above, there are two
connected attributes. One is the frequency with which people actively engage in
strategic planning. This measure describes how often people actively (i.e., not
latently) engage in strategic thinking. It includes the propensity of an individual to
spend greater time and mental effort in solving a particular problem and also how
often an individual would choose to solve such problems. An example of the former
might be a relative measure of time someone would be willing to devote to a
problem before they “give up.” An example of the latter might be the frequency with
which they play strategic games or puzzles. Related to the measure of frequency of
strategic thinking is an individual’s affinity for strategic thinking. While it is likely
that an affinity for strategic thinking will result in more frequent strategic thinking
this need not necessarily be the case.
People commonly, perhaps ubiquitously, employ strategies as part of their
decision-making processes. In this section I have identified several key elements of
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strategies: their schematic nature, their degree of latency, the degree to which they
can be externalizable, and the frequency and affinity with which people engage in
strategic planning. All of these factors affect the degree to which planning, heuristic
development, and ultimately choices are strategic. It is important to recognize that
while strategy pervades all decision-making, it also applies to some kinds of decision
making more than others. In particular, the more general and conscious is the
planning, the more strategic in character it is.

2.3 Rational Behavior, Optimization and Satisficing
In the context of wayfinding, Golledge (1995b) makes the case that humans do
not behave optimally with respect to minimizing distance or time. Such optimality
in route determination is well advanced for agencies on whose livelihood efficient
use of space depends. Transportation logistics, in both theoretical development and
practical application, devotes a good deal of time, money, and human effort in
determining shortest path and least-cost routes. At the same time, human pedestrian
navigation is clearly sub-optimal with respect to only these variables (distance, time,
monetary cost). From this perspective, humans do not behave rationally: they do not
always take the shortest or quickest (or in a general sense, least costly) routes
available to them.
This interpretation of rationality is not the only kind of rationality, however.
Philosopher David Hume believed that rationality can only be evaluated within the
context of the goals of an individual. Reason, he argued, was “the slave of the
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passions” that informs one in the method and information necessary to achieve a
goal, but without the capacity to evaluate the goals themselves. This instrumental
view of reason and rationality eliminates the possibility of assessing behavior in
terms of rationality without knowing the aims and goals of the subjects. In the
wayfinding context, it is uninformative to describe an individual as “irrational” or his
or her behavior as “suboptimal” because one does not know what, exactly, the
individual is attempting to maximize or minimize.
In addition to these “economic” concerns of minimizing cost (in terms of time,
distance, physical effort, or any combination), Christenfeld suggests that wayfinding
patterns emerge at least partially as a result of minimizing mental effort (1995).
Christenfeld found that subjects, when asked to draw a route through a network of
“identical” options found that subjects preferred by far to continue moving in the
gfor same direction and to avoid turning early, even though any choice would result
in exactly the same over-network distance traveled. Given the simplicity of the
diagram through which they navigated (a regular, orthogonal network with only three
possible choices) it is unlikely that subjects believed that any choice was shorter than
the others (i.e., they understood that they were confronted with identical options).
This marked preference toward choosing the furthest or last choice led Christenfeld
to speculate that individuals were “putting off” the decision until the last possible
moment.
Whether Christenfeld’s speculations in this case are true or not, it seems
reasonable to assume that individuals quite often will make decisions in part that will
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result in less mental effort being required. As a result, the difference may be made
up in other areas. For instance, the mental effort required to distance-optimally solve
a navigation problem may far outweigh the costs of physically traversing the space.
The law of diminishing returns applies to mental expenditures and their associated
benefits as much as it applies to any other economic consideration. Therefore in a
very real and wider sense, any given individual may well be choosing an overalloptimal navigation strategy, given limitations in mental processing: it just does not
make sense to spend too much time deciding how best to traverse a room. As the
costs of poor planning increase (as it does when traveling to a novel destination or
across greater distances) it becomes more important to plan one’s route.
In this sense, then, individuals are boundedly rational. They apply reason and
seek to optimize only to a given point or within specific contexts, while behaving
“irrationally” in other contexts. Kahneman, Tversky and colleagues, in the
development of Prospect Theory, propose that thinking of humans as boundedly
rational allows for more realistic interpretation and prediction of human behavior
(Kahneman and Tversky, 1979; Kahneman and Lovallo, 1993; Kahneman, 2003). In
previous work with navigation systems, there was evidence to suggest that humans
behave suboptimally with regard to navigation systems in that they only use such
systems as is minimally necessary to accomplish the immediate navigation goal
(Pingel and Clarke, 2005). Additional features went unused, even when subjects
rated such features as useful. This kind of satisficing behavior suggests that humans
probably balance a very large number of concerns, even within the limited context of
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the use of navigation systems. As a result, it is difficult to fairly evaluate human
performance as rational or irrational since it cannot be directly known which
variables are of importance to a given subject. Survey and interview processes may
help overcome this limitation, and analysis of spatial patterns can be improved by
sensitivity of the researcher to the issue of instrumental rationality.
2.4 Strategy in Search
Passini describes two principal types of wayfinding (1992). Search strategies are
applied to problems in which a goal is known but the location of that goal is not, and
existing environmental information is not sufficient to solve the problem. Access
strategies are used in cases when a goal and location are known, although the path to
that location is not. Environmental information may be accessed by direct (sensory),
indirect (memory), or inferential (mental manipulation) means. These two strategies
are the highest-level classification for entirely distinct kinds of route choice
problems. Wickens, Vincow, and Yeh (2005) echo Passini’s division of wayfinding
by tying searching to perception, cognition, and understanding, while traveling and
navigating are more action-related. Search strategies are discussed in this section,
while strategies involved with route choices are discussed in the next section.
Within the field of modern quantitative geography, Gould early on identified the
importance of analyzing how humans conduct spatial searches (1966). Even at the
time, the problem of search was increasingly related to information science and
graph theory. That association has continued to the present, where the domain of
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Search Theory largely concerns only the most abstract and mathematical of searches.
In contrast, Gould emphasized an exploration of the “decisions of men” or, more
broadly, of agents. Thus, the concern here is that of a theory of search behavior,
rather than a theory of search, proper.
Gould hoped to apply insights about sequential spatial searches to understand the
development of road networks in Africa. Sequential spatial searches are those in
which information obtained earlier in the search is used to modify the search pattern
(Gould, 1966). However, the emphasis on sequential indicates a separation between
types of searches in which an agent’s movement has a continuous history, and those
that more closely resemble a selection of the sequence of spatial sampling to
maximize utility and minimize cost (Allais, 1957).
Much of the early work on spatial search and evasion strategy originated in
response to World War II, and the problem of locating machines of war. Koopman
(1956a; 1956b; 1957) provided the mathematical basis for search in both real world
contexts and in information theory. Within real-world contexts, Koopman found that
the inverse of the cube of the distance between the searcher and the target was
proportional to the probability of detection for many types of distance-detection
schemes, including visual, sonar, and radar searches. This inverse cube law still
serves as the basis for modern search and rescue operations (Champage, Carl & Hill,
2003, National Search and Rescue Committee, 2000).
Koopman’s foundational work in search theory led to research into search games
within the discipline of game theory. One such spatial game is the so-called princess
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and monster game. Isaacs (1965, p. 349 – 350) formulated the game in this way:
“The monster searches for the princess, the time required being the payoff. They are
both in a totally dark room (of any shape), but they are each cognizant of its
boundary. Capture means that the distance between the princess and the monster is
within the capture radius, which is assumed to be small in comparison with the
dimension of the room. The monster, supposed highly intelligent, moves at a known
speed. We permit the princess full freedom of locomotion,” (1965, p. 349-350). The
solution to the problem involves choices of pattern of movement and velocity for
both the searcher and hider.
Gal (1979; 1980) described solutions to the problem in reduced abstract spaces
like networks, and suggested bounds for solution in two or more continuous
dimensions. Anderson (1981) analyzed the solution of mazes from a game theoretic
standpoint, where the solver is opposed to the maze designer.
An important element in search for stationary targets is the elimination of
searching the same space more than once. Truly random searches disobey this
central tenant, and as such are relatively inefficient. Given the relatively high costs
of conducting large-scale searches (or opposing military hardware, persons lost in the
wilderness, drug interdiction, or any other well-hidden object), many systematic
strategies of searching exist. Perhaps the most common of these is the parallel or
gridline search (Koopman, 1956b; Hill et al., 1993, Champagne, Carl, & Hill, 2003),
which is most useful when no information about the location of the target is known.
The Civil Air Patrol standardizes parallels for search along each 15-minute line of
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longitude and latitude in order to improve search and rescue coordination between
groups. Underwater, divers often use a length of line to maintain parallel lines in an
otherwise disorienting environment. The distance between parallels, or track
spacing, is determined by a detection function, which tends to be high near the
searcher and drop to zero some distance away from the searcher and is influenced by
detection method and other characteristics of the searcher, characteristics of the
target, and characteristics of the environment (National Search and Rescue
Committee, 2003). When the parallel search starts preferentially where the target is
most likely to be, it is known as a creeping line pattern (Carl, 2003; Conner, 2007).
When more specific information about the location of the target is known, an
improved strategy is to make an initial guess about the location of the target, and
make concentric squares or circles outward. This tends to concentrate the search in
the most likely areas first, leaving less likely areas last.
In conditions where detection is particularly difficult (i.e., where probability of
detection is significantly less than one, even at the maximum), repeated searches of
the same space are often justified. Jackstay searches – parallel underwater searches
guided by a rope line – are often repeated several times before the line is moved due
to the likelihood of a missed detection in a single pass (British Sub-Aqua Club,
2000). Similarly, a barrier search is used when a target is likely to pass through a
given space, or when the direction of drift is known, as in the case of rivers (Carl,
2003; Conner, 2007). Barrier search consists of one or more short segments over
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which all movement repeatedly occurs, trapping the target as it moves through the
patrolled space.
In many cases, large areas are subdivided into smaller spaces into which any of
the above systematic searches may be applied. These segmented spatial search
strategies may take a variety of forms, with sector searches and rectilinear
subdivisions most common. In addition, most of the above strategies assume
adequate personal or map-based knowledge of the area in question. When this is not
the case, perimeter searches are often quite valuable in learning the overall spatial
layout (Hill et al., 1993), and can be combined with inward spiraling square or
circular patterns to exhaustively search the space.
Thus far the consideration of search targets has been confined to targets whose
quality (as targets) is binary – things that either are or are not what we are looking
for. Early on, however, geographers turned their attention to an examination of
search as it relates to consumer behavior – searches for goods and services. In these
cases, the quality of the target varies, and the termination of the search itself depends
a great deal on issues of satisfaction (Golledge & Brown, 1967). Searches of this
kind also tend to be preferentially carried out in areas with which the searcher is
already familiar (Cyert & March, 1963). Hudson (1975) explicitly compared tradeoffs between distance-of-travel and the reduction of uncertainty implicit in consumer
types of searches involving recent migrants to an area. Hudson used shopping center
size as a proxy variable that was inversely related to uncertainty, and found that
while for individual shops distance overwhelmed uncertainty as a determinant in
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search behavior, at the shopping center level the reverse was true. Apart from very
interesting level-of-analysis concerns, these results suggest that the minimization of
uncertainty partially explains search behavior, especially when paired with the
observation of Cyert and March (1963) that searches tend to be preferentially
concentrated in familiar areas.
Tellevik (1992) explored the hypothesis, based on the work of Fletcher (1980;
1981), that systematic search strategies would improve learning of objects within a
space. To this end, ten blindfolded sighted subjects were asked to search a furnished
room (6.2 x 5.2 m) for four objects. Subjects completed the task twice, with the
objects and furniture moved between trials. Tellevik recorded the frequency of
parallel searches (which he called gridlike searches), perimeter searches, and
reference point usage, in which subjects used one object or a wall to help fix the
location of another object. It is difficult to evaluate how well the evidence supports
the hypothesis, given the presentation of the results. No direct measures of analysis
of variance are presented that include trial, strategy type, and spatial learning layout
procedures. Systematic search procedures were less frequent in the second trial, and
the results of two separate assessments of how well subjects learned the spatial
layout of the objects (based on strategy use) were mixed.
Hill et al. (1993) replicated Tellevik’s experiment to investigate strategies of
visually impaired subjects who were asked to search a similarly sized space (15 x 15
ft) for four objects. The strategies were coded in the same manner as Tellevik,
except that reference points were distinguished (object-to-object, object-to-wall, and
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object-to-start), and subjects completed only one trial. Subjects were evaluated on
their learning of the spatial layout through several pointing tasks, for which an
overall score of accuracy (average unsigned error) was recorded. These scores
served as the basis to isolate the top and bottom performing fifteen subjects, out of
an initial 65. Time to locate all four objects (with a maximum of seven minutes) was
recorded for each subject as well, as an indication of performance.
Good performers tended to report and were observed using more strategies as a
group than were poor performers, with the interesting exception that no one (good or
poor) reported using a parallel search, though such searches were actually conducted.
Good performers tended to complete the task in less time, while also tending to use
more reference point visits of every type. Poor performers used perimeter searches
relatively more often, while good performers were slightly more likely to use parallel
search strategies, though the differences between groups for these strategies appears
not to have been statistically significant. The frequencies for grid searches were
relatively low, with only about 30% of good performers and 10% of poor performers
using them.
Hill et al. (1993) hypothesize that systematic search strategies (e.g., gridline
searches) are most important to learn the layout of the space, and that there would be,
“little need to utilize the perimeter and gridline strategies because subjects [would
be] already familiar with the task and space and thus could quickly implement an
object-link type of strategy,” (Hill et al, 1993, p. 300). In addition to suggesting that
gridline and perimeter searches should be fewer in number on repeated trials, their
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position implies that sighted subjects looking for “invisible” objects would seldom
need to use systematic search strategies, particularly perimeter searches, since they
could initially and immediately perceive the size and shape of the space.
A second replication of the Tellevik (1992) experiment focused on the
differentiation of object-linking memorization strategies. Gaunet et al. (Gaunet,
Thinus-Blanc, 1996; Gaunet, Martinez, Thunis-Blanc, 1997) found that blindfolded
sighted subjects tended to use “back-and-forth” object-linking strategies (a series of
sequential visits between the same pair of objects), while early blind subjects were
likely to use cycles of visits, where each of the four objects was visited sequentially.
These cycles of visits led to poorer overall spatial layout learning when compared to
subjects that used back-and-forth object links.
Heth and Cornell (1998) describe the ways in which an understanding of lost
person behavior constrains search and rescue efforts to minimize search time and
cost and maximize the preservation of life. The use of a geographic information
system as an aid to planning and conducting a search allows for a non-uniform
treatment of a search area, so that simple spatial patterns, like the parallel search, can
be targeted (2007). Cornell and Heth point out that most search and rescue
operations are large enough to require complex sets of social and operational
hierarchies, and they explicitly compare these hierarchies to the naval navigation
teams described by Hutchins (1995). At the apex of the entire operation, search
coordinators ultimately define the strategy for searching, often using non-spatial
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information about the target (e.g., a determination that the target was interested in
photography, not fishing) to constrain the spatial search.
Reducing the mean (or median) cost of the search is clearly important to the
searcher. The systematic ways that have been devised to conduct a search largely
focus on segmentation (dividing the work into manageable pieces) and the
prevention of overly-redundant effort. A gridline or parallel search is useful, in large
part, because it is a simple pattern that prevents the same space being searched more
than once. All of these things lead to an overall reduction of the cost, as measured
by a reduction in the central tendency.
As important, though, is the reduction in the dispersion of the cost measure
enabled by a systematic search. Systematic search may well reduce the mean cost,
but it also makes the cost more predictable. In searches where lives are at stake, the
reduction of variance may be paramount, for the searchers may not care so much
what the mean solution time is as much as they care that it likely does not exceed a
given value – perhaps the amount of time that a person can likely survive in a given
context. While central tendency and dispersion often vary together for these types of
costs, it is helpful to recognize that the uncertainty associated with large variability is
often considered a cost of its own, and as such its reduction is a direct target of
strategic behavior.
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2.5 Strategy in Route Choice
Heuristics are a key way in which individuals reduce the complexity of difficult
problems that cannot be efficiently calculated. Many problems contain a large
element of uncertainty, and can therefore not be reliably calculated at all. A simple
example of heuristic for determining the quality of a good about which you are not
familiar is to use the price of that good as a proxy measurement. In this case, a
higher priced good would be assumed to be of higher quality. Heuristics are, in this
sense, strategies for approximating a solution over a wide set of problems. Bailenson
et al. (1998) suggest that human use of heuristics in wayfinding is an important
element of the wayfinding decision process. Heuristics manifest as general rules or
principles that people (consciously or unconsciously) follow when wayfinding.
Bailenson et al. (2000) explicitly equate heuristics with “strateg[ies] that people
employ to reduce processing demands” (p. 308, 2000).
There are several common heuristics to produce the best route (i.e., the route
with the highest utility). The first and most common heuristics to approximate the
route with the highest utility are shortest distance and least time (Golledge, 1995b).
Distance and time are difficult to directly calculate for geographic-scale routing
problems, even when travel is through a familiar area or when maps provide
information about the overall configuration of the space. As a result, even these
most general criteria are themselves approximated through the use of heuristics. One
example of a simple heuristic for approximating the best route is to choose the route
that is the straightest. Given a choice between nearly equidistant routes, people tend
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to choose routes with the fewest turns, bends, or curves partly because they tend to
assume that straighter paths are also shorter and faster (Bailenson et al., 2000).
Christenfeld (1995) claims that people utilize a principle that directs them to
follow a path that requires the least amount mental effort. As such, people tend to
choose either the first or last option out of a selection of turns that will all result in
the same distance traveled. In both maze-like and map-like presentations of the
problem, selection of the last option was preferred slightly over the first one.
Observation of pedestrians confronted with similar situations revealed a preference
for the last option over the first and second options, even though path lengths were
either the same or nearly so. Christenfeld argues that these selection patterns emerge
because individuals typically avoid the decision to turn until the last possible
moment. Christenfeld offers this explanation as speculative, and rightly so. The
process of decision making in a spatial context is not analyzed, and it is difficult to
assess in exactly what ways mental effort is minimized. Figure 2.1 is a reproduction
of Christenfeld’s maze.

Figure 2.1 –Maze used in Christenfeld (1995) study of selection among equivalent
alternatives.
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Two alternatives to explain Christenfeld’s results are the following. First, when
route planning in maps or simple map-like mazes, people may wish to maximize the
length of the longest straight segment. When traveling by automobile (and to a lesser
extent during pedestrian travel) it is costly to turn. Even when the number of turns is
the same, people may prefer longer straight routes because longer routes allow one to
“settle in” in a segment. This explanation is not necessarily at odds with
Christenfeld’s because the preference for longer straight routes may have at its core
the desire to create a long segment where one does not have to think about the
wayfinding task to a high degree.
It should be noted that straight segments are straight from a network perspective,
not a metric perspective. However, simple network expressions of the problem are
not sufficient to explain such choices, if only edges between nodes are assigned costs
of traversal. The cost to move from nodes A, B or D to C through I is higher if one
has to turn at I than if one can continue the same trajectory. Reorientation within a
node (i.e., turning) exacts a cost not normally assigned in simple weighted edge
models.
A local (versus global) interpretation of the problem explains why individuals
may exhibit a preference in Christenfeld’s maze for a route through Path A over Path
C. Both routes produce the same long segment with no significant decisions.
However, if decisions are made locally, then the cost at the first significant choice
point is higher to turn down A than to continue straight. Decisions are sequential,
even though the problem is appreciated globally. As a result, the highest cost is
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assumed later rather than earlier, and still produces the longest segment without
significant choice. It should be noted that these two heuristics combined produce the
results that Christenfeld observed, although a purely local decision process
(assuming costs later rather than earlier) would produce the same pattern alone.
Bailenson et al. proposed a heuristic which they initially termed road climbing
(1998) and later termed the Initial Segment Strategy (ISS) (2000). This heuristic
dictates that people will choose a route with an initial straight segment, where
straight does imply metric straightness with a minimum of turns and curves.
Preference is also indicated for longer rather than shorter straight paths. Bailenson et
al. (1998) present the results from two route-selection tasks using maps. In the first
task, subjects were required to select a route from three non-overlapping paths
marked on a map. Two paths were mirror images of each other: at one end the path
each had a number of twists and turns, while at the other end it was straight. The
third path had smaller undulations, but was ultimately shorter. One example of this
is shown in Figure 2.2.
In interpreting the results, it is important to keep in mind that the shortest
path is likely the single strongest selection criterion. It is not surprising, then, that in
three presentations of maps and paths, the shortest path was chosen more frequently
than any other alternative. In presentations A and B, where Road Climbing (RC) /
Anti-Road Climbing (ARC) paths were more nearly equal to the shortest distance
path, the shortest distance path was chosen 55% of the time, while RC/ARC paths
(combined) were chosen 45% of the time. Presentation C featured RC/ARC paths
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that were twice as long as the shortest distance path. In this presentation, the shortest
distance path was chosen 91% of the time.

Figure 2.2 – Map used in Bailenson et al. (1998) to test for road climbing heuristic.

Although the authors claim evidence for the initial straight segment strategy, the
data from this formulation of the experiment do not provide support for this
heuristic. Preference for initially straight segments were exactly equal to preference
for terminally straight segments on Map A versus Map B (27% to 18% in favor of
initially straight segments in Map A, 27% to 18% in favor of terminally straight
segments in Map B).
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More support for the initial straight segment heuristic comes from a variation of
the experiment in which subjects were presented with maps where routes crossed
through several subregions denoted on the map by different shading and textures.
While subjects using Map C (where RC/ARC paths were twice as long as the
shortest distance) still overwhelmingly chose the shortest path, preference for routes
with initially straight segments for Maps A and B were markedly stronger. Averaged
over both Maps A and B, 58% chose RC/ISS paths, 17% chose ARC paths, and 25%
chose the shortest distance path. It is suggested that subjects were compelled to
attend more strongly to initial conditions by the division of the space into regions.
Bailenson et al. conducted a similar experiment using simplified maps of college
campuses. Subjects completed routes for two campuses (one familiar, one
unfamiliar) and for one shorter trip and one longer trip on each map. Short trips
were found to produce little asymmetry between A->B and B->A routes for either
map. Longer routes produced greater asymmetry, probably as a function of the
greater choices afforded by longer routes. Longer routes tended to produce greater
asymmetry, but the choice to analyze the results in terms of the longest segment
traveled makes in depth analysis difficult. For instance, for the familiar map,
subjects tended to choose one road for a trip from A to B (Sheridan Rd.) and a
different road for the trip from B to A (Orrington Rd.). While this demonstrates
asymmetry, it does not, as the authors claim, provide evidence for an initial straight
segment heuristic. Sheridan contains only one metrically long straight segment, and
it occurs at the end. This makes Sheridan an ARC path. The reverse trip using
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Orrington does fit the ISS heuristic, but the fact that they both do not either implies
that the heuristic is only occasionally used, or another heuristic is being used.
In this case, an important consideration is what point on the network subjects
identify as the start. On a highly generalized map featuring only building outlines
and road networks, it is difficult to definitively tell where a building entrance is
located. Possible heuristics to guess the entrance include (a) the face nearest to a
road or (b) the center of the longest side facing a road. In the case where a building
is near an intersection, the guess as to the main entrance of the building may strongly
influence which road the subject starts from, and therefore which initial segment they
choose. In some cases, choice of the start point may completely exclude concerns
related to the building’s entrance.
This point is nontrivial with regards to Bailenson et al.’s (1998) experiments.
Figure 2.3 shows the maps presented to subjects. The Lutheran Center and the
Traffic Institute provide examples of heuristics (a) and (b) (respectively) from the
previous paragraph. However Searle Halle and Building 420 are two buildings that
could well have had two different start points. Searle Hall has a long southern face
suggesting an entrance there, but is of nearly equal distance to both roads making a
start point ambiguous. Those who consider an entrance facing Orrington Road could
well choose very different paths than those choosing a start point on Emerson Road.
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Figure 2.3 – A second map used in Bailenson et al. (1998).

The results of Bailenson et al.’s (1998) map based experiments could just as
easily be interpreted as providing evidence for a heuristic that chooses to assume
equivalent costs later rather than sooner. The consensus route from the Traffic
Institute to the Lutheran Centre follows Sheridan road. At the final significant
choice point, subjects could chose to continue straight on Sheridan road or turn left
following Emerson and then Orrington Roads. That they tend to continue straight
(even though the route resulting from turning left is slightly shorter) indicates that
subjects make a local cost calculation. Assuming costs later rather than sooner is not
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necessarily incompatible with an ISS heuristic – in fact, it helps explain why the ISS
should occur.
The later work of Bailenson et al. (2000) highlights the importance of
ascertaining the motivation of the subject when analyzing routes. Subjects do not, in
the absence of instructions, always choose routes that are the shortest in distance or
fastest in time of expected travel. Rather, they may well optimize on other factors.
In the absence of real and significant costs (as in route choice on maps or map-like
drawings) any reasonably short, reasonably fast route may be sufficient. Subjects in
this case were much more (61%) likely to choose the shortest route on a map when
instructed to do so in a timed condition. In the absence of time constraints, subjects
were even more likely to choose the shortest route regardless of instruction.
Hochmair and colleagues describe the least-angle (LA) strategy and its impact on
route selection (Hochmair and Frank, 2000; Hochmair 2005). Persons utilizing this
strategy will tend to choose roads that have the least angle to the (believed) bearing
of a target. Errors in judgment about the direction of the target will manifest in
incorrect segment choices. The LA strategy is directed at finding a shortest or fastest
time route, and is used in cases where persons lack sufficient additional knowledge
about the overall route (as they would have in travel over familiar territory or when
maps or signage are present).
ISS and LA are different partly in the degree to which they operate globally
versus locally, although both heuristics produce locally weighted decisions. The
term “global” as used here refers to the completeness of the information that an agent
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has about the overall configuration of the environment surrounding the route-choice
problem space. It may be available perceptually, as it is when looking at a map, or it
may be available via a well-developed cognitive map of the environment acquired
through direct experience. Local, in contrast, indicates a relatively complete
knowledge of only part of the problem space.
Tests of the ISS were map based, and subjects had complete (but deceptive)
global information that made accurate calculation of distance difficult. So, although
users had relatively complete information with which to solve the problem, the ISS
strategy indicates a local (indeed, only initial) choice. Even so, global information
provides temperance to the strategy in that the employment of ISS was more frequent
when distance was harder to judge, and less frequent when shortest paths were more
obvious. LA assumes the person has no global information with which to solve the
problem except for a belief about the direction in which the target lies. As a result, it
may be considered among the most local of all wayfinding heuristics.
Hochmair and Karlsson (2005) compared LA and IS strategies in the context of
initial route choices presented on a computer screen. They systematically varied the
length of the initial segment as well as the angle of deviation away from distant but
visible target. They found that in many cases, people preferred shorter initial
segments because longer segments were thought to increase uncertainty, while
shorter paths allowed for a correction in course to be made sooner. The comparison
of LA to ISS is somewhat specious, given that the segments were always straight and
only their length was varied. Still, these results compare interestingly to Golledge
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(1995b) who found that subjects tended to rate taking the longest leg first more
highly than taking the shortest leg first.
Hochmair and Karlsson (2005) posit that angular deviation and length of the
initial segment combine in what they term the minimum triangle path strategy. This
strategy selects for the initial path that produces the shortest length of the initial
segment plus a segment of a straight line drawn from the endpoint of the initial
segment to the target. A comparison of the average ranking for segments and those
predicted by the minimum triangle path heuristic shows a strong correlation (r=.99,
p<.001). While this mechanism may work well for straight segments, distance is
much more difficult to measure when paths are curved. In these cases, ISS may
feature more prominently as a heuristic.
An alternative combinatory heuristic for angle and route length may be the
estimation of area for a region bounded by a straight line to the destination and the
route. In cases where overall curvature of two routes is comparable but significant,
area could conceivably be used to approximate distance. For Hochmair and
Karlsson’s triangle completion, area approximates distance well (r=.91), and
correlates better to subjects’ preferences for segments (r=.88, p<.001) than does
nearness to destination (r=.67, p=.003).
That nearness to destination correlates relatively poorly to the averaged results is
interesting given the wide range of problems for which agents are known to choose
locally optimal solutions to arrive at near optimal global solutions. This approach to
solving routing problems is known variously as a greedy or nearest neighbor
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algorithms or locally minimizing-distance heuristics. Hayes-Roth and Hayes-Roth
(1979) posited this heuristic as important to human route planning, while Gärling
and Gärling (1988) reported empirical evidence of the use of this heuristic by
pedestrians in shopping malls. Such locally based, distance-minimizing techniques
typically work well for small problem sets, but may produce highly suboptimal (or,
in some cases least optimal) solutions for large problem sets. As an example, in
Hochmair and Karlsson’s (2005) two segment route choice problem, the overall
shortest path was only somewhat correlated to the initial segment indicated by the
greedy heuristic (r=.60, p<.001).
The results of Wiener and Mallot (2003) provides mixed evidence for the
principle suggested by Bailenson – that individuals choose routes to leave regions as
quickly as possible. While Bailenson et al. (1998; 2000) found a pronounced
preference on map-based tasks to leave the start region quickly, Wiener and Mallot
found that subjects tended to remain in the start region longer on field-based tasks
when segments were of equal length. Rather than leave regions quickly, in this
experiment subjects tended to choose routes that crossed fewer region boundaries. A
second experiment in the same study found that subjects traveling from a place in
one region to a single adjacent region moved into that region as soon as possible.
Wiener and Mallot term this the fine-to-coarse heuristic and suggest that individuals
plan a route to the region containing the target, and only once inside that region
determine the subsequent specific route. This methodology results in a lower
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cognitive load since the agent does not need to hold a fully detailed route in memory
for the entire trip, but rather generates partial solutions during travel.
Wiener et al. (2004) additionally test for the influence of regions on two other
strategies. In the cluster strategy, individuals preferentially choose targets in regions
which are relatively target rich. Evidence for this strategy comes from studies of
vervet monkeys (Gallistel and Cramer, 1996) but the logic extends well to humans.
Clustering likely destinations together is the basis for marketplaces and shopping
malls. The second class of heuristics that Wiener at. al (2004) investigate is the
least-decision-load strategy, which they describe as a strategy to reduce the
complexity of a route. Given the grid-like structure of the space in which users
navigated, complexity could only be assessed by the number of choices available.
As users moved through nodes closer to the edge of the space (i.e., near the coastline
of the islands that were used to denote regions) they had fewer options and thus the
route was less complex. Wiener et al. argue that these three strategies (fine-tocoarse, cluster seeking, and least-decision-load) linearly combined over all
experiments to produce the observed results, although not all strategies were equally
employed on individual experiment groups or kinds of routes. This is in line with
Golledge’s (1995b) earlier work, which suggests that people use different strategies
for different kinds of routes.
Heuristics are only one part of the explanation for strategy in route selection.
Heuristics are general problem solving approaches, and typically seek to translate a
difficult problem into an easier one. One does this with the idea that the solution for
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the easier problem is an approximate solution for the more difficult one. The second
element of strategy in route selection is the idea of criteria or preferences. Criteria
and strategies are often used interchangeably in the route selection literature (e.g.,
Golledge, 1995a; 1995b). Examples of criteria often used in route selection are:
shortest distance, least time, fewest turns, most scenic/aesthetic, longest leg first, and
routes that are different from previously taken routes.
In what way is “avoid making left hand turns” a preference, and in what way is it
a strategy? The answer lies in how the person thinks about the problem. Strategies
are ultimately about consideration of how one variable impacts another. Preferences
certainly map to issues of utility, but they are not weighed consciously in this way by
the individual – at least not typically.
Suppose we briefly consider the issue of strategy versus preference in a domain
outside that of wayfinding. In this context, I believe it is safe to say that most people
would consider these quite different concepts. My strategy in tennis may be to draw
my opponent near to the net and then lob shots over his head. I may prefer chocolate
ice cream over vanilla. On the face, these two examples seem different enough, but
the issue gets murkier when we explicitly consider utility. If I choose chocolate to
maximize my likelihood of happiness, I am explicitly considering how one variable
impacts another. From one perspective, this is no different than maximizing my
likelihood of scoring in tennis by moving my opponent further from where I would
like to place my next shot.
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The trouble with this perspective is that most people do not consciously consider
utility. In fact, utility in this sense is somewhat of a philosophical and economic
abstraction. When I tell someone that I prefer chocolate to vanilla, the idea of utility
is highly latent, and the preference becomes a thing unto itself. Similarly, route
choice strategies may easily become preferences. That I avoid making left hand
turns when possible certainly can be a strategy to minimize time. However, when
one stops assessing the impact of the one on the other – when “I avoid left hand turns
because they often take too much time and are too dangerous” becomes “I dislike left
hand turns” - the principle has turned from strategy into preference.
From the previous discussion on the latency and externalizabile elements of
strategy, it should be clear that this is not a perfect or easily distinguished change of
condition. Strategies and preferences are strongly intermixed, and there is no easy
clarification for this muddle. Still, the researcher should pay attention to whether
and to what degree people are following criteria viscerally or are deliberately
weighing the impact of one variable on another.

2.6 Measuring Strategy
Strategy is not an easy element to measure. Depending on one’s perspective,
strategy may include all heuristic processes, particularly sub-conscious ones that
inform the choice of a subject without his or her knowing it. In this case, strategy is
largely accessible only through analysis of behavior. From another perspective,
strategies are only those plans that are conceived of and held in the conscious mind.
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As such, they are well suited to analysis by various means of deliberate
communication, including talk-aloud protocols, questionnaires and interview
processes. Both of these perspectives have merit, and an inclusive study of strategy
in navigational contexts should rely on as many cross-informing measures as
possible in order to get at highly latent or difficult to externalize strategies.
One of the key methods of uncovering strategy is observation of behavior.
Observation of behavior and the subsequent decoding of preferences, goals, and
other states of mind has a very long tradition in the social and biological sciences
(e.g., Passini, 1980). People use this technique in everyday life when they engage
with others in game play. Over time, observation of behavior to uncover strategy can
be quite valuable, depending on the sensitivity to the context and the stability of the
strategy. Golledge (1995b) used this technique as part of his study of strategic
elements of human wayfinding. In both map-based tasks and actual wayfinding
tasks, human subjects were asked to choose routes. These routes were later
interpreted and scored to reveal which strategies were most used by the subjects
(e.g., whether they were following shortest path, least turns, aesthetic criteria, etc.).
Observations of behavior are sometimes combined with approaches that ask the
subject to externalize his or her thinking. One method of externalizing that has been
used in the strategy/navigation context is having the subject speak-aloud during the
execution of a navigation related task. This method was used by Crampton (1992),
as a derivative of earlier Think Aloud (TA) protocols (Ericsson and Simon, 1980), in
a study of the behavior of experts during route selection on an orienteering task.
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Crampton presented an orienteering map to each subject who was then asked to
describe in detail the route he or she would take from an initial location to ten other
points. Each session was videotaped and subsequently coded based on each
individual statement, one of eight mutually exclusive episodes that captured its
essential content, and one of two spot codes which were used when a subject either
explicitly referenced his or her own problem solving process (strategy) or reading the
topographic map. The direct benefit of a protocol of this kind is that it (a) collects a
much higher time-density dataset when the subject is continuously speaking while
problem solving and (b) accesses ephemeral statements and ideas that would
otherwise be lost in after-the-fact interviews due to limitations in short term memory.
One drawback to these protocols is that they can interfere with the problem-solving
task itself by requiring the subject to devote intellectual resources to communicating
his or her thoughts. As a result, the researcher must be sensitive to the effect of TA
protocols on performance measures.
A third set of protocols involves questioning a subject directly about his or her
own wayfinding strategies. In many cases, this kind of questioning process is
relatively indirect as the researcher asks a series of questions that he or she believes
underlies a given strategy. Both Lawton (1994; 1996) and Prestopnik and RoskosEwoldsen (2000) used a self-report questionnaire in which subjects responded to a
series of questions designed to elicit the degree to which the subject used landmark
and survey strategies in wayfinding. These studies on strategy use and other
measures of self-report of wayfinding preferences and abilities (e.g., Hegarty et al.,
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2002) indicate that subjects can frequently make judgments about their own abilities
that are related to their actual behavior.
A fourth set of protocols, largely borrowed from behavioral game theory
research, involves asking a subject questions about hypothetical scenarios. Such
protocols differ in important ways from pure behavioral research methods. Notably,
the subject must imagine a given situation and his or her own most likely response to
it. Kahneman and Tversky (1979; Tversky and Kahneman 1981) used this method to
evaluate subjects’ responses to situations of monetary and personal risk. Researchers
asked subjects to answer a series of questions in which they (hypothetically) stood to
gain or lose something of value based on outcomes of chance. One strength of these
methods is that they simplify complex situations such that many other variables can
be excluded. Behavioral tests of wayfinding attitudes may be more representative of
subjects’ actions outside the test environment, but the multiplicity of variables also
makes it more difficult to isolate the importance of any single element.
Kühberger et al. (2002) frame the discussion of hypothetical versus real decisions
in behavioral economic research by distinguishing between several elements. First,
as Tversky and Kahneman describe (1981), the frame of the decision is extremely
important. Frame refers to the manner in which the question is asked as well as the
current state of the subject (which in turn is partly a function of his or her culture and
personal history). For instance, subjects are typically risk-seeking when
circumstances are framed as losses but risk-averse when circumstances are framed as
gains (Kahneman and Tversky, 1979).
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Kühberger et al. (2002) also make an important distinction between real and
hypothetical circumstances on one hand, and large and small payoffs on the other
hand. From one perspective, all hypothetical decisions have small payoffs since by
definition the hypothetical situation is artificial and not real. Yet empirical evidence
from various game theoretic studies suggests that individuals do answer hypothetical
questions in ways consistent with how they actually behave when faced with real
situations and real outcomes. Studies comparing both real and hypothetical
situations with modest and substantial monetary rewards show very good
correspondence (Levin et al., 1988; Hsee and Weber, 1997; Kühberger et al., 1999;
Kühberger et al., 2002).
This is not to say that all hypothetical and real reward based decisions will show
correspondence. In some cases, it is not feasible to compare these types of decisions
because choices involve human life (e.g. the “Asian flu” formulations of Tversky and
Kahneman, 1981). Harrison reports consistent overstating of willingness to pay in
contingent valuation scenarios (2006). As a result, many researchers employing
hypothetical questions advocate a “do-it-both-ways” approach to validate the
correspondence between hypothetical and actual behaviors (e.g., Hertwig and
Ortmann, 2001; Camerer and Hogarth, 1999).
The context of evaluation of strategy is also important. Hochmair initially tested
the feasibility of the Least Angle strategy using only computer modeling and no
human subjects (2000). Later empirical work used simple route selections from a
first person perspective on a computer screen where movement was guided by mouse
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clicks (Hochmair & Karlsson, 2005). Wiener et al. tested subjects using a large 180
degree field-of-view virtual reality room in which users navigated while sitting on a
bicycle-type apparatus (2004). Bailenson et al. had users choose routes on both
highly abstracted maps and simplified college campus maps (1998; 2000). Golledge
(1995b) used a controlled experimental design in a real life context, while Gärling &
Gärling (1988) interviewed pedestrians in a shopping center after they had completed
their errands.
The amount of control available to the researcher when using first-person
computer screen, map, or immersive virtual reality testing environments is immense
and highly valuable in isolating particular heuristics and preferences. One problem
with these environments is that they often cannot exact costs of travel in the same
way as real travel does. Ruddle and Lessels (2006) summarize work which indicates
that people wayfinding in virtual environments avoid turning and return to familiar
locations more often than people wayfinding in real environments. While general
heuristics were similar in both a VR and real search task, fine movement patterns and
overall coarse performance characteristics (e.g., pauses, rotations, total distance
traveled) were markedly different (ibid.).
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3. Indoor Search
3.1 Introduction
Search comprises one of the two elements of wayfinding, as defined by Passini
(1992). A series of similar experiments started by Tellevik (1992) and continued by
Hill et al. (1993) and Gaunet and ThinusBlanc (1996) investigated the importance of
strategy in how blind and blindfolded individuals searched a room for objects. In the
experiment by Hill et al. (for example), researchers placed four objects (e.g., a
baseball) on pedestals in a 15 x 15 foot space and asked subjects to locate the objects
and remember their positions. Although the experiment provided some valuable
insight into what kinds of strategies good and bad performers on the task used, it is
somewhat difficult to see how the findings extend to sighted individuals, since vision
conceivably enables a variety of other strategies. One cannot simply ask sighted
individuals to locate physical objects in an empty room, as it is a trivially easy task –
the positions of the objects can be ascertained immediately upon viewing the room.
On the other hand, blindfolding sighted individuals, as Tellevik (1992) did,
eliminates the ways in which sighted individuals might normally search an empty
space for objects.
Such searches may be uncommon for sighted individuals, but they do happen
nonetheless. A person who has dropped his or her keys in the grass, for example,
must search a space for objects that are difficult to see. When objects are small or
blend in well with their surroundings, sight becomes much less helpful for locating
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the lost item, but remains useful within the context of aiding in the coordination of
the agent’s search.
The experiment described below is a replication of that of Hill et al. (1993)
except in that instead of seeking real physical items, we asked individuals to search a
space for “invisible” objects. By using a network of paired lasers and sensors we
were able to track the location of a subject in the room and trigger audio cues –
animal sounds – when they stood in the location of these objects. In order to explain
the importance of vision to search strategies, we tested subjects in three conditions
with subjects completing two separate searches and evaluations. In the first
condition, subjects both searched and externalized their knowledge of the objects’
locations sighted. In the second condition, subjects searched the room blindfolded,
but externalized their knowledge of the locations of the objects while sighted. In the
third condition, subjects both searched and externalized while blindfolded. These
subjects never saw the room until after both pairs of search and assessment were
complete.

3.2 Methods
3.2.1 Participants
A total of 48 individuals participated in the study. Six of these were not included
in the final analysis. One removal was due to an equipment malfunction that
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corrupted the data from the subject’s second trial. A second exclusion was due to the
fact that the subject was unable to locate all the objects in the time allotted.
Additionally, four blind subjects participated in the study. Owing to the very limited
response, these results were excluded from numerical analysis.
The final data set consisted of records from 42 individuals, 19 male and 23
female, in equivalent proportions between the three conditions. Table 3.1 lists the
allocation of subjects by sex and condition. Most of these volunteered in exchange
for extra-credit in an introductory geography class at the University of California,
Santa Barbara (UCSB). The participants’ ages ranged from 18 to 61, with a mean
age of 22.5 years.

Sighted

SrchBlind

allBlind

Σ

Male

6

6

7

19

Female

7

8

8

23

Σ

13

14

15

42

Table 3.1 – Number of subjects, by condition and sex.

3.2.2 Materials
In a large human geography laboratory room on the UCSB campus, a smaller
fifteen-foot (4.6 m) square room was constructed from a wooden frame, several
pieces of thick pegboard (a thick, rigid cardboard-like material, drilled at regular
intervals with quarter-inch holes), and a large opaque plastic sheet that covered the
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top and bottom edges of the room. Walls extended from 3.5 feet to 7.5 feet (1.1 m to
2.3 m). The ceiling of the room and the space between ground level to the bottom of
the pegboard walls were covered with black plastic sheeting to limit the use of
available landmarks to the greatest degree possible. A single post on the outside of
the pegboard, but inside the black plastic sheeting was placed near the center of each
wall. This post was necessary to support the wall. It was offset from exact center of
the room by six inches. There were no obstacles in the room. Figure 3.1 is a
diagram of the experimental setting, without the plastic sheeting that covered the top
and bottom of each side.

Figure 3.1 – Diagram of the experimental setting.
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Audio cues marked the location of each of four “objects” that each subject
attempted to find. Cues were transmitted to the subject via a pair of Bluetooth
wireless headphones. The location of each subject was tracked through thirty, lowpower (<1 milliwatt) red lasers and paired photoreceptors. Fifteen lasers were placed
on two adjacent walls, with paired photoreceptors on the remaining two walls. This
configuration allowed for the capture of spatial location in two dimensions with a
spatial resolution of one foot and a temporal resolution of one tenth of a second.
Laser arrays and photoreceptors were placed at the bottom of the pegboard (3.5 feet,
or 1.1 m, from the ground).
Variance in the resistances from the photoreceptors (cadmium sulfide
photoresistors) was monitored with a keyboard encoder (model: KeyWiz Eco). As
light beams were interrupted by a subject’s body, resistances in the photoreceptors
dropped to zero, which the keyboard encoder then relayed to a PC as simulated
keystrokes. Java software, written by the author, monitored the virtual key states and
handled a visual display, recorded a log of the subjects’ locations, and transmitted
one of four sounds corresponding to the four object locations in the room. These
audio cues were approximately one second in length, and were continuously played
(looped) as long as the subject remained at the location. The sounds used were that
of a dog barking, a cat meowing, a sheep bleating, and a rooster crowing. These
sounds identified the locations so that each location, or “invisible object”, was
referred to throughout the experiment by the animal name associated with the sound
(e.g., “Where was the cat?”).
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After each trial, subjects were asked to make pointing judgments via a digital
compass (model: Coleman Digital Compass 814-672T) that was mounted to a tripod.
Subjects also created a model of the room, either with pen-and-paper in marked
boundaries, or by arranging tokens in a space marked with tape (depending on
condition).

3.2.3 Procedure
Subjects participated in one of the following three conditions, to which they were
randomly assigned before arrival:

1. sighted - Subjects searched the room sighted and externalized their
knowledge of the locations of the objects sighted.
2. searchBlind - Subjects searched the room blindfolded, but entered the room
without a blindfold and externalized their knowledge of the locations of the
objects without a blindfold.
3. allBlind - Subjects entered the room blindfolded, searched blindfolded, and
externalized blindfolded.

Upon arrival, subjects were given a brief explanation of the experiment.
Following this, subjects read a written description of the experiment and a statement
explaining their rights as human subjects. The script and other written materials
used for the study are reproduced in Appendix A. Once subjects had been informed
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of the general task and indicated their agreement to continue, subjects were read a
statement explaining the experiment in detail.
Subjects were required to find and remember four locations in the room for each
of two separate trials. For each trial, subjects were allowed a maximum of seven
minutes, but could stop early if they were confident that they remembered the
locations of the objects. Each trial began with the subject placed at the center of one
of the walls. This location served as “Home” for the subject, and was denoted by
either a small fluorescent light (in the sighted and searchBlind conditions) or a straw
mat (in the allBlind condition).
After the completion of each trial, each subject was asked to return to “Home.”
Subjects were then asked to use a digital compass to point to where they believed the
objects were located in the room. Subjects were also asked to indicate the locations
of the objects by marking their location within a rectangular outline of the room (15
cm by 15 cm) on a sheet of paper. Those subjects in the sighted and searchBlind
conditions were not blindfolded during the administration of these tasks. Subjects in
the allBlind condition (i.e., those blindfolded before they entered the room)
completed this task by placing circular tokens (a United States nickel coin) inside a
“room” marked on a piece of paper by a masking tape outline (also 15 cm by 15 cm).
We then traced the outline of each token with a pencil.
Subjects completed two trials under the same condition. The first of the two sets
of objects was configured to match the arrangement of objects used by Hill et al.
(1993). The second set featured the same configuration of locations to each other,
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but animal positions in the constellation were exchanged. The constellation was also
mirrored and rotated ninety degrees (transposed) relative to the start position. No
subject recognized that the overall pattern of locations was the same relative to each
other for the two sets. The order of set presentation was counterbalanced across
subjects. Figure 3.2 shows the arrangement of objects for both sets graphically.

Figure 3.2 – Object locations in the room.

After the completion of the second trial, subjects were instructed to remove their
blindfolds (if in such a condition) and were escorted from the room to a debriefing
area. In this area, they were interviewed about the strategies that they used to locate
the animals and about their strategies to remember the locations. Subjects also
responded to questions regarding changes in strategies between trials, strategies that
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they abandoned, landmarks or features about the room that they used, and which of
the performance measures (pointing or sketching / placing tokens) they found most
difficult, and why. This interview was conducted verbally, and the responses were
recorded for later transcription and coding. The question set asked during the
interview is included in the set of materials reproduced and located in Appendix A.

3.3 Data
The digital log produced by the Java software written for the experiment
recorded the time, activity of each laser sensor (binary on or off), and the sound (if
any) that was playing at that moment in a comma delimited text file, with ten records
logged each second. The position of the subject was determined by taking the
average of the activated sensors for each line entry in the log. Since the resolution of
the laser network was only one foot (.0348 m), it was quite possible for individuals
to activate more than one adjacent laser at the same time. As a result, the method of
averaging sensors to determine position ultimately provided 6-inch (15.2 cm)
resolution in the description of movement through the room. The averaged positions
from individual sensors served as a basis to calculate total distance traveled and total
time taken to complete the task.
In general, all directed movement during the trial could be categorized as
exploration, search, localization, or memorization. Exploration consisted of
movement whose purpose was to determine the size and shape of the space. Search
consisted of movement for the purpose of finding an as-yet-undiscovered object.
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Localization consisted of movement for the purpose of finely fixing the position of
an already discovered object. Memorization consisted of movement to reinforce
knowledge of an already located object.
The record of the sequence of the activation of sounds provided a measure of the
sequence in which objects were visited. Typically, subjects would trigger the audio
cue, then spend several seconds localizing the sound to determine its exact position
in the room before moving on to continue searching for other objects. The entire
series of object visits, including localizations we call total object visits (TOVs). The
compressed string where localization efforts have been removed we call nonrepeating object visits (NROVs). Table 3.2 lists these and other series measures used
in the study.
As an example, suppose the sequence of audio triggers (designated by first letter
of the animal object) produces a serial string of [C C C D D S S S S C D S C R C D
S R]. This string represents the total number of object visits, so the number of TOVs
is equal to eighteen. The second and third object visits are localizations for the cat –
the subject is attempting to finely fix its location in the room. When these
localizations are removed, the non-repeating object visits are [C D S C D S C R C D
S R] so the number of NROVs is equal to twelve.
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NROV Search up to and C
including the point at which
the third object is found.
NROV Search after the third
object is found up to and
including the point at which
the fourth object is found.
Non-repeating object visits
after the fourth object is found.

Primary Search

Mixing Returns

Memorization Returns

Table 3.2 – Description of series measures

D

Non-repeating object visits up C
to and including the point at
which the fourth object is
found.

NROV Search

D

D

with C

Non-Repeating Object Visits Total object visits
localizations removed.
(NROVs)

D

S

S

S

S S S

C D S C R

C D S C R

C D S R 4

5

3

8

C D S C R C D S R 12

6

Sequential visits to the same
object.

Localizations
C C

The total sequence of visits to C C C D D S S S S C D S C R C D S R 18
objects in the room.

Length

Total Object Visits
(TOVs)

Example

Description

Measure

The exploration of the room was divided into three phases. As each object of the
four is successively located, subjects tended to begin to build spatial relationships
between objects and features of the room, such as walls, corners, and the start
location or home. Since NROV, by definition, excludes sequential visits to the same
object, the first and second objects were always located at positions one and two in
the NROV sequence. There was typically very little attempt to memorize object
locations (marked by sequential return visits) after the second object, and subjects
tended to continue exploring. However, after the third object was located many
subjects began to revisit previously located objects, representing a mixing of
exploration and memorization. After the fourth object was found, any subsequent
visits (in the NROV series) were considered memorization returns. The three
phases, then, of most importance are the primary search (beginning of the trial until
the third object was found), the mixed search (third object found to fourth object
found) and the memorization phase (fourth object found until the end of the trial).
Absolute pointing error indicated performance on pointing tasks, which was
calculated by taking the absolute value of the angle between the true direction of
each animal and the direction indicated by the subject. Error for each pointing
judgment therefore ranged between 0 and 180 degrees. Where means of angles are
presented, they are calculated using circular statistics (Batschelet, 1981). We chose
not to decompose angular error into its constant and variable components (Montello,
Richardson, Hegarty & Provenza, 1999), since initial analysis showed that constant
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error was near zero (-0.8°) for the entire set of pointing errors, indicating no
directional bias.
The accuracy of the models that subjects created to represent the locations of the
objects was assessed by using bidimensional regression techniques (Tobler, 1994;
Nakaya, 1997, Friedman & Kohler, 2003). These techniques provide an overall
measure of spatial accuracy in the spatial distortion index (or SDI, equal to 1-R2) as
well as measures of accuracy in translation, rotation, and scaling. Of these three
latter measures, only scaling was examined. The models were also used to create
derived pointing measurements by calculating the angle from home to each object in
the model. This derived pointing error was used to supplement the directional
information obtained by pointing with the digital compass.
There were several measures of strategy calculated for each subject. The
difference between total object visits and non-repeating object visits (NROVs)
provided a measure of the number of localizations for each subject. The NROV
sequence was also analyzed to determine where in the sequence the third and fourth
objects were found. Any object visits after the fourth object was found could only be
attributable to memorization efforts since localizations had already been removed
from the sequence. This measure is termed the number of memorization returns.
The difference between when the third and fourth objects were found in the NROV
sequence is indicative of a mixing of memorization and exploration, and this
measure is termed mixing returns. Since the length of the series of primary search
(beginning of the search until the third object was found) were fairly consistent in all
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cases, a mixing ratio was calculated based on the number of mixing returns divided
by the sum of mixing returns and memorization returns.
In the example above (and given in Table 3.2), the number of TOVs was
eighteen, and the number of NROVs was twelve. This means that six visits were
localizations. In this example, the subject found the rooster last, but continued to
visit each object again. Memorization returns are equal to four, mixing returns are
equal to 5, and the mixing ratio is (5 / [5 + 4]) ≈ .556.
Each of these measures of strategy was directly calculable from the digital log of
subject position and audio cue activation recorded for each trial. Other measures of
strategy use required more interpretation. To this end, an animation of each search
was created from the record. Multiple still images of each search in ten second
increments were also generated to aid in analysis. Finally, images of spatial
occupancy were created by buffering the space immediately around the individual for
meaningful time intervals. For instance, images of spatial occupancy were created
for the first 15 seconds of the search (to assess initial behavior), for the time between
the start and the location of the first object, the time from when the last object was
found until the subject announced that he or she was finished, and so on. Based on
these visualizations, strategies of perimeter search, gridline, transect, and initial
straight transect were apparent. These strategies were encoded in a purely binary,
presence/absence manner for each trial separately. Gridline searches are those in
which successive parallel transects are combined to systematically search a space, as
described in detail in the spatial search section in the literature review. Figure 3.3
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shows a sample spatial occupancy graph for one subject between the start of the trial
and until the second object was found. The graph provides evidence for the use of
transect and perimeter search strategies for this subject. The color scale for the
graph mapped no spatial occupancy (blue) to relatively high spatial occupancy (red)
with respect to time.

High

Relative spatial occupancy
L

Figure 3.3 – Sample spatial occupancy graph for a portion of a search.

Hill et al. (1993) also coded for Object-to-Home, a strategy by which subjects
fixed the positions of objects relative to the starting point, as opposed to relative to
each other as in the Object-to-Object strategy. The determination of whether
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subjects used this strategy was purely binary based on whether the subject mentioned
using "Home" as a landmark in the follow up verbal interview.
The animations in particular were helpful in encoding the total number of objectto-object visits (OTOVs). This measurement quantified the number of times a
subject moved from one object location to another for the purpose of memorizing
relative locations. Object-to-object visits were therefore always less than the total
number of non-repeating object visits. Any NROV was encoded as an OTOV if (a)
it was not the first time the object was encountered and (b) there was strong evidence
from the visualization that the repeated encounter was intentional and not the
byproduct of continued searching. Any NROV after the fourth object was found was
automatically classified as an OTOV. This definitional assignment was used since it
was quite clear upon review of the visualizations that nearly all the visits were
intentional.

3.4 Results
The analysis of the data presented below generally relies on nonparametric
statistics. Many of the strategic variables under study were distinctly not normally
distributed, as they were either binary or ternary in nature. Other variables were
more continuous, but highly skewed, as was the case with the spatial distortion index
derived from the bidimensional regression. Most other measures were modestly
skewed (e.g., total time taken on the task, mean absolute pointing error). Graphical
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inspection (using kernel density estimation techniques and quantile-quantile plots)
and statistical tests of normality (Lillefors test) indicated that no measure of object
location learning was normally distributed. Measures of search efficiency (total
time, total distance) were often quite skewed in their distribution as well, and
exploratory analysis of the differences in variance for these based on condition and
sex indicated that the equal variance assumption implicit in many parametric
statistical tests could not be assured. Still, some (but not all) of these measures could
have potentially been analyzed using parametric methods, since many parametric
techniques are forgiving of modest departures from normality. The approach used
here, that of nonparametric statistical analysis, sacrifices some analytical power in
favor of robustness generally, and in particular of consistency in methodology.
Given this choice of methodology, and consistent with the recommendations of Field
and Hole (2003), the medians and interquartile ranges (IQR) are reported in the text
and tables in place of the usual means and standard deviations.
All statistical tests were performed in the MatlabTM computing environment
(version 2008a). Analysis performed using McNemar’s statistical test for binomial
data utilized a published function for Cochrane’s Test (Van Der Geest, 2009), which
is equivalent when the number of groups equals two. An implementation of the
Mack-Skillings nonparametric two-way ANOVA (used for unbalanced incomplete
block designs, when the number of observations in each treatment/block pair is one
or greater), programmed by the author and validated against published data sets, was
used as an equivalent for the parametric two-way ANOVA (Mack & Skillings, 1980;
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Hollander & Wolfe, 1999). Repeated measures analysis for trial utilized the
Skillings-Mack test, which is useful when the number of observations per
treatment/block pair is one or zero – in other words, when there is potential for
missing observations (Skillings & Mack, 1981; Hollander & Wolfe, 1999). The
program to conduct the Skillings-Mack test was also written by the author, and
validated against several published data sets (ibid.). The p-values reported for the
Mack-Skillings and the Skillings-Mack test use the recommended chi-squared
approximation, given the relatively large sample size. The test statistics for the
Mack-Skillings test and Skillings-Mack test are abbreviated (MS) and (SM)
respectively (rather than as a χ2 statistic), following the notation in Hollander &
Wolfe (1999).

3.4.1 Trial
It was expected that individuals would generally perform better on the second
trial than on the first. This was true on some particular measures of performance, but
in general there were few significant differences between trials.
The data were analyzed using nonparametric statistics given the clear nonnormality of many of the data distributions. Statistically significant differences in
the median value for each trial were analyzed using the Skillings-Mack test, when
the data were not binary in nature (Skillings & Mack, 1981; Hollander & Wolfe,
1999). The Skillings-Mack test is usefully applied to determine differences in
treatments while controlling for blocking effects, and as such is used as a
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nonparametric equivalent to the parametric repeated measures ANOVA test (Girden,
1992) when observations are missing. When no data are missing, the test is
equivalent to Friedman’s test statistic (Friedman, 1937; Skillings & Mack, 1981). In
instances where the data were binary, as was the case with many measures of
strategy, McNemar’s test was used instead, following the suggestion of Siegel and
Castellan (1988).
No measure of search efficiency was statistically significant between trials.
Further, the expected trend of better performance did not manifest: median total time
and total distance taken on the task were both higher on the second trial than the first.
Some measures of object location learning were, however, better on the second trial
than the first. The median average pointing error was lower on the second trial (Mdn
= 17.6, IQR = 12.7), than the first (Mdn = 19.8, IQR = 22.7), a difference that was
statistically significant, SM(1) = 6.4, p = .011. The median spatial distortion index
score, a measure of error in the models each subject created to describe the
arrangement of objects in the room, was lower in the second trial (Mdn = .23, IQR =
.12) than in the first (Mdn = .27, IQR = .18), but the difference was not statistically
significant, SM(1) = .9, p = .343.
Of the non-binary measures of strategic behavior, only localizations and the
number of mixing returns showed statistical differences for trial. Localizations were
higher in the second trial (Mdn = 10.5, IQR = 9) than the first (Mdn = 9.5, 8), SM(1)
= 22.5, p < .001. Mixing returns were lower on the second trial (Mdn = 1.5, IQR =
3), than in the first (Mdn = 2, IQR = 3), SM(1) = 19.6, p < .001.
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The propensity to start the search with an initial straight transect (as opposed to
following a wall left or right) and to conduct gridline searches were also significantly
different between trials. More subjects began with an initial straight transect in the
first trial (33%) than in the second (14%). McNemar’s nonparametric test for related
binary data indicates this difference in frequency was significant (χ2[1, N= 42] =
5.33, p = .021). The frequency of gridline searches in the second trial (38%) was
much higher than in the first (10%), χ2(1, n = 42) = 12, p < .001. All four
individuals who performed a gridline search in the first trial also performed a
gridline search in the second trial. Two of these four were in the sighted condition,
and two were in the searchBlind condition. No other measures of strategy were
significantly different between trials.
Given the overall lack of differences between trials, the results of each trial were
averaged in the analysis presented below, in order to focus on the differences
between condition and sex, and on the impact of strategy on object location learning
and spatial efficiency.

3.4.2 Search Efficiency
It was expected that search efficiency for the blindfolded conditions would be
lower than that of the sighted condition, given the difficulty that sighted subjects
would have in coordinating their movement when blindfolded. Further, it was
expected that subjects in the allBlind condition would search less efficiently than
those in the searchBlind condition. It was not expected that one sex would search
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more efficiently than the other, but given other observed differences in wayfinding
behavior between the sexes (e.g., Lawton, 1994), sex was included in the analysis. A
Mack-Skillings nonparametric two-way ANOVA was used to assess differences
between condition and between sexes. Each test was run twice on the same variable,
once to establish the effect of condition controlling for variation in sex, and once for
sex controlling for variation in condition.
Descriptive statistics for the search efficiency variables are given in Table 3.3.
Figure 3.4 graphically displays the differences in total time, search time, mixing
time, and memorization time by condition and sex. Figure 3.5 shows the same
division of data for measures of distance, while Figure 3.6 shows divisions by
NROV serial distance. The general trend in times and distances was that the more
difficult the condition (i.e., the less a subject was able to use his or her sight) for the
task corresponded to longer search distances and times, though this trend did not
hold true for expressions of serial distance.
Sighted

SrchBlind

AllBlind

Female

Male

Total time (s)

232
(131)

319
(52)

409
(86)

337
(163)

306
(109)

Total Distance (m)

130
(82)

157
(76)

185
(53)

199
(100)

171
(53)

Search Distance (m)
(To fourth object

75
(51)

89
(63)

124
(73)

82
(78)

102
(55)

Total object
(TOV)

22.5
(20.8)

21.5
(7.8)

20.5
(11.2)

21.8
(16.3)

23.5
(11)

13
(3.4)

11
(5.3)

13
(5.4)

12
(4.8)

12
(5.8)

visits

Non-repeating object
visits (NROV)

Table 3.3 – Median and (IQR) for search efficiency measures.
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Third Found

600

Fourth Found

Memorization

Time (sec)

500
400
300
200
100
0

Sighted

SrchBlind

AllBlind

Female

Male

Figure 3.4 – Measures of time taken during task, by condition and sex. Overall bar
height represents total time taken.

Third Found

Distance (m)

300

Fourth Found

Memorization

250
200
150
100
50
0

Sighted

SrchBlind

AllBlind

Female

Male

Figure 3.5 – Measures of distance traveled during task, by condition and sex. Overall
bar height represents total distance traveled.

Third Found

Number of visits

15

Fourth Found

Memorization

10
5
0

Sighted

SrchBlind

AllBlind

Female

Male

Figure 3.6 – Measures of non-repeating object visits (NROVs), by condition and sex.
Overall bar height represents total NROVs.
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Total time was shortest for the sighted condition (Mdn = 231.5 sec.) followed by
the searchBlind condition (Mdn = 318.5 sec.) and the allBlind condition (Mdn = 409
sec.). These differences were significant, MS(2) = 14.83, p < .001. The same pattern
held for total distance traveled (Mdn = 130, 157, 185, respectively), but differences
were only marginally significant, MS(2) = 5.12, p = .077. Men tended to complete
the task in less time (Mdn = 306 sec.) and with less distance traveled (Mdn = 171 m)
than women (Mdn = 337 sec., 199 m). The differences by sex were statistically
significant for time, MS(1) = 5.06, p = .024, but not for distance, MS(1) = 2.86, p =
.091.
An examination of overall search distance, the distance traveled from the
beginning of the trial to when the fourth object was found, matched the overall
pattern, with sighted subjects using the shortest distance for their search (Mdn = 75
m) followed by subjects in the searchBlind condition (Mdn = 89 m) and the allBlind
condition (Mdn = 124), though these differences were not significant, MS(2) = 2.04,
p = .360. Men had a longer exploration distance (Mdn = 102 m) than women (Mdn
= 82 m), but this difference was also not significant, MS(1) = .04, p = .837.
A review of the medians and interquartile ranges by condition and sex for total
number of object visits (TOVs) and nonrepeating object visits (NROVs) in Table 3.3
shows very little difference, and Mack-Skillings test statistics on these variables are
all below one indicating a lack of statistical significance. Sex and condition were not
significant factors for these variables. Irrespective of condition and sex, subjects
made a median of 22 TOVs and 12 NROVs.
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The effect of condition followed expectation with respect to metric costs: the
sighted group outperformed the searchBlind group, which in turn outperformed the
allBlind group. Men also tended to complete the task in less time and with less
distance traveled than women. However, each group tended to perform similarly
with respect to serial measures of distance. This indicates that the differences can
largely be explained by more efficient movement in travel rather than by differences
in the pattern of search.

3.4.3 Object Location Learning
Given that subjects in the searchBlind and allBlind conditions were likely to
experience increased difficulty in maintaining orientation in the room, it was
expected that these subjects would indicate poorer knowledge of the locations of the
objects. It was also expected that since the subjects in the searchBlind condition
were able to see the room before beginning, and to externalize their cognitive maps
while sighted, they would perform better on these tasks than would subjects in the
allBlind condition. Since women tend to self-report a lower sense of direction
(Hegarty et al., 2005), it seemed plausible that women would perform worse than
men on measures of object location learning, and so this hypothesis was investigated
as well. Methodologically, there was an interest in assessing how well mean
absolute pointing error corresponded to measures of spatial distortion derived from
bidimensional regression analysis of the models that each subject produced of the
object configuration in the room.
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Error statistics for absolute and derived pointing assessments were calculated for
each pointing judgment, and averaged to produce mean absolute angular error for
each trial. These averages were in turn used to calculate an overall mean angular
error for each subject. The distributions of pointing error, derived pointing error, and
particularly of the spatial distortion index derived from bidimensional regression
(Tobler, 1994; Friedman & Kohler, 2003) were skewed and indicate that a
nonparametric approach to the analysis of these data is warranted. As a result,
statistical tests on these variables utilized the Mack-Skillings nonparametric two-way
ANOVA test (Mack & Skillings, 1980, Hollander & Wolfe, 1999). Since condition
and sex were the primary variables of interest, each test was run twice on the same
variable, once to establish the effect of condition controlling for variation in sex, and
once for sex controlling for variation in condition.
Derived pointing error (a measure of mean absolute directional error derived
from the model) was well correlated with and typically less than actual pointing
error, Pearson’s r(40) = .66, p < .001. The median absolute pointing error for all
subjects was 20.7 degrees (IQR = 16.1), while the median absolute derived pointing
error was 15.0 degrees (IQR = 12.6). Table 3.4 summarizes the descriptive statistics
(median and interquartile range) for pointing error by condition and sex. Figure 3.7
shows boxplots of the object location measures grouped by condition and sex.
Interquartile ranges for measures reported below are reported in Table 3.4, and are
generally omitted from the text, except where directly relevant.
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The mean absolute pointing error for subjects tended to increase with the
increasing difficulty of the condition. Sighted subjects performed the best (Mdn =
15.1) followed by subjects in the searchBlind condition (Mdn = 21.9) and the
allBlind condition (Mdn = 27.8). Women tended to have a higher overall pointing
error (Mdn = 20.9) than men (Mdn = 18.7). Differences in absolute pointing error
were statistically significant for condition (controlling for sex), MS(2) = 6.55,
p=.038, and for sex (controlling for condition), MS(1) = 7.46, p = .006.

Sighted

SrchBlind

AllBlind

Female

Male

Absolute
pointing error

15.1
(12.7)

21.9
(21.9)

27.8
(14.8)

20.9
(19.2)

18.7
(15.3)

Derived
pointing error

11.2
(5.9)

15.7
(18.5)

15.8
(12.9)

15.8
(16.8)

14.1
(6.9)

Spatial
distortion index

.20
(.08)

.30
(.25)

.31
(.20)

.29
(.17)

.21
(.11)

Scale distortion

1.12
(.12)

1.24
(.18)

.95
(.14)

1.09
(.33)

1.09
(.28)

Table 3.4 – Median and (IQR) for object location learning measures.
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Figure 3.7 – Object location learning measures, by condition and sex.
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The pattern for derived absolute pointing error was similar to that of true absolute
pointing error. Subjects in both blindfolded groups tended to perform worse (Mdn =
15.7, Mdn = 15.8 for searchBlind and allBlind, respectively) than those in the sighted
group (Mdn = 11.2), though the difference among blindfolded groups was not as
striking for model-derived pointing error as it was for true pointing error. The
difference between the three conditions was marginally significant, MS(2) = 5.7, p =
.059. Men (Mdn = 14.1) also tended to have a lower derived pointing error than
women (Mdn = 15.8), MS(1) = 8.5, p = .004. In this respect, the angular data
derived from the models tends to agree with the angular data from the compass:
individuals tended to be better at providing directional information if they searched
and/or indicated the direction of the objects while sighted, and men tended to be
more accurate in their indications than women.
The second method of assessing subjects’ performance in learning the locations
of the objects involved asking them to externalize their knowledge by creating a
model of the room (described in full in Sections 3.2.3 and 3.3).

Bidimensional

regression (Tobler, 1994; Friedman & Kohler, 2003) was used to analyze the overall
spatial distortion. Bidimensional regression provides several indices of
correspondence. The first is an R2 value, a measure of the amount of variance in the
model explained by the true locations. The spatial distortion index (SDI) is equal to
the square root of one minus the R2 value. This index is therefore scaled [0 1] where
0 indicates no distortion and 1 indicates a maximum theoretical distortion. A second
measure, scale distortion, measures the relative expansion or contraction of the
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model compared to the true configuration. These two measures are given with the
descriptive statistics in Table 3.4 (above).
Patterns for spatial distortion mirror those of pointing error. The bottom two four
panes of Figure 3.7 (above) show the distribution of the spatial distortion index
(SDI) and scale distortion scores by condition and sex. Subjects in the sighted
condition (Mdn = .20) tended to have less distortion than those in either of the
blindfolded conditions (Mdn = .30, Mdn = .31 for searchBlind and allBlind,
respectively), a difference that was statistically significant, SM(2) = 7.96, p = .019.
Men also tended to have a lower median SDI (Mdn = .21) than women (Mdn = .29),
a significant difference: SM(1) = 6.49, p = .011.
The sighted and searchBlind conditions had similar median bidimensional
regression scale coefficients (Mdn = 1.12, Mdn = 1.2, respectively) while subjects in
the allBlind condition tended to have much lower values (Mdn = .95), a difference
that was statistically significant, SM(2) = 14.54, p < .001. That the medians are
greater than one for the sighted and searchBlind conditions indicates an expansion of
the model as compared to reality – objects were placed closer to the walls and further
from the center than they ought to have been. A Wilcoxon signed rank test indicated
that it is highly unlikely that these results are from a distribution with a true median
of one, Z = -3.91, p < .001, though it is not clear that the median value of the allBlind
condition is significantly different than one, Z = -1.66, p = .096. It is difficult to tell
whether this is a result of the difference in condition or a difference in how the
models were constructed, given that only the allBlind condition used tokens to mark
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object locations. However, a second study, similar to this one but conducted in
larger spaces outdoors, utilized only the token-style model building method, and
therefore informs these results. The reader is referred to chapter five for a complete
comparison of the two studies.
The spatial distortion index derived from the bidimensional regression was well
correlated with pointing error overall, Pearson’s r(39) = .67, p<.001. This strong
correlation (with no significant differences between groups) indicates that both
measures provide similar accounts of error.

3.4.4 Strategy
Since many measures of strategy were binary, indicating presence or absence of a
given strategy in a trial, the combination of trials produced a three-level (or ternary)
variable with levels equivalent to whether the subject never, sometimes, or always
used a given strategy. Differences in these types of variables between conditions and
sex were analyzed using the Mack-Skillings statistical test.
In nearly all cases, subjects made one of two quite distinct initial moves. The
initial move was either a straight transect to the center of the opposite wall, or else a
right or left turn, to follow the wall and initiate a perimeter search. As mentioned in
the analysis of the effect of trial (Section 3.4.1), subjects were overall more likely to
begin their search with an initial straight transect in the first trial than in the second.
Nonparametic two-way ANOVA using the Mack-Skillings test did not reveal any
significant effect for condition or sex on the use of the initial straight segment
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strategy. There was also no apparent difference in medians in the number of
localizations by condition or by sex. The descriptive statistics for this and other
measures of strategy use are given in Table 3.5.

Sighted

SrchBlind

AllBlind

Female

Male

Initial transect

38%

18%

17%

20%

29%

Localizations

11
(7.6)

10
(3.8)

9
(9.5)

10
(8.25)

12
(5.4)

Memorization returns

7.5
(4.75)

5
(2.6)

4.5
(4.3)

6.3
(5)

5
(5.1)

Mixing returns

2
(2.1)

2.5
(2.9)

3.5
(2.4)

2.3
(3)

2.5
(2.3)

Mixing ratio

.30
(.27)

.29
(.24)

.58
(.48)

.30
(.36)

.30
(.31)

Home as landmark

23%

50%

93%

52%

63%

Perimeter search

73%

64%

83%

72%

76%

Gridline search

30%

29%

13%

24%

24%

Transect search

65%

82%

63%

59%

84%

Object-to-object

8.6

7.46

7.27

8.28

7.42

Table 3.5 – Descriptive statistics for type of strategy used. Medians and (IQR) except
where noted.
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The number of memorization-related object visits – the number of NROVs after
the final object was found – was higher for the sighted condition (Mdn = 7.5)
compared to the searchBlind (Mdn = 5) and allBlind (Mdn = 4.5) conditions, which
were relatively similar. The difference was not statistically significant, MS(2) =
2.76, p = .252. Differences between sexes (Mdn = 5 and 6.25 for males and females,
respectively) were also not significant, MS(1) = 1.63, p = .201. The NROV length of
the primary search (from the beginning of the trial to when the third object was
found) and the mixing phase (from when the third object was found to when the
fourth object was found) also showed no difference for conditions or for sex.
While the overall NROV lengths of these segments of the search were generally
not different, the ratio of serial length spent in mixed search to the time spent in
memorization visits was somewhat different. Figure 3.6, presented earlier in Section
3.4.2, highlights these differences. This variable of interest, the mixing ratio, is
defined as the NROV-derived mixing phase divided by the sum of the mixing phase
and the memorization phase. Subjects in the sighted condition and searchBlind
condition exhibited less mixing in their searches (Mdn = .30 and .29, respectively)
than did those in the allBlind condition (Mdn = .58). These differences in the mean
for mixing ratio did not, however, reach significance for condition or sex.
Condition had a strong effect on the degree to which the subject used “Home” as
a landmark during the task. Only 23% of subjects in the sighted condition
mentioned, during their post-task interview, that they used "Home" to help them
remember the locations of the objects. Fifty percent of subjects in the searchBlind
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condition, and 93% of subjects in the allBlind condition cited "Home". The
differences observed by condition were significant, MS(2) = 14.8, p < .001, but
differences by sex were not significant, MS(1) = .30, p = .581.
Perimeter searches were quite common for all conditions and were present in
74% of all trials. Eighty-eight percent of individuals used a perimeter search in at
least one of their trials, and 59% used a perimeter search in both trials. There were
no significant differences in these frequencies by condition or sex.
Gridline searches were somewhat less common. Though they were more
frequently used by subjects in the sighted (31%) and searchBlind (29%) conditions
as opposed to those in the allBlind condition (13%), the difference in condition was
not statistically significant, SM(2) = .36, p = .835. There was similarly no significant
difference in use by sex, SM(1) = .85, p = .356.
Object-to-object visits (OTOVs) are those in which someone deliberately and
directly returns to an already-found object that they might better remember the
location. The measure is derived from the NROV series, and is scored based on the
researcher’s assessment of whether the return visit was intentional, or an incidental
relocation caused by continued searching. Evidence for an OTOV (versus an
accidental relocation) rests on the directness of the return, and the behavior of the
subject once the audio trigger for the latter object visit is triggered.
Sighted subjects tended to have more OTOVs (Mdn = 8.5) than those in the
searchBlind and allBlind conditions (Mdn = 5.5 and 7, respectively), though the
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difference was not significant, MS(2) = 1.51, p = .469. Use of OTOVs were almost
identical between men (Mdn = 7.5) and women (Mdn = 7), with no statistically
significant difference between the two, MS(1) = .25, p = .620. If OTOVs are
counted separately depending on whether they occur before or after the fourth object
is found (OTOVsearly and OTOVslate, respectively), an interesting pattern emerges
with respect to condition. These relationships are shown in Figure 3.8. While most
OTOVs occur at the end of a search (indicating a separation of memorization and
exploration), each condition exhibits a different pattern. Sighted subjects were much
more likely to search last, while subjects in the allBlind condition were much more
likely to exhibit a mixed strategy. These are indicated by the differences in mode
and skew for the distributions illustrated in the bottom pane of Figure 3.8.
The OTOV measure correlated almost perfectly (Pearson’s r = .98, p < .001) with
the length of the NROV series. And, while memorization returns and object-toobject visits after the fourth object was found were by definition equal for this study,
the object-to-object visits before the fourth object was found was also quite highly
correlated to the equivalent portion of the NROV series, (Pearson’s r = .93, p <
.001). The NROV series, despite occasional incidental contacts, well-represents
OTOVs, is easily calculated by computer, and requires no direct researcher
classification. For these reasons, it may stand in for OTOVs, with the caveat that it
is a “noisier” measure, and therefore less sensitive.
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Figure 3.8 – Distribution of object-to-object visits (OTOVs).

3.4.5 Strategy and Performance

With the account complete of how measures of search efficiency, object location
learning, and strategy vary by condition and by sex, the primary focus of the study
can be examined. Of principal interest to this study is a description of how strategy
impacts performance on search-based wayfinding tasks. Although sex differences do
appear to influence some measures of performance they do not greatly impact the
choice of search or memorization strategy. Condition impacts performance in fairly
understandable ways – the greater the blindfoldedness of the subject, the more likely
he or she is to take a longer time, a longer distance, and the poorer he or she is likely
to learn the layout of the objects. More interestingly, the degree of blindfoldedness
impacts the selection of strategy used to solve the task in some ways, but not in
others. Blindfoldedness did not influence the subjects’ choices of search strategy
overall. Transects and perimeters searches were quite common in all conditions, and
gridline searches – while rarer – were used in roughly equivalent proportions in all
conditions. The strongest effect – still statistically insignificant – lay in the
connection between condition and the number of memorization visits and mixing
ratio.
Strategy, then, manifests in two ways – it can be focused on effective search and
it can be focused on memorization. These two types of strategy may well occur
together, and there is good reason to think that this would be the case if an overall
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strategic disposition governs both. Experiments by Fletcher (1980; 1981) indicate
that the type of exploration strategy may influence object-location learning, and this
connection is explored as well.
In addition this section analyzes the hypothesis that the effect of systematic
search is not only limited to reducing measures of central tendency, but also about
reducing the variance. We test the effectiveness of the gridline search strategy – the
most systematic and comprehensive of the search strategies widely implemented – in
terms of its reduction of the variance as well as its reduction of the mean. In the
analysis that follows, distance (not time) is used as the basic measure of search cost
in order to reduce the effect of the slower walking speeds observed for blindfolded
participants.
The number object-to-object visits (OTOVs) had a variable effect on spatial
learning, depending on condition. For sighted subjects, there was no correlation
between the number of OTOVs and the spatial distortion index calculated from the
subjects’ models of the objects in the room, Pearson’s r(11) = .07, p = .825. The
same was true for average absolute pointing error derived from compass pointing
measurements, Pearson’s r(11) = .07, p = .81. There was a moderate correlation
between both blindfolded conditions (which behaved similarly) and SDI, Pearson’s
r(27) = .33, p = .097, though the results for pointing error were mixed and
inconclusive. It was not surprising that the number of OTOVs was related to total
distance traveled (Pearson’s r[40] = .47, p = .003), since both are fundamentally
measures of different types of distance.
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A second approach to analyzing the effect of OTOVs on object location
learning is to discretize the OTOVs into categories. Following this approach entails
dividing the OTOV scores into quantiles, and assigning a rank equivalent to the
order of the quantile to which it is assigned. Commonly, the scores are separated
into halves (groups above or below the mean or median score, for instance), and
analyzed for differences using t-tests or Kruskal-Wallis tests. Hill et al. (1993)
divided the subjects into two groups – top performers and poor performers – based
on the top 15 and bottom 15 scorers (roughly equivalent to the top and bottom
quartile). Rather than disregard the central data, the approach used in this study is to
equally divide the population into three quantiles, or terciles. The approach enables
the data to be analyzed by Mack-Skillings test, and allows for easy control of the
effect of condition so that only the effect of strategy use is retained.
Based on this analysis, the lower tercile of the OTOV group (i.e., those that had
the fewest object-to-object visits) had a much higher error on the model-building
measure of SDI (Mdn = .38, IQR = .31) compared to the middle tercile (Mdn = .26,
IQR = .11) and the top tercile (Mdn = .22, IQR = .09). These differences were
marginally significant, MS(2) = 5.72, p = .057. This method of analysis did not find
any coherent pattern for mixing strategy on SDI, average pointing error, or total
distance traveled.
The ternary measure of gridline strategy use (“never” “sometimes” or “always”
used the strategy) created as a result of averaging between trials was reduced back to
binary such that the variable represented whether the subject ever used the gridline
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strategy (i.e., conflating the “sometimes used” and “always used” categories). Those
using gridline strategies had a lower SDI (Mdn = .24, IQR = .17) than those who did
not (Mdn = .27, IQR = .14). Correcting for the influence of condition, the difference
was highly significant, SM(1) = 10.89, p < .001. Gridline users also had a lower
average absolute pointing error (Mdn = 19.8, IQR = 12.3) than those that did not use
the gridline strategy (Mdn = 20.4, IQR = 12.3). This difference, when adjusted for
the effect of condition, was also highly significant, MS(1) = 13.37, p < .001. These
results indicate that the choice of exploration strategy does improve the ability of the
subject to learn the layout of the objects in the room.
The final claim under consideration is that systematic search techniques are as
much about reducing the dispersion, and hence the uncertainty, as they are about
reducing central measures, like the mean or median. No simple statistical test can
demonstrate this, but the results of three tests are presented here as evidence for this
hypothesis.
First, gridline searches do tend to reduce the median total time and total distance
taken for the task. Gridline users (Mdn = 165.2 m) had a lower median search
distance than non-gridline users (Mdn = 179.3), a significant difference, MS(1) =
10.20, p = .001, when controlling for the effect of condition. They also had a lower
median time taken (Mdn = 321.5) than non-gridline users (Mdn = 329.5), also a
significant difference, MS(1) = 5.28, p = .022.
The interquartile range for gridline users also tended to be less than that of nongridline users. This was true for total distance (IQR = 68, 90, for gridline users and
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non-gridline users, respectively) and for total time (IQR = 124, 151, for gridline
users and non-gridline users, respectively). It was also true for search distance, the
amount of distance used from the start of the task until the fourth object was found
(IQR = 63, 70, for gridline users and non-gridline users, respectively). However,
median search distance for gridline users was higher (Mdn = 97.7) than that of nongridline users (Mdn = 88.5), a distance that was statistically significant, SM(1) =
7.12, p = .008. Taken together, this analysis provides evidence that when
systematically searching, individuals are primarily trying to reduce the variability in
search times, while reducing the central tendency (mean or median) is often a
secondary goal.

3.5 Discussion
The novelty in this experiment rests with its creation of “invisible” objects.
Whereas previous experiments (Tellevik, 1992; Gaunet & Thunis-Blanc, 1996)
tested the strategies that blindfolded sighted persons used to search for objects, this
experiment allowed sighted subjects to use their vision to coordinate movement, as is
common for them during locomotion, but not to determine the location of the objects
visually, since that would be a trivially easy task. In order to more carefully compare
how this study relates to the previous studies, two blindfolded conditions were
created as well since it seemed plausible that the incorporeal nature of the “objects”
in this study would influence search behavior.

87

This turned out not to be the case. The sighted blindfolded subjects adopted
gridline and object-to-object search strategies in the same general proportions as
those in the literature (Tellevik, 1992). Further, they seemed to search in much the
same way as the sighted subjects. The largest differences appeared in the choice of
when object-to-object visits occurred. While sighted subjects tended to displace
memorization returns until after all four objects were located, blindfolded subjects
tended to utilize a strategy where exploration was intermixed with memorization.
This increased intermixing of exploration and memorization by blindfolded
participants likely was as helpful in maintaining orientation within the room as it was
in learning the configuration of the objects.
While Tellevik found a decrease in the frequency of gridline strategy use between
the first and second trial in his study, quite the opposite was found here. Subjects in
this study used gridline exploration strategies much more often in the second trial,
and all three conditions (sighted, searchBlind and allBlind) used gridline and
perimeter strategies in equivalent proportions. Hill et al. (1993) speculated that these
types of exploration patterns would be reduced, since searchers were already familiar
with the space. In fact, these strategies are much less important for roomfamiliarization than they are for object-finding.
One of the more interesting findings was the difference in gridline use between
the first and second trials. Very few individuals (about 10%) used a gridline search
on their first attempt, a figure that rose to about 33% on the second trial. While other
search patterns were overall more common, this relaxed attitude toward systematic
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search in the first trial may indicate a belief that haphazard searching would solve the
task in a reasonable amount of time. Given the relatively small size of the space to
be searched, the prevalent non-strategic approach to problem solving is not
surprising. A second experiment, presented in chapter five of this dissertation, was
devised to determine how important the size of the space is in prompting systematic
exploration.
Sex played a significant role in performance, but not in strategy choice. Women
did not use “Home” as a landmark more often than men, and used exploration and
object linking strategies in similar proportions. Despite this, they tended to use more
time and distance to complete the task and remembered the locations of the objects
more poorly than did the men according to two independent measures of assessment.
The methodology of model-building and subsequent bidimensional regression
analysis proved quite useful. The results were generally consistent with pointing
measurements. Directional estimates obtained from the model were also consistent
with those obtained by true pointing measurements. Informally, subjects indicated in
post-task interviews, that they regarded pointing as more difficult. With the tokenmethod of placement particularly, subjects are able to adjust the positions of objects
and thus resolve the inconsistencies of judgment apparent via a series of pointing
tasks. Overall, the model-building method of assessing users cognitive maps is
superior to a series of pointing judgments by virtue of its ease of administration, ease
of analysis (via a single index of distortion), and overall subject satisfaction.
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One of the guiding theses of this dissertation is that strategists weigh the outcome
of their task in terms of central tendency (through lowering the mean or median of
the expected value) and dispersion (through reducing the variance of the result, and
therefore the uncertainty). Both are clearly important in the decision of whether to
pursue a systematic search or a haphazard one. Subjects that participated in this
expected did tend to reduce overall search time and distance by using systematic
search strategies, but overall median search times were higher for systematic
searchers. Yet in all cases, the variance was reduced. This evidence is far from
conclusive, but it is supportive of the thesis.
Based on these results, a second experiment was devised in which subjects
(sighted and blindfolded sighted) were asked to conduct a similar search but in larger
spaces outdoors. The change in scale directly tests the hypothesis that increased
costs (in this case the cost of overcoming distance) lead to increased strategic
behavior. In addition, a questionnaire was developed to assess the disposition of
each subject toward risk in wayfinding contexts. The instrument also assessed the
strategic disposition of each subject in wayfinding and non-wayfinding contexts.
These results are presented in the following two chapters.
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4. Strategic Disposition Questionnaire
For both the outdoor search and route finding experiments described in the next
two chapters, subjects completed a common questionnaire packet after the principal
task was complete. A complete description of all of the items on the questionnaire
packet can be found in Appendix B. The objective of this questionnaire was to
capture the subjects’ attitudes toward strategic activities in general, strategy use in
route-finding tasks in particular, and risk-taking in navigation contexts (e.g.,
shortcutting). Subjects also answered a small set of additional questions in which
they ranked their route preferences directly and reported the degree to which they
used several common ways of using maps and directions through digital means. The
following section provides details on each of these sections. In addition to this
information, each subject was asked to provide his or her sex and age, and each
subject answered the fifteen-item Santa Barbara Sense of Direction Scale
questionnaire (Hegarty et al., 2002) to assess their overall environmental spatial
ability.
Of particular interest is an exploration of the following questions as they relate to
wayfinding problems specifically:
1. What small set of questions best captures an individual’s conception of
his or her own strategic disposition?
2. What small set of questions best captures an individual’s conception of
her or her own attitude toward risk?
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3. Is orientation toward risk similar regardless of the mode of travel?
4. Are attitudes about risk-taking in different contexts (driving, walking, and
parking) consistent at the level of the individual?
5. Are there correlations between self-reports of environmental spatial
ability, strategic disposition, and attitudes about risk?
6. How do overall preferences about attributes of routes compare between
walking and driving contexts?
7. What sex differences, if any, are apparent in strategic disposition,
attitudes about risk-taking, and preferences for routes?
The answers to these questions are designed to improve the analysis of
wayfinding problems. As such, the indices developed here are used in subsequent
chapters to analyze behavior in the context of strategic thinking and risk-taking.

4.1 Materials
4.1.1 The Santa Barbara Sense of Direction Scale
Each subject completed the fifteen-item Santa Barbara Sense of Direction
Scale (SBSOD) questionnaire (Hegarty, Richardson, Montello, Lovelace & Subbiah,
2002). The instrument has been shown (ibid.) to correlate well to a large variety of
pointing and wayfinding tasks and is considered to be a good metric for
environmental spatial ability. The items on the questionnaire ask subjects to rate
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themselves on elements such as how well they give and understand navigational
directions, anxiety when traveling, and memory for routes. The scale has been used
in a wide variety of wayfinding contexts since its publication (e.g., Hegarty,
Montello, Richardson, Ishikawa, & Lovelace, 2005; Dillemuth, 2005; Ishikawa,
Fujiwara, Imai, & Okabe, 2008). The inclusion of the scale on this study allows for
the comparison of strategic disposition to environmental spatial ability. It also
allows for an important correction when interpreting performance results for the
wayfinding studies described in the next two chapters: strategy alone represents the
quality and depth of the planning and consideration process of a task, while a selfrating of ability is a more direct measure of how well the environmental spatial
problems are solved overall. While there is good reason to think that many
wayfinding tasks are associated with a high strategy quotient, there is also good
reason to think that some of these tasks may be done “naturally,” and that the thought
processes behind them may be highly latent.
4.1.2 Strategic Disposition and Risk-taking Indices
The first portion of the question asked subjects to rate their level of
agreement (on a seven-point scale) with statements related to their interest in and use
of strategy in navigation-related and non-navigational situations. Other types of
questions included willingness to take risks in navigational contexts (e.g., taking
short-cuts), the degree to which they considered the effect of their navigation-related
actions on other agents, and their general preferences for routes. Where possible,
subjects were asked questions on the same topic in both driving and pedestrian
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contexts. In all, the elements of strategy portion of the questionnaire consisted of
forty statements. Of particular interest was an assessment of how well the theoretical
division of the elements of strategy presented earlier (in Section 2.2) represented the
“strategic disposition” of the subjects.
Some of the items used in the questionnaire came from existing items in the
literature, including questions that were part of the prototype 27-item SBSOD
(Hegarty et al, 2002), Hochmair’s (2004) complete list of route strategies and
preferences used to develop his four factor model, Golledge’s (1997) list of path
selection criteria, and Lawton’s Way-Finding Strategy Scale (1994). While Lawton
asks individuals to rate themselves on specific strategies used for wayfinding, the
question set presented here focuses on the subject’s overall strategic disposition
toward wayfinding problems. Lawton’s instrument was developed to distinguish
between users of two distinct strategies – the orientation strategy, which emphasizes
the use of cardinal directions and metric distances, and the route strategy, which
emphasizes the use of landmarks and egocentric (left/right) directions. Seven items
that loaded highly on the orientation and route factors were included on the fortyitem strategic disposition questionnaire.
4.1.3 Attitudes Toward Risk When Walking and Driving
The second section of the questionnaire involved a series of hypothetical
questions presented in binary choice format. The questions were modeled after those
presented by Tversky and Kahneman (1981) in the context of Prospect Theory, but
modified to involve prospects of costs (in terms of time or distance) between
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alternative routes. Route choice problems differ in important ways from the
economic and medical problems typically presented by Tversky and Kahneman. In
the case of these classic problems from Prospect Theory, questions often took the
form of a choice between a sure thing and an all-or-nothing alternative involving
some amount of risk. For instance, a researcher might ask a subject, “Which would
you prefer, a sure one hundred dollars or a fifty-fifty chance of either nothing or two
hundred dollars?” Real-life route choice problems can not easily follow this model
because even the worst route will eventually pay off – it will just involve high costs
in terms of distance, time, or some other variable. Similarly, even the best route
involves some expenditure.
Of primary interest was an understanding of how the mean time (or distance)
affected the choice, and whether the modality of transport (walking or driving)
affected the decision. Walking questions were phrased in terms of distance, with two
mean distances, 120 and 480 yards, used. Distance was used instead of time, since
traversing distance on foot typically incurs costs associated with physical effort, not
just time. Driving questions were phrased in terms of time since physical effort is
often minimal for casual travel, and issues of time are likely of paramount
importance. Questions for driving used expected means of 15 and 60 minutes.
Thus, in both walking and driving cases, the ratio of the higher mean to the lower
mean was four to one.
Subjects were asked to imagine that they were walking or driving and that
they did not have a specific time at which they needed to reach their destination.
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They were then asked to choose between a route that provided a sure total time (or
took a sure total distance) and a “risky” option where one had some probability (p) of
a lesser time and a (1-p) probability of a greater time. Since an understanding of
whether and how differences in dispersion manifest as costs was a secondary goal of
the study, contributors to the variance were adjusted between questions as well.
Probabilities used for the better alternative (i.e., the time or distance-saving option)
of the risky option were [.25 .5 .75]. Additionally the proportion of the payoff for
the better alternative was varied. Payoff ratios for the better alternative were [.33 .5
.67] of the expected mean, and the amount of the payoff for the worse alternative
was calculated to ensure that the expected mean for the risky option was equal to the
time given as the “sure” option. Thus, one question was, “Choose between (a) A
route that takes a sure 15 minutes or (b) a route with a 1 in 2 chance of taking 5
minutes and a 1 in 2 chance of taking 25 minutes.” Each question was asked twice,
once with the better alternative of the risky option listed first, once with the better
alternative listed last.
In total there were four attributes per question: mean [1 4], probability [.25 .5
.75], payoff ratio [.33 .5 .67], and order of presentation [1 2]. In order to fully test
each of these, a total of (2 x 3 x 3 x 2) thirty-six questions per mode (walking and
driving) would have to be asked. Given the overall length of the questionnaire, the
total number of questions was reduced to twenty (for walking) and nineteen (for
driving), with only a sampling of attribute/level pairs related to the variance
included. As such, the question sets are targeted at revealing risk orientation patterns
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for mode, mean, and question order and they are only suggestive for patterns of
variance. Each question set asked the same combination of variance attributes, with
the exception of the single, inadvertently omitted question on the driving section.
Analyses based on this reduced set were based on only the remaining balanced
sixteen questions.
The overall set of questions was then analyzed in several ways. First, a simple
mean of the responses (coded 0 for the safe alternative, and 1 for the riskier
alternative) provided a very rough metric of the respondent’s attitude toward risktaking. These simple metrics (calculated for walking and driving separately) were
investigated as an explanatory factor for the outdoor search and route asymmetry
studies.
A more in-depth analysis of these questions involved analyzing the effect of
means and variances on risk-taking. According to Prospect Theory, as the stakes of
games involving gain increase, players become increasingly risk-averse – that is, they
are more likely to take the sure alternative. Games involving loss exhibit the
opposite pattern, with higher stakes leading to great risk-taking. In this way, we can
compare overall risk-taking behavior in driving and walking contexts to the
monetary and medical contexts to see if the pattern is similar.

4.1.4 Attitudes Toward Risk When Parking
The fourth section of the questionnaire consisted of hypothetical route choice
questions in the context of a parking garage. Subjects were asked to imagine that
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they entered a parking garage that had four levels: a lower level, a ground floor, a
second floor, and a third floor. The ground floor never had spaces available, while
the lower level had spaces available at probability p1 and the second floor had spaces
available at probability p2. These probabilities are independent of each other, and
need not sum to one. The 3rd floor always had spaces available. Subjects were asked
whether they would attempt to find a space in the lower level first (before proceeding
upward) or forgo searching the lower level to instead move directly upward. By
moving upward from the start, subjects reduced the overall uncertainty associated
with the search, though sometimes at the expense of overall trip length. The
complete problem is presented in Appendix B.
This problem is significantly more computationally complex than the previous
situations involving potential short cuts, as each of those questions had the same
overall expected mean outcome. In the case of the parking problem, depending on
the actual probabilities presented, either going up or going down could be
statistically better in terms of mean outcome (in terms of the number of floors
traveled during parking).
Further, the complexity of the calculation in determining the expected number of
floors traveled (EFT) was quite different when evaluating going up versus going
down. The calculation of EFT when going up is relatively simple. If the individual
chooses to go up, the EFT is equal to 1(p2) + 2(1-p2). However, if the individual
chooses to go down, then EFT is equal to 1(p1) + 3(1-p1)(p2) + 4(1-p1)(1-p2). One
way to solve this problem, if EFT is a concern, is to compare the expected utility of
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each outcome. When the estimated number of floors traveled going up is less than
EFT going down, one should choose to go up. Figure 4.1 presents the line of equal
utility with respect to EFT. To the left of this line, EFTup is less than EFTdown, and so
it is more beneficial to proceed directly upward. To the right of this line, the
opposite is true, and so it is better to proceed downward first. Given the relatively
large penalty of failing to find a space on the lower level (the traveler must travel two
floors before there is another possibility of finding an open space), the relative
proportion of the problem space in which it is beneficial to start the search in the
lower level is relatively small, and it represents the “risky” alternative.

Figure 4.1 - Line of average equal number of floors traveled for parking garage
problem
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The mathematical variance associated with trying the upper floors first, and
forgoing a search of the lower level is relatively small (between 0 and .25).
However, due to the multiple levels of uncertainty and the same relatively high
penalty of failing to find a parking spot on the lower level noted earlier, the variance
associated with trying the lower level first is also nearly always greater than trying
the upper levels alone, regardless of the specific probabilities. For instance, when
the variance associated with trying the upper floor first is near its maximum (when p2
= .5), the probability for finding a space in the lower level would have to be greater
than or equal to .96 before the variance was smaller. Figure 4.2 graphically shows
the variance associated with trying down, where the height of the surface is equal to
the variance (when going down) for various combinations of p1 and p2. This true
structure of the uncertainty associated with the problem is almost certainly greatly
simplified in the minds of subjects, if it is considered at all.
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Figure 4.2 – Variance structure for problem space when trying the lower level first.

In order to more fully account for individuals’ preferences for risk and their
computation of utility in spatial problems, values were chosen throughout the
problem space, not only where EFTdown was equal to EFTup. Table B.3 in Appendix
B lists the seventeen probability pairs, the expected number of floors traveled and the
associated variances of the options for each question used in this portion of the study.
The distribution of these seventeen questions is illustrated graphically in Figure 4.3.
Five of the questions were sampled along the isoline where EFTdown is equivalent to
EFTup. Nine questions were asked where it was better, from an expected mean
number of floors standpoint, to proceed up. Two questions were asked were it was
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preferable to start the search in the lower level first. Items 4 and 15 were identical to
provide a rough index of reliability.

Figure 4.3 - Contour plot of problem space for parking garage problem. Lines
indicate expected number of floors traveled when starting up versus starting
down. Circles indicate the seventeen probability pairs used on the questionnaire.

In order to test to assess how well the binary-choice methodology agrees with
other methods of assessing these types of preferences, a second presentation of the
parking problem was included where subjects were given an expressed probability
(10%, 20%, and so on to 99%) of finding a space on the second floor. Subjects were
then asked what probability of finding an open space on the lower level would be
required to produce an ambivalence in preference for initially going up or down. For
example, one item asked subjects, “If second floor availability is 50%, what percent
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in the Lower Level would make both choices equally as attractive.” These results
were compared to those acquired from the binary-choice format to see what level of
agreement there was between the two methodologies.

4.1.5 Expression of Preferences
The final portion of the questionnaire asked participants to explicitly rank five
criteria for routes in driving and pedestrian contexts separately. Hochmair (2004)
suggests that the many criteria on which people select routes can be compressed into
four aggregates: whether the route is fast, safe, simple, and attractive. Although
bicycle, pedestrian and automobile travel all share similarities, the network
restrictions and relatively high cognitive demands associated with driving as
compared with walking indicated that the “simple” factor be split into two separate
factors. These were an “easy” category related to physical effort and “simple”
category related to mental effort. Given how closely related these two words are out
of contexts, they were parenthetically clarified on the questionnaire given to subjects
as “Easy (not physically demanding” and “Simple (not complex).” Subjects were
asked to rank these five attributes [fast safe simple easy attractive] in order of
importance for driving and walking contexts separately. These ranks were analyzed
for differences between mode of travel and for differences in preference between
sexes.
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4.2 Procedure and Participants
A combined total of 101 questionnaires were administered after the outdoor
search study and the route asymmetry study. Fifty of these were administered after
the outdoor search study, and 51 were administered after the route asymmetry study.
A total of fourteen subjects completed both studies, but all of these completed the
outdoor search study first.
The number of men and women in each study were proportional but not equal.
Women tended to sign up for both studies in greater numbers than men. Of the 101
participants, 58 were women and 43 were men. Those subjects that completed both
studies were evenly balanced (7 males, 7 females). The average age of participants
was 19.5 years, and ranged between 17 and 38 years. Subjects volunteered for the
study in exchange for extra-credit in an introductory geography course.

4.3 Results
4.3.1 Strategists, Risk-takers, and Generalists
The primary purpose in the administration of the rather lengthy forty-item
questionnaire was to identify a smaller subset of questions that could be used to
identify strategists in wayfinding contexts. In order to identify this subset, a central
measure was selected that most directly and neatly expressed the desired factor. Item
31 (“I think about route planning in a way that I would characterize as strategic”) was
selected as this central measure. Correlations were then calculated between this and
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each other item on the questionnaire, and only responses with a correlation of .20 or
higher (an arbitrary value selected to eliminate only the least relevant items) were
retained for further analysis. In total, 26 items were eliminated and 14 items were
retained based on this criterion. Many of the items that were eliminated were
obfuscating questions that were not hypothesized to relate to strategic disposition,
however items related to generalized, schematic thinking were also eliminated (e.g.,
Item 17: “I typically only keep a general notion of my route when I travel, and figure
the rest out as I go.”) by this criterion.
The remaining fourteen items were then examined using factor analysis. A
graphical representation of a promax rotation using three factors was used for visual
analysis. The principal factor corresponded to the item of interest, and most of the
items that loaded on this factor (numerically speaking) were directly related to
strategic thinking (e.g., Item 29: “I enjoy activities that involve strategic thinking.”).
The first and second factors were difficult to distinguish, and most items did not load
distinctly on one factor or the other. However, three of the items clearly loaded on
the third factor, which could best be described as risk-taking. Since developing an
index of attitudes about risk-taking in wayfinding contexts was a secondary goal in
the administration of the forty-item questionnaire, these three items were removed
for later consideration.
Item 20 (“I frequently keep track of the direction (N,S,E,W) in which I go when I
travel”) was also eliminated. There were six other items that related to specific
methods of maintaining orientation or organizing directions while traveling. Since
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none of these six were strongly related to the central strategic measure, and since
cardinal direction use in navigation has a known sex-bias (Lawton, 1994), the
inclusion of this item would have unnecessarily confounded further analysis.
Ten items were ultimately retained, and these questions (all rephrased in positive
form) are included in Table 4.1. A strategic disposition index was calculated as the
mean score of these ten items. Item-total correlations are also given in Table 4.1,
and ranged from .49 to .72. The overall mean score for the strategic disposition
index was 4.96, with a standard deviation of .94. Cronbach’s alpha for the scale was
.80, indicating a good internal reliability.
Other than the questions involving generalized or schematic thinking that were
not well correlated with the overall strategic disposition index, the index retained
representative questions of all the major aspects of strategic thinking identified in
Section 2.2. Frequency, affinity, latency, externalizabilility, and multi-variable
consideration are all well-represented in this small sample of questions. It is also
notable that spatial and non-spatial elements of strategy were sufficiently interrelated
to warrant the inclusion of both in the final index.
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Item-Total
Correlation

Item
1.
2.

I enjoy playing games that involve a great deal of strategy.
I am good at finding the shortest or quickest route to a place.

.67
.52

5.

When driving, I consciously try to find the best route for the
.60
circumstances.

6.
7.

I frequently play games involving a great deal of strategy.
When driving, I typically think about my route.

14.

When walking, I consciously try to find the best route for the
.49
circumstances.

29.
30.

I enjoy activities that involve strategic thinking.
I am good at explaining the strategies I use.

31.

I often think about route planning in a way that I would
.58
characterize as strategic.

39.

When parallel parking on a street, I am careful to park so that
.51
as many vehicles as possible can fit in a given block of spaces.

.69
.59

.72
.62

Table 4.1 – Items retained for the strategic disposition index.

Seven items on the questionnaire asked individuals to rate particular
strategies that they used when wayfinding. These seven items were representative of
Lawton’s (1994) two-factor, fourteen-item Way-finding Strategy Scale. Oblique
factor analysis on the seven-items that were part of this data set produced the same
factor loading structure as noted by Lawton. These two strategies were described as
“Orientation” and “Route” strategies, where the Orientation strategy was associated
with metric distance and cardinal direction, while the Route strategy was associated
with egocentric direction (right/left) and landmark use. Lawton provided evidence
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that men tended to associate more with the orientation strategy and women tended to
associate with the route strategy, a result that was also replicated.
Worth noting, however, is that while the expected sex differences were noted
on individual items related to cardinal directions (male bias), distances-to-turns
(male bias), number-of-streets to turn (female bias), and egocentric directions
(female bias), the item explicitly pertaining to landmark use did not show statistically
significant differences between sexes. Women tended to answer that landmarks were
more important than men (M = 5.9, SD = 1.3; M = 5.5, SD = 1.7, respectively), but
the difference did not reach significance, t(99) = -1.34, p = .18. These results suggest
that the use of landmarks as markers is common to both sexes, but that women tend
to use landmarks more often to establish orientation and to segment space.
While the development of the strategic disposition index was the primary
purpose in the administration of the 40-item questionnaire, two other indices were
also compiled as prototypes for future work. The second index was related to the
willingness with which an individual would engage in risk-seeking behavior in
wayfinding contexts. This type of behavior would include shortcutting, exploration
and detouring. As with the strategic disposition index, the development of the risktaker index began with an identification of a central measure. Item 33 (“I frequently
take shortcuts.”) was selected as this central measure. Exploratory analysis based on
the selection of the start point among reasonable alternatives indicated that the
composition of the final index was entirely insensitive to the definition of the initial
central measure.
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Only four other items were correlated with this central measure at r = .20 or
greater. Item 17, related to generalized thinking about route planning, was included
among these four. Ultimately, however, this item was eliminated and paired instead
with the two other items related to generalized thinking (Items 9 and 10) to form a
third index. The final risk-taking index consisted for four items (13, 33, 34, 35). It
is notable that non-spatial items (e.g., Item 3: “I enjoy playing games of chance”)
related to risk-taking were not sufficiently interrelated to warrant their inclusion on
the final scale. Cronbach’s alpha for the risk-taker index was .64., and .69 for the
generalized thinking index. Because these values are somewhat low, and because
both indices were based on a very small subset of questions, they should be
considered as only tentative measures of their respective constructs.
The next three sections of the questionnaire asked individuals to choose
between a relatively safe choice and a relatively risky choice. The walking and
driving sections asked individuals to choose between an option in which the cost (in
distance or time) was certain, and one in which the cost varied based on an expressed
probability, though the mean utility of either choice was the same. The set of
questions involving parking was somewhat more complex – in this case the safer
alternative did not always produce the best mean utility, though the variance
associated with this response was nearly always lower. The responses for these sets
of questions were averaged to produce a risk propensity index for each context that
ranged from zero (risk-averse) to one (risk-seeking).

109

4.3.2 Measure Intercorrelation
Since each of the principal measures of environmental spatial ability,
strategic disposition, risk-seeking, and generalized thinking are all potential
influences on wayfinding behavior, it is worthwhile to address how each of these
measures relate to each other. Table 4.2 lists the intercorrelations among these
indices. Environmental spatial ability, strategic disposition and risk-seeking are all
positively related, while generalized thinking is unrelated to the other three.

Measure

1

2

3

4

1. SBSOD

--

.57**

.36**

-.25*

--

.37**

-.12

--

.10

2. Strategist
3. Risk-seeker
4. Generalist

--

Table 4.2 – Measures of intercorrelation among major indices. * p < .05, ** p < .01

The risk-taking index derived from the general questionnaire consisted of
relatively direct characterizations of an individual’s attitudes toward risk and
uncertainty, while indices derived for driving, walking, and parking contexts were
mean values of a series of binary responses to hypothetical situations in which
individuals were asked to make a safe or risky choice. The self-evaluations and the
hypothetical questions involving driving and walking tended to be well-correlated,
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while the index derived from the parking problem was not correlated with the other
three. Table 4.3 presents correlations among these measures of risk-taking.
Based on these results it is likely that attitudes about risk-taking in driving
and walking contexts are similar, given the fairly strong correlation, r(99) = .46, p <
.001, between these two measures. The aggregate risk-taker index derived from the
original forty-item questionnaire is consistent with measures derived from responses
to hypothetical situations in both walking and driving contexts.

Measure

1

2

3

4

1. Aggregate

--

.27**

.29**

.09

--

.46**

-.08

--

-.13

2. Walking
3. Driving
4. Parking

--

Table 4.3 – Intercorrelation among measures of risk-taking. * p < .05, ** p < .01

4.3.3 Sex Differences Among Index Variables
Each of the summary measures was also analyzed for an effect of sex. Hegarty et
al. (2005) noted significant differences in environmental spatial ability as measured
by the Santa Barbara Sense of Direction Scale (SBSOD). Those findings were
replicated here: men tended to report a higher environmental spatial ability (M = 4.8,
SD = .94) than women (M = 4.2, SD = 1.13), t(99) = 2.56, p = .012. Men also
tended to report a higher strategic disposition (M = 5.4, SD = .80) than did women
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(M = 4.7, SD = .93), a difference that was highly significant (t[99] = 3.97, p < .001).
Figure 4.4 shows these results graphically. SBSOD scores are nearly equal for the
top performers of both sexes, though the mean is lower and variance is higher for
women. In contrast, women’s scores on the strategic disposition index are phase
shifted with lower mean scores but an equivalent variance. No aggregate measure of
risk-taking showed a statistically significant difference in means between the sexes.

Figure 4.4 – Differences in distribution for environmental spatial ability and strategic
disposition, by sex.
Values beyond the whiskers, marked with plus symbols, are
outliers whose values were greater than 1.5 times the interquartile range beyond either
the 25th or 75th percentile.

4.3.4 Risk-taking While Walking
A twenty-item series of questions asked individuals whether they would prefer a
“sure” option in which a distance-to-travel was certain, or a “risky” option in which
the distance-to-travel had some given probability (p) of being better and some
probability (p-1) of being worse. The expected mean distance-to-travel was the same
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for both the safe and risky option. The mean outcome, order of presentation of the
favorable choice, probability and ratio of the payoffs were all systematically varied.
The principal interest was in determining how an increased mean travel distance
would affect the propensity to try the risky alternative. In the walking case, all
responses involving the low and high mean distance (120 and 480 yards) were
averaged separately, and the results were analyzed using a paired t-test. The results
were coded so that selection of the risky alternative was indicated with a one, while
the selection of the safe alternative was indicated with a zero. Averages thus ranged
from 1 (risk-seeking) to 0 (risk-averse). All other variables (order, probability, and
payoff ratio) were balanced for the two means tested. Subjects were much more
likely to choose the risky alternative when the expected mean was lower (M = .52,
SD = .25) than when the expected mean was higher (M = .35, SD = .26), a difference
which was highly significant according to the paired t-test, t(100) = 7.4, p < .001.
The left pane of Figure 4.5 illustrates this relationship graphically.
Each combination of mean, probability, and payoff ratio was presented twice. In
one presentation, the better option of the risky alternative was presented first (e.g.,
the risky option read, “... or a walking route with a 1 in 2 chance of 80 yards, and a 1
in 2 chance of 160 yards.”). In the second presentation, the better of the two options
was presented last (e.g., “... or a walking route with a 1 in 2 chance of 160 yards, and
a 1 in 2 chance of 80 yards.”). It was quite common for individuals to answer
differently depending on this presentation. The numbers of presentations were equal,
and all other factors were balanced. To analyze these data, results were averaged
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based on presentation order and a paired t-test was used to assess significance of
statistical difference. Subjects were much more likely to risk when the better of the
risky alternatives was presented first (M = .48, SD = .25) than when it was presented
second (M = .39, SD = 24), a difference that was highly significant, t(100) = 5.1, p =
< .001.
The discrete variance for each alternative was calculated using the expressed
probabilities and payoff ratios. The use of the payoff ratio rather than the payoff
itself means that each variance is scaled to the mean. As a result, each discrete
variance was presented four times (twice at each mean level, and twice at each order
level), resulting in five different scaled variances present on the final questionnaire.
The right-hand pane of Figure 4.5 illustrates the propensity to risk at different
variances. Items with the same scaled variance were averaged together, and
differences in means were tested using repeated measures ANOVA. While repeated
measures ANOVA indicates significant differences between variance groups,
F(4,400) = 3.64, p = .006, it is somewhat questionable whether the average of four
binary options (equivalent to five levels) shows enough variability to permit
parametric testing. A second analysis using the non-parametric equivalent to
repeated measures ANOVA, Friedman’s test, also finds significant differences
between groups, χ2(4,400) = 11.16, p = .025. The complex pattern illustrated in
Figure 4.5 suggests that though variance itself is likely not a concern, differences
among groups may be attributable to either the probabilities or payoff ratios given in
the problem. Due to time limitations on an already lengthy questionnaire set, the
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decision to focus on how means and question orders contributed to risk-taking
precluded a more in-depth analysis of how the constituents of variance affect risktaking.

Figure 4.5 - Propensity to choose the “risky” option in the walking problem given
changes in mean and variance. A higher mean decreases the propensity to risk, while
changes in variance produce no coherent effect.

4.3.5 Risk-taking While Driving
The analysis of risk-taking while driving followed the same methodology as
above. Subjects were asked to choose between a safe alternative, expressed as a
measure of time, and a risky alternative where there was a chance for a better travel
time and a chance for a worse travel time. There were nineteen such items in which
order of alternatives, means, probabilities and payoff ratios were systematically
varied. The results were coded so that selection of the risky alternative was indicated
with a one, while the selection of the safe alternative was indicated with a zero. The
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overall score was an average of the nineteen items. Averages thus ranged from 1
(risk-seeking) to 0 (risk-averse). As with walking, it was expected that as the mean
outcome and variance increased people would be less likely to choose the risky
alternative.
In fact, subjects were slightly more likely to choose the risky alternative when the
expected mean was higher (M = .41, SD = .23) than when it was lower (M = .37, SD
= 22), though the difference was not statistically significant t(100) = -1.90, p = .061.
This relationship is shown in the left pane of Figure 4.6. As was the case with the
walking scenarios, subjects were more likely to choose the risky alternative when the
more favorable possibility was presented first (M = .42, SD = .20) than when it was
presented last (M = .36, SD = .21), a difference that was statistically significant,
t(100) = 3.74, p < .001.
When factors of probability and payoff ratio are combined to calculate a variance
scaled proportional to the mean, it becomes clear that increased variance is
associated with a lower propensity to choose the risky option. The right-hand pane
of Figure 4.6 illustrates the propensity to risk associated with increased variances.
These results were calculated using all nineteen items. The missing item
corresponds to a scaled variance of 0.11, and given the pattern of the data for the
other items, it would likely have reduced the selection propensity by only two to five
percent. The differences in means for all the groups was highly significant according
to repeated measures ANOVA, F(4,400) = 25.5, p < .001, as well as the nonparametric equivalent, the Friedman test, χ2(4,400) = 63.4, p < .001.
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Figure 4.6 –Propensity to choose the “risky” option in the driving problem given
changes in mean and variance. Changes in mean did not affect propensity to risk, but
increased variance decreased the propensity to risk.

4.3.6 Risk-taking While Parking
The parking garage problem was intended to provide a more computationally
complex problem that was at the same time common and familiar. In this scenario,
the subjects were asked to imagine that they entered a multi-level parking garage in
which the entry floor was completely occupied. They could thus start their search
with the lower level (and incur a large penalty to continue the search on the upper
two levels), or simply forgo searching the lower levels to proceed directly upward.
Unlike in the driving and walking problems, the expected mean travel distance was
not consistent between choices. Individuals were thus asked to explicitly make a
trade-off between overall expected utility (in terms of the number of floors traveled)
and reliability (in terms a variability in the payoff), depending on the probabilities
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associated with finding a spot on the upper or lower levels. The problem was
presented in two forms. In one form, individuals were asked only to choose up or
down given expressed probabilities of finding open parking spots on the two floors
in question. In another, they were asked to express a probability of finding a parking
spot on the lower level that would make going up or down equally as attractive.
The set of questions involving binary choice were averaged on each individual
item, where going down (typically the “risky” alternative) was coded as one, and
going up was coded as zero. Averages for each individual item thus ranged from
zero to one. Each of the seventeen items then effectively had three dimensions
associated with it: x (probability of open space in lower level), y (probability of open
space in upper level), and z (mean selection, from zero to one). A best-fit surface
was then calculated using linear interpolation on an evenly spaced (p=.05 interval)
grid. The general placement of the line did not vary significantly based on the
interpolation method or grid surface resolution used. From this surface, a line (x,y)
was calculated where mean selection was equal to .5. This line marked the location
of equal preference for going up or down.
For the direct statements of equivalence, each item was averaged to produce a
mean lower-level probability (x-coordinate in the visualization) for each first-floor
probability (y-coordinate) stated in the problem. As above, the connection of these
x-y pairs illustrates a line of equal preference for going up and going down.
Both types of assessment of parking preference provided similar results. Taken
together, subjects preferred to start searching in the lower levels first more often than
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concerns of minimizing the expected number of floors travel alone would indicate.
Figure 4.7 shows these results graphically. The heavy dark line indicates the
“correct” answer with respect to expected number of floors traveled, and deviations
from this line indicate a poor performance from an expected mean cost standpoint.
The deviation shown here indicates that individuals searched the lower floors more
often than they ought to, incurring an average penalty of slightly less than one extra
floor traveled. From this perspective, subjects preferred both the less certain, and
worst mean outcome choice.

Figure 4.7 – Plot of the utility curve and empirically measured preference isolines for
the parking problem.

The reasons for this apparent preference are manifold. On the face, these results
indicate risk-seeking behavior in the parking context. Unfortunately, it was clear
from an examination of individual responses that (for many individuals) the problem

119

was too complex or was expressed too poorly to permit any reasonable solution.
About one-quarter of respondents answered “irrationally” in the sense that their
preferences were not transitive. Strictly speaking, as the probability of finding an
open space on the upper level increases, the probability of finding an open space on
the lower level should also increase (or at least stay the same) to make the choices
equally attractive. Intransitive respondents gave answers that varied – sometimes
going up and then later going down, seemingly at random – as the probability of
open spaces in the upper level continuously increased.
A second large portion of individuals answered in a manner that indicated they
were only choosing based on the expressed probabilities, and did not consider the
extra costs involved with choosing to search the lower level first. These subjects
selected whichever probability was higher in the first formulation of the problem,
and expressed an equal or nearly equal probability in the second formulation of the
problem. Forty-four individuals (“Equal Ps”) responded in this manner.
Twelve individuals indicated no change in their response based on the
probabilities. Seven of these always chose to search the lower level first (“Always
Down”), while five always chose to forgo searching the lower level and instead
proceeded directly upward (“Always Up”). The remaining twenty-three
(“Utilitarians”) answered responsively according to the expressed probabilities.
Most of the twelve subjects that answered “Always Up” or “Always Down”
voluntarily engaged the researcher in conversation about the parking problem after
the questionnaire was complete. Some indicated that they always chose down
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because they felt that most other people would go up. Some chose to always go up
the parking structure “because it was more of a sure thing.” In all of these cases, the
expression indicated that these individuals had thought about this type of problem
before, and had implemented a “standard operating procedure” that they felt
maximized their utility, and that they tended to use when confronted with this kind of
problem in real life.
Based on this typology, the “Utilitarians,” “Always Up” and “Always Down”
groups may be considered more strategic in their approach to the problem. The
“Intransitive” and “Equal Ps” groups may be considered less strategic. Given this
grouping, it was expected that those who approached the parking problem
strategically would be associated with higher strategic disposition index scores, when
compared to those who did not approach the problem strategically. This turned out
to be the case: strategic parking problem solvers had a higher mean strategic
disposition index score (M = 5.3, SD = .85) than did non-strategic parking problem
solvers (M = 4.8, SD = .95), a difference that was statistically significant, t(99) = 2.5,
p = .014. These results are shown graphically in Figure 4.8.
One question was asked twice in the first formation of the problem to provide a
rough index of reliability (Items 4 and 15). For this question, there was a 40% chance
of finding an open spot on the lower level and a 50% chance of finding an open spot
on the second level. The correlation between these two items was, r(99) = .72, p <
.001, indicating a very high reliability for these measures.
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Figure 4.8 – Subjects who solved the parking problem strategically tended also to have
higher strategic disposition index scores.

4.3.7 Comparison of Walking and Driving Preferences
Each subject ranked five factors, in order of importance to them, for walking
and driving contexts. The items were rescaled for analysis and presentation so that
five represents the highest score an item could receive (i.e., most important), and one
represents the lowest score. Hochmair (2004) identified four factors that explained a
large set of individual preferences: fast, safe, simple and attractive. A fifth factor,
“easy”, was added to distinguish between the physical and cognitive demands of
travel. The quality, “simple,” was restricted to routes that were “not complex.” Of
primary interest was a determination of how these five factors were related in
pedestrian and driving environments.
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As is common in questions involving route preferences, the quality of being
fast (an aggregate of shortest time and shortest distance preferences) was the most
important factor in walking and driving contexts. Safety was the second most
important factor, and attractiveness was consistently rated very low in importance.
That routes were simple (not complex) was least important when walking, but was
the third most important factor while driving. This is likely due to the much greater
cognitive demands associated with the act of driving itself, and the relatively greater
costs associated with correcting mistakes in that domain (Burns, 1998). Easy routes
(i.e., those that were not physically demanding) were more important in walking
contexts than driving, probably because driving is not typically a physically
demanding task. Figure 4.9 illustrates these relationships.
The correlation between the risk-taker index and the ranking of the attribute
“simple” for driving routes was negatively correlated, Pearson’s r(99) = -.40, p <
.001, indicating that individuals who self-identified as risk-takers tended to view
simplicity in driving routes as relatively less important.
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Figure 4.9 – Comparison of mean rankings for route attributes by mode of travel.

Each of the modalities was examined separately for sex differences. Unlike
previous indices that were quite normally distributed and thus correctly analyzed
using parametric statistics, the analysis of individual items from a ranked set is
correctly conducted using non-parametric statistics (Kitchin & Tate, 2000).
However, given the relatively small range of ranks (one to five), means and standard
deviations are presented here (rather than medians and interquartile ranges) as
summary statistics because they include substantially more information. For the
walking set, men rated fast routes as more important (M = 4.2, SD = 1.3) than
women (M = 3.7, SD = 1.3), a difference that was significant according to the MannWhitney rank sum test, Z = 2.42, p = .015. Women rated safety (M = 3.8, SD = 1.2)
as more important than men (M = 2.3, SD = 1.3), a difference that was also
significant, Z = -2.19, p = .029. There were no significant differences between men
and women for attractive, easy or simple walking routes. Men also rated fast routes
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as more important (M = 4.3, SD = 1.3) than women (M = 3.7, SD = 1.3) in driving
contexts, Z = 3.21, p = .001. No other attribute was significantly different between
the sexes for the driving context. Figure 4.10 illustrates the relationships between
men and women’s mean ranking of route attributes.

Figure 4.10 – Comparison of mean rankings by sex for route attributes of both
contexts.

4.3.8 Impact on Choice of Digital Navigation Assistant
A final element on the strategy questionnaire asked individuals to rate the way in
which they received driving directions from digital sources. Individuals rated the
degree (on a seven point scale) to which they commonly used directions acquired
from the Internet and printed, in-car navigation systems, and systems delivered to a
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cellular telephone or other personal digital assistant. By far, printed directions from
the Internet were the most common (M = 6.1, SD = 1.5). In-car navigation systems
were the second most used technology (M = 3.2, SD = 2.3), with phone or PDA rated
least-used (M = 2.8, SD = 2.2). One item from the 40-item strategy questionnaire
asked individuals to indicate their level of agreement with a statement that sought to
characterize how important it was that they kept a map in their vehicle at all times.
The mean value for this item was 3.9, with a standard deviation of 2.0.
Two interesting correlations between environmental spatial ability and strategic
disposition were found. First, SBSOD score was negatively correlated with all three
methods of acquiring directions. The strongest negative association was between
SBSOD and in-car navigation systems, r(99) = -.24, p = .018. Score on the strategic
disposition index was positively correlated with phone delivery of route instructions,
r(99) = .17, p = .080. No other correlation was significantly different from zero. All
correlations are listed in Table 4.4.

In-Car

Phone

Internet Directions

Map

SBSOD

-.24

-.01

-.10

-.10

Strategist

-.02

.17

-.05

-.01

Risk-taker

-.10

.15

.12

.11

Table 4.4 – Correlations of SBSOD and strategy measures with digital navigation
assistant.
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The negative correlations of the use of all types of digital and analog navigation
assistants with environmental spatial ability is somewhat unsurprising, given that
these individuals would not need to rely on external aids as much as those with lower
environmental spatial ability. The positive association with strategic disposition and
telephone delivery is somewhat more difficult to account for. Smartphones combine
many technologies into a single device, which may be an appealing factor for
individuals more comfortable with the consideration of many variables. None of the
risk-taking measures were particularly strongly related to any delivery method. This
in itself is somewhat surprising, given that individuals who prefer safe alternatives
might be expected to have a stronger affinity for technologies that can provide
directions.

4.4 Discussion
The use of the term “strategy” can be applied to route selection criteria
(Golledge, 1995a; 1995b), methods of maintaining orientation or following
directions (Lawton, 1994), or heuristics where one easy-to-calculate attribute stands
in for a more important, but more difficult to calculate route attribute (Hochmair,
2000; 2005). The index presented here measures a subject’s strategic disposition, or
the degree to which the individual reasons strategically about wayfinding problems,
without necessarily suggesting which strategy the individual might use. It provides a
metric as to the amount and quality of cognitive effort that an individual is willing to
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devote to a wayfinding problem to make sure that his or her actions (via heuristics or
particular strategies) are likely to accomplish his or her objectives (baseline route
selection criteria like minimizing distance or maximizing aesthetic quality). In order
to make such assessments, it is quite important to know what attributes individuals
are interested in maximizing or minimizing (i.e., what their preferences are) and how
willing individuals are to accept risk and uncertainty.
The final ten-item index developed out of the administration of an original 40item questionnaire to 101 undergraduate students. It shows good internal reliability,
and the final items represented issues of affinity, frequency, latency,
externalizabilility, and multi-variable consideration. It is well correlated with selfassessments of environmental spatial ability and risk-taking, though it is not well
correlated with schematic or generalized thinking, as was hypothesized. In
retrospect, this is understandable given that the propensity for this type of thinking
has differed significantly among notable historical strategists. General Omar
Bradley, himself one of the senior American ground commanders during the Second
World War, characterized British senior commander Bernard Montgomery as an
extremely careful planner, while at the same time characterizing George Patton as a
more “instinctual” commander, suggesting that the completeness of the planning
stage varies considerably among strategists (Bradley, 1951).
Despite the inclusion of seven items related to specific wayfinding strategies on
the original 40-item questionnaire, only the item pertaining to the use of cardinal
directions to maintain orientation was well-correlated with the final index. This
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result provides support for the argument that there is a differentiation between how
people solve wayfinding problems, and how interested they are in solving such
problems. The item corresponding to cardinal directions was not included in the
final index partially because it was associated with a strong sex bias – men tend to
use this strategy more often than women. Even so, the final strategic disposition
index was still strongly biased towards men.
The assessment of attitudes towards risk in wayfinding contexts took several
forms. The self-report index of risk-taking proved to be positively correlated with
propensity to choose the “risky” alternative in hypothetical situations involving both
walking and driving, lending credibility to these measures. The decision to risk in
walking and driving contexts was very highly correlated, indicating that individual
attitudes toward risk are generalized across multiple wayfinding domains.
Mean distance proved to be a significant factor affecting choice in walking
contexts, though mean time was not a significant factor in driving contexts. This
may be due to a difference in the evaluation of distance and time, rather than a
difference in attitude toward walking and driving, since these were confounded in
this study. Although the impact of attributes affecting the variance of the risky
option can only be tentatively assessed, it is likely that increased variance is
associated with an increased cost in the driving context, though the pattern for the
walking data was less clear. A study with an instrument designed to specifically test
for the components of variance (probability and payoff ratios) based on the items in
this study could definitively answer this question if it included a fuller range and
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complete combination set of probabilities and payoff ratios. Preliminary analysis
suggests that willingness-to-risk is not symmetric about the probability .50 – that is a
favorable payoff with a probability of .25 is handled differently than a probability of
.75, despite the fact that the variance associated with these items would be the same,
all other things being equal, and assuming that the complementary, unfavorable
payoff were scaled to an equal expected mean. This may be because, as Tversky and
Kahneman have shown in other contexts (Kahneman & Tversky, 1979; Tversky &
Kahneman, 1981), highly unlikely potential gains tend to be viewed more favorably
than they ought to (as in the purchase of lottery tickets), while highly unlikely
potential losses are often discounted.
The results for the parking garage problem are difficult to interpret because it
seems likely that a substantial number of individuals (those with intransitive
preferences) did not understand the problem. Even so, it is equally likely that a
substantial number of individuals do not make decisions in these contexts based on
the utility of the number of floors traveled. Individuals that expressed preferences
consistent with a concern for utility and individuals that had an existing “standard
operating procedure” to deal with the problem tended also to identify themselves as
strategists on the strategic disposition scale. This result provides support for the
validity of the strategic disposition scale.
The five-item scale of factors developed from those suggested by Hochmair
(2004) illustrated several important differences in the preference structure depending
on the mode of travel and sex. Consistent with previous studies (Golledge, 1995a;
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1995b), “fast” was the most important route attribute. This factor represents issues
of least-distance and least-time, but it also represents more directly perceivable
measures like straightness, steepness, and condition of roads. Safe routes were also
consistently rated as important by men and women, and attractive routes were
consistently rated as not very important. The primary difference between walking
and driving is that when walking, a reduction of the physical demands of routefollowing is relatively more important; when driving, a reduction of the cognitive
demands of route-following is relatively more important.
The analysis of the questionnaire provides two significant results in terms of the
way that individuals strategize about walking and driving problems. First,
preferences for what kind of routes individuals want are different depending on
modality. While in both cases people care about fast routes and care little about
attractive routes, the kind of effort (physical or cognitive) to be minimized is quite
different. In the aggregate sense, this suggests that simple routes are quite important
in driving contexts, and so routes that are primary, straight, have few intersections
and good signage may override other routes that offer relatively small savings of
time or distance. Second, attitudes about risk tend to be fairly stable for each
individual, regardless of context. Risk-takers in driving contexts tend to be risktakers in pedestrian contexts, and overall self-evaluations of risk-taking tend to agree
with the choices that individuals make in hypothetical problems in these domains.
Even so, risk-takers in walking contexts tend to be more concerned with lowering
mean costs, while risk-takers in driving contexts care less about the mean outcome
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than they do about limiting the variability of the outcome. The results suggest that
differences in driving and walking behavior can be ascribed to differences in
objectives (simple versus easy routes) and differences in the way costs are assessed
(emphasis on lowering the mean cost, versus restricting the variability of the cost).
The indoor search experiment described in the previous chapter noted that men
tended to use less distance and time in their search of the room. The differences in
preference structure for men and women in walking contexts suggest that this may be
due to a difference in objective, since fast routes were significantly less important to
women than men. From this perspective, less efficient travel need not be viewed as
poor performance, as the kind of route taken may simply be indicative of a different
set of preferences.
The next two chapters describe two wayfinding experiments that preceded the
administration of the instrument described in this chapter. Thus the indices of
strategic disposition, risk-taking, and environmental spatial ability may be combined
with the preference rank structure to more fully account for observed differences in
spatial behavior.
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5. Outdoor Search
5.1 Introduction
A search task equivalent to the one presented in Chapter 3 was completed
outdoors and in a larger space in order to ascertain the role that scale plays in the
employment of search strategies. Scale is an important element because overcoming
additional distance imposes additional costs. In a small room or in virtual contexts,
the relatively low costs of traversal may mean that an individual does not need to
employ any particular strategy. As costs of non-systematic, or “random” searches
increase, as they do in larger-scale problems, the cost of developing a plan or strategy
becomes relatively less expensive.
In order to better explain how scale interacts with strategic development, an
experiment was devised that mirrored the room-scale search task but took place at
extents larger than that of the room. Two large open fields were selected on the
university campus. The smaller of these two fields had a total area twelve times
greater than that of the room-scale search experiment; the larger of the fields had an
area forty-eight times greater. Table 5.1 compares the sizes of the spaces, trigger
sites, and ratios between them for each of the three spaces in which search strategies
were examined. Figure 5.1 graphically compares the sizes of the spaces and trigger
sites used in the outdoor study.
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Indoor

Outdoor

Small

Medium

Large

Dimensions (m)

4.6 x 4.6

18.7 x 13.8

43 x 23.1

Area (m2)

20.9

258.8

993.6

Trigger Diameter (m2)

0.6 – 1.0 (est.)

2.5

5.0

Trigger Area (m2)

.46 (est.)

4.9

19.6

Trigger Ratio (A/TA)

45.8

52.7

50.6

Table 5.1 - Comparison of sizes and trigger areas for search sites.

Figure 5.1 – Arrangement and size of trigger sites for indoor and outdoor search
studies.
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Three conditions were tested. In one condition (“Medium”), sighted subjects
attempted to locate invisible “objects” in the smaller of the two fields. A second
condition (“Large”) required that subjects search the larger of the two fields. A third
condition (“Blindfolded”) asked subjects to search the smaller of the outdoor fields
using a blindfold that allowed them only to see the space immediately in front of
their feet. Table 5.2 illustrates all of the six conditions for the indoor and outdoor
search studies, separated by the key variables under study of: (a) blindfoldedness
(emphasized in the indoor study) and (b) scale (emphasized in the outdoor study).
Note that only conditions matching to orthogonal cells of the table can be directly
compared. This chapter focuses on the conditions denoted by the (darker) magenta,
with reference to the Indoor Sighted and Indoor Search Blindfolded conditions.

Scale Condition

Visual Condition

Small
(Indoor)

Medium
(Outdoor)

Large
(Outdoor)

Sighted
Search
Blindfolded
Always
Blindfolded

Table 5.2 – Comparison of the six conditions tested in indoor and outdoor studies
combined, separated by the two principal variables of vision and scale.
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Following the task, subjects were asked to point to each of the four objects and to
create a model of the space. They then completed the Santa Barbara Sense of
Direction Scale questionnaire to evaluate their overall environmental spatial ability,
and completed the strategic disposition questionnaire described in Chapter 4.
The primary interest was in determining how scale would affect strategy choice
and overall performance on object location recall. Given the increased costs of
traversing a larger space, it was expected that larger spaces would tend to be
searched more systematically. The secondary interest was the development of an
explanation, in terms of strategic disposition, risk-taking, and environmental spatial
ability, of what caused some individuals to search systematically, while others
searched randomly. Given the observed sex differences in the indoor search study,
environmental spatial ability (Hegarty, Montello, Richardson, Ishikawa & Lovelace,
2005), and wayfinding strategy (Lawton, 1994), sex was considered as a potential
explanatory variable in this study as well.

5.2 Methods
5.2.1 Participants
Fifty subjects participated in the study. A total of 22 men and 28 women
volunteered. Participants were randomly assigned to one of the three conditions, and
the proportion of men and women in each condition was equivalent. Table 5.3 lists
the allocation of subjects by sex and condition. Subjects were drawn from the UCSB
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Geography Human Subjects Research Pool, and received extra credit in an
introductory geography course for their participation. The participants’ ages ranged
from 17 to 38 years, with mean age of 20.1 years.

Blindfolded

Medium

Large

Σ

Male

7

7

8

22

Female

9

9

10

28

Σ

16

16

18

50

Table 5.3 – Number of subjects, by condition and sex.

5.2.2 Materials
The outdoor tracking of individuals’ positions at high resolution required the
use of a specialized Global Positioning System (GPS) receiver. A Trimble unit
designed for precision agriculture (AgGPS 114 model) was used in this study. The
Trimble unit, when augmented with differential correction, is capable of submeter
precision (Trimble, 2001). In a thirty-eight hour record using satellite based
augmentation services (SBAS), the root mean squared error (RMSE) for absolute
distance deviation was 0.55 meters. Figure 5.2 shows estimates for the distribution
of the error, both by kernel density estimation techniques, and maximum likelihood
estimation for a gamma distribution. Ninety-five percent of all observations had an
error less than 1.02 meters. This unit (though utilizing land-based differential
correction) was used with excellent results in a navigation system for the blind
(Golledge, Marston, Loomis & Klatzky, 2004). It was configured to output its
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position five times per second over serial cable to a laptop computer. Both the
laptop and GPS unit were attached to a metal backpacking frame. The complete
weight of the backpack was approximately five pounds.

Figure 5.2 – Estimated probability density functions for absolute GPS error on the
unit used in the study, taken over a 38-hour record.

A computer program was written in Java to read position information from the
device, convert the position to Universal Transverse Mercator (UTM) coordinates,
and log the position and other context information related to the quality of fix (e.g.,
number of satellites used, dilution of precision values, and differential correction
availability) to a file on the local hard disk. The software was also responsible for
interpreting whether the subject was near enough to a waypoint to play the
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corresponding audio cue from the PC speaker. The position of the subject was
logged to hard disk once-per-second.
After the search task, subjects were asked to externalize their knowledge of the
locations of the objects. Two devices were used to assess this knowledge. The first
was a digital compass (Coleman Model 814-672T) firmly affixed to a plastic tripod.
Subjects indicated the direction of the objects by rotating the handle of the tripod
such that the digital arrow on the device was aimed directly at each objects’ location.
Subjects also created a model of the space on a piece of paper where a printed
rectangle was drawn. Subjects placed United States quarter dollars to mark each
location. The scale of the objects, printed box, and coin were such that the size of
the coins was exactly proportional to the size of the trigger site. Given that the
trigger ratios between the larger and smaller outdoor fields were designed to be
commensurate, the rectangles representing the spaces were approximately the same
size on the printed page.
Subjects in the blindfolded condition wore a visor that allowed the wearer to see
the ground in front of his or her feet in an arc with a radius of approximately 3 feet.
An opaque flexible vinyl covering was attached to the front of the visor, and a thin
piece of malleable wire was threaded through the bottom to create the correct shape.
After the search task, each subject completed the Santa Barbara Sense of
Direction Scale questionnaire (Hegarty et al., 2002), and the Strategic Disposition
questionnaire described in Chapter 4, and included as Appendix B.
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5.2.3 Procedure
At the start of the testing session, subjects were taken to either the smaller or
larger field, depending on to which condition they had been assigned. The GPS unit
was powered on to begin satellite signal acquisition, and each subject was informed
of his or her rights as a participant. Time slots for the study were chosen based on
times of day that the fields were typically unoccupied, and overall activity on the
campus was minimal while the search task took place.
Upon final agreement to participate in the study, the subject was read instructions
about the requirements of the task. All subjects began their search from the same
location – a point near the edge of the field marked by a small mat and referred to as
“Home.” Subjects were informed that they had up to fourteen minutes (in both
conditions utilizing the smaller of the two fields) or twenty-one minutes (in the largefield condition) to find and remember the locations of four “invisible objects”
marked by audio cues. Subjects were free to search the space in any way they
wished and were also free to stop the task before the allotted time had elapsed if they
were confident that they knew where all of the objects were. The complete script for
the task is included as Appendix C.
The locations of the objects did not change within condition, and the arrangement
of objects given to sighted and blind participants who searched the smaller field was
the same. Although the exact arrangement differed, the general pattern of the
configuration of the objects was similar at both scales in the outdoor study as well as
for both sets in the indoor study.
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Upon completion of the search task, subjects pointed to each object, from the
“Home” location, with a digital compass mounted to a tripod. Subjects then created
a model of the space using coins to represent each object. The locations of the coins
were traced onto the paper, and the centers of these circles were used for the final
assessment of the location of each object.
The subjects then returned with the researcher to an indoor office were they
completed the Santa Barbara Sense of Direction Scale questionnaire and the
Strategic Disposition Questionnaire described in Chapter 4, and included as
Appendix B.

5.3 Data Processing
Data pertaining to the subject’s position was logged to hard disk once per
second. These data were then analyzed using custom written scripts in the MatlabTM
computing environment. Base statistics calculated from the data included average
walking speed, total distance, total time, length of search distance (measured from
the start of the trial until the fourth object was located), and the serial distances for
total object visits (TOVs) and non-repeating object visits (NROVs). These measures
are defined in the same way as the indoor search study presented in Chapter 3, and
the reader is directed to Section 3.3 in general and Table 3.2 in particular for a
complete description of these measures.
Strategies were classified by the researcher according to still images and
animations created from the record of position data. Tracks were classified based on
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presence or absence of gridline searches, perimeter searches and initial straight
transects. The number of object-to-object visits (OTOVs) was counted separately
based on whether the visit occurred before or after the fourth (and last) object was
found. Object-to-object visits before the fourth object was found were counted if the
return visit appeared intentional, as evidenced by a relatively straight return. Any
return visit to an object after the fourth object was found was considered intentional
and classified as an OTOV. These classifications were consistent with those of the
indoor search study presented in Chapter 3. Figure 5.3 shows tracks for four separate
individuals. Figures 5.3a, 5.3b and 5.3c show gridline searches of varying
amplitude. Figure 5.3c shows evidence of object-to-object visits conducted after the
fourth object was found. Figure 5.3d shows a non-systematic search.

Figure 5.3 – Images of complete search tracks for four individuals with trigger sites
shaded. Figures 5.3a to 5.3c show evidence of systematic, gridline searching, while
Figure 5.3d does not.
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5.4 Results
This study utilized most of the same measures as the indoor search study. Given
that most of the measures were also not normally distributed in this case, and for the
sake of consistency between similar studies, these data were analyzed using nonparametric statistics. For the complete argument in favor of this choice, the reader is
referred to Section 3.4. Given this choice of methodology, and consistent with the
recommendations of Field and Hole (2003), the medians and interquartile ranges
(IQR) are reported in the text and tables in place of the usual means and standard
deviations.
All statistical tests were performed in the MatlabTM computing environment
(version 2008a). An implementation of the Mack-Skillings nonparametric two-way
ANOVA (used for unbalanced incomplete block designs, when the number of
observations in each treatment/block pair is one or greater), programmed by the
author and validated against published data sets, was used as an equivalent for the
parametric two-way ANOVA (Mack & Skillings, 1980; Hollander & Wolfe, 1999).
The p-values reported for the Mack-Skillings test use the recommended chi-squared
approximation, given the relatively large sample size. The test statistic for the MackSkillings test is abbreviated (MS) (rather than as a χ2 statistic), following the
notation in Hollander & Wolfe (1999).
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5.4.1 Search Efficiency
There were five principal measures of search efficiency, or of the performance of
individuals as it relates to the amount of distance or time used to complete the task.
Total time, total distance, and the distance traveled from the start of the task until the
fourth object was found (search distance) comprised the metric measures. Each visit
to an object was also recorded, and the length of this series of visits indicated the
total number of object visits (TOVs). In many cases, an individual visited the same
object sequentially to localize its position. When these localizations are removed,
the remaining series represents the non-repeating object visits (NROVs). The MackSkillings test was used to assess differences between condition controlling for sex,
and for sex controlling for condition. Summary statistics for the five measures of
search efficiency (plus walking speed) sorted by condition and sex are listed in Table
5.4.
Blindfolded

Medium

Large

Female

Male

Total time (s)

268
(247)

278
(242)

242
(126)

273
(322)

229
(134)

Total distance (m)

185
(163)

166
(102)

239
(135)

227
(187)

174
(101)

Speed (m/s)

1.58
(.33)

1.43
(.35)

2.03
(.45)

1.64
(.46)

1.67
(.50)

Search distance (m)
(To fourth object found)

155
(105)

156
(77)

223
(117)

212
(125)

145
(62)

Total object visits (TOV)

10.5
(10)

11.5
(9.5)

6.5
(5)

10
(10.5)

10
(6)

6.5
(3.5)

7
(5.5)

4
(1)

5.5
(4.5)

4.5
(3)

Non-repeating
(NROV)

object

visits

Table 5.4 – Median and (IQR) for search efficiency measures.
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There was a strong effect of sex on each of the search efficiency measures. Men
had shorter overall times (MS[1] = 7.45, p = .006), shorter overall distances (MS[1]
= 3.90, p = .048), and much shorter search distances (MS[1] = 10.25, p = .001) than
women. Although the overall medians for men and women for TOVs and NROVs
were nearly equal, the distributions for women were strongly skewed toward higher
values. Both TOVs (MS[1] = 5.92, p = .015) and NROVs (MS[1] = 6.37, p = .012)
showed statistically significant differences between sexes. These extra visits may
partly explain the longer search times and distances. Figure 5.4 illustrates the
differences by sex for total distance, search distance, and non-repeating object visits.
Consistent with the literature on pedestrian walking speeds (Boles, 1981), women
also walked slightly more slowly than men (Mdn = 1.64 and 1.67, respectively),
though the difference here was not significant: MS(1) = .82, p = .37.

Figure 5.4 – Selected search efficiency measures, by sex.
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A secondary analysis was conducted to investigate causes for these sex
differences using a non-parametric two-way ANOVA (the Mack-Skillings test), but
separately controlling for environmental spatial ability, strategic disposition, and
risk-taking indices. Just as in the primary analysis, all of these tests showed
significant differences between sexes for the search efficiency measures. This
suggests that the causes for the difference in performance were not related to selfreport measures of environmental spatial ability, strategic disposition, or risk-taking.
It was expected that within the outdoor search study, those subjects completing
the task sighted and in the smaller of the two fields (i.e., the “Medium” condition
would take the least amount of metric time, distance, and search distance simply by
virtue of it being a smaller space. It was expected that the Blindfolded group would
be more costly in terms of these variables since vision would allow for more
coordinated movement with fewer meanders, fewer directional mistakes, and faster
walking speeds. It was expected that subjects in the Large Field condition would
also utilize more time, distance, and search distance (compared to the Medium Field
condition), simply because there was more space to explore.
Behavior, in terms of the metric search efficiency measures, did differ between
conditions, though not in the way that was expected. Differences between groups
were statistically significant for total distance (MS[2] = 8.86, p = .012), search
distance (MS[2] = 10.25, p = .001), and mean speed (MS[2]=28.98, p < .001).
Although subjects in both the Blindfolded and Large Field conditions tended to use
more distance, subjects in both of these groups also tended to walk more quickly
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than those in the Medium Field condition. As a result, differences between
conditions were not statistically significant in terms of time since the higher rate of
speed counterbalanced the longer distances traversed. The differences between
conditions for distance and speed measures are shown in Figure 5.5. Walking speeds
for the Medium Field and Blindfolded groups are in line with many of the estimates
reviewed by Boles (1981), but the 2 m/s walking speed noted in the Large Field
condition is somewhat above the norm of roughly 1.4 meters per second.
There were no significant differences between the Medium Field and Blindfolded
groups with respect to total number of object visits (TOVs) or non-repeating object
visits (NROVs). The Large Field and Medium Field conditions were quite different,
with subjects in the Large Field condition having lower TOV counts (Mdn = 6.5) and
NROV counts (Mdn = 4) than subjects in the Medium Field Condition (Mdn = 11.5
and 7, respectively). The difference in TOVs was significant, Z = 2.70, p = .007, as
was the difference in NROVs, Z = 2.32, p = .020, according to the Wilcoxon ranksum test.
It was hypothesized that strategic disposition or environmental spatial ability, as
measured by their respective indices calculated from the questionniare, might
correlate well with improved performance from a search efficiency standpoint. The
correlations for each of these scores with the five measures of efficiency are
presented below in Table 5.5. Although nine of the ten correlations were in the
expected directions, correlations were quite small, and none were significantly
different from no correlation.
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Figure 5.5 – Selected distance efficiency measures, by condition.

Environmental
(SBSOD)

Spatial

Strategic Disposition

Ability

Total Time

Total
Distance

Search
Distance

TOVs

NROVs

-.17

-.04

-.04

-.23

-.10

-.09

.07

-.02

-.09

-.04

Table 5.5 – Correlations between environmental spatial ability, strategic disposition,
and measures of search efficiency. No measure reached significance.
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5.4.2 Object Location Learning
Absolute mean error was used as a measure for overall pointing accuracy since
the error terms tended to be small, and no bias was evident. The distributions of
mean absolute pointing error, and particularly of the spatial distortion index derived
from bidimensional regression (Tobler, 1994; Friedman & Kohler, 2003) were
skewed and indicated that a nonparametric approach to the analysis of these data was
warranted. As a result, statistical tests on these variables utilized the Mack-Skillings
nonparametric two-way ANOVA test (Mack & Skillings, 1980, Hollander & Wolfe,
1999). Since condition and sex were the primary variables of interest, each test was
run twice on the same variable, once to establish the effect of condition controlling
for variation in sex, and once for sex controlling for variation in condition.
Men tended to point to objects and model spaces better than women for the
indoor search study (presented in Chapter 3), and it was expected that relationship
would hold for the outdoor study as well. It was also expected that subjects in the
Blindfolded condition would perform slightly worse on these measures than those in
the Medium Field condition. It was anticipated that subjects in the Large Field
condition would perform slightly worse than those in the Small Field condition, for
although the ratio of trigger sites to total area was equivalent for these conditions, the
absolute size varied, and subjects were not likely to recover the size of the entire
trigger site. As a result, their conception of the center of the trigger site would vary
somewhat resulting in slightly imprecise models and lower spatial distortion index
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scores. Pointing would be less subject to these errors, since displacements would be
discounted if they were made toward or away from Home.
The overall median pointing error across all individuals was 8.9 degrees (IQR =
5.25), and was thus quite accurate, especially given the size of the trigger sites. Men
tended to be more accurate (Mdn = 8.0) than women (Mdn = 9.6) in the pointing
task, a small, but statistically significant difference, MS(1) = 7.18, p = .007. Men
also had a lower error on the spatial distortion index (SDI), a holistic measure of
error on the model-building task, based on bidimensional regression: SDI for men
was .27, while SDI for women was .36, a difference that was statistically significant
MS(1) = 8.11, p = .004. The summary figures (median and interquartile ranges) for
these measures are presented in Table 5.6.

Blindfolded

Medium

Large

Female

Male

Absolute pointing error

8.1
(7.0)

7.8
(4.7)

10.1
(4.8)

9.6
(6.9)

8.0
(4.5)

Spatial distortion index

.21
(.16)

.29
(.30)

.39
(.04)

.36
(.20)

.27
(.22)

Scale distortion

1.03
(.17)

.95
(.16)

1.12
(.26)

.99
(.22)

.98
(.15)

Table 5.6 – Median and (IQR) for object location learning measures.

The Large Field condition had a slightly higher pointing error than the Small
Field and Blindfolded conditions, but the difference was not significant, MS(2) =
2.76, p = .25. Spatial distortion index scores were somewhat higher in the Large
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Field condition (Mdn = .39) than in the Medium Field condition (Mdn = .29). They
were also very consistent in terms of error, with an interquartile range of .04. A
Mack-Skillings test indicated significant statistical differences between conditions
for the spatial distortion index, MS(2) = 12.86, p = .002.
The difference in the scale parameter derived from the bidimensional regression
analysis was quite different between the Large and Medium Field conditions. The
Large set showed an overall tendency for expansion in the models (Mdn = 1.12),
with objects tending to be displaced outward toward the boundary. The Medium set
showed the opposite effect (Mdn = .95), with objects tending to be displaced inward
toward the center of the space. The difference between these two groups was highly
significant, MS(1) = 5.77, p = .016.
The reasons for the difference in model expansion are unclear. Subjects explored
these spaces in similar ways, with equivalent propensity for perimeter searches that
could have conceivably explained the difference. The sizes and shapes of the space
were slightly different, with the larger field being more elongated than the smaller
field. Although model construction occurred on the shorter of the pairs of sides in
both sizes of field, it is possible that the perspective of the larger field was different.
As in the indoor search study, the spatial distortion index derived from the model
tended to be well correlated with mean error overall, Pearson’s r(48) = .59, p < .001.
Also as in the indoor study, the correlation was stronger for those in the Blindfolded
condition, r(14) = .87, p < .001 than in either of the sighted conditions. The
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measures were well-correlated for the Small Field condition, r(14) = .51, p = .046,
but not correlated for the Large Field condition, r(16) = -.01, p = .98.
It was expected that measures of environmental spatial ability (SBSOD score) or
strategic disposition had good potential to predict how well subjects learned the
locations of the objects. This turned out not to be case, as correlations calculated for
both pairs were not significantly different than zero.

5.4.3 Strategy
Several types of strategy were encoded based on animations created from the
digital record. The first of these was a binary value indicating whether the initial
move was a straight transect cutting across the field. The number of localizations
was counted, where this value was equal to the number of total object visits (TOVs)
minus the number of non-repeating object visits (NROVs). Also recorded were
binary values for gridline searches and perimeter searches. Object-to-object visits
were intentional returns to an object that had already been located for the purposes of
better learning the overall configuration of the locations. Object-to-object visits were
counted and classified based on whether they occurred before or after the fourth
object was located. All NROVs after the fourth object was found were classified as
object-to-object visits since it was quite clear from the movement patterns that nearly
all of these returns were intentional. The number of object-to-object visits was
overall quite low, and so measures of memorization returns, mixing returns, and
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mixing ratios calculated for the indoor search study were not informative. Table 5.7
provides descriptive statistics for the different conditions in the study, as well as for
men and women.
Sex differences on measures of strategy were not expected, given that no
significant difference was found on these measures for the indoor search study. No
effect was found for gridline searches or perimeter searches, but initial transect,
localization and object-to-object visits showed significant differences between sexes.
Women were more likely than men to begin the search with an initial straight
transect, MS(1) = 4.18, p = .041. They also tended to have slightly higher numbers
of localizations than men, but with substantially more variability, MS(1) = 6.62, p =
.010. Fifty-four percent of women had a least one object-to-object visit, while only
36% of men had at least one such visit. The difference was significant, MS(1) =
5.87, p = .015. No measure of strategy was significantly different by condition.

Blindfolded

Small

Large

Female

Male

Initial transect

19%

6%

17%

18%

9%

Localizations

5.5
(6)

4.5
(6.5)

2.5
(3)

4.5
(6)

3.5
(3)

Perimeter search

44%

19%

28%

32%

27%

Gridline search

75%

56%

67%

61%

73%

Object-to-object

1
(3)

2
(6)

0
(1)

1
(3)

0
(3)

Table 5.7 – Descriptive statistics for type of strategy used. Medians and (IQR)
except where noted.
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5.4.4 Strategy and Performance
There are two dominant behaviors associated with this task. The first of these
was the exploration pattern, or how people moved about in the space trying to locate
each object. The second was the way in which people attempted to memorize the
locations, given that there were few salient physical features on which to attach them.
People used a variety of techniques to explore the space, but only some of these
can be considered comprehensive, systematic techniques. By far the most common
of these were the gridline searches, though there were isolated cases of inward or
outward spiraling square and circle searches. Therefore, in the analysis that follows,
only gridline search strategies, and object-to-object memorization strategies are
discussed.
Strategy is intuitively connected to performance. We expected therefore that
systematic searches would tend to have shorter search distances, and that an
increased number of object-to-object visits would tend to improve object location
learning. For simplification, object location learning is only presented in terms of
the spatial distortion index, derived from the model-building task and calculated
using bidimensional regression (Tobler, 1994; Friedman & Kohler, 2003) since this
measure does not privilege one direction of error over another, and was fairly well
correlated with mean absolute pointing error in any case. In the indoor search study,
systematic searches also showed an increased performance on object location
learning tasks, a finding consistent with the literature (Fletcher, 1981). Therefore, it
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was also expected that systematic searchers would also perform better on
performance tasks.
As in the indoor search study, subjects were divided into quantiles based on the
number of object-to-object visits (OTOVs) they conducted. However, given the
relatively low numbers of OTOVs, only two categories were used, and subjects were
classified based simply on whether they were above or below the median value.
Since the median number of OTOVs was zero, the groups distinguish between
subjects that used the OTOV strategy at all, and those who did not. The MackSkillings test was used to evaluate differences between the groups for the
performance score of interest while controlling for condition.
The median spatial distortion index score (i.e., model error) was lower for those
subjects who used the OTOV strategy (Mdn = .23, IQR = .19) than for those who did
not (Mdn = .39, IQR = .11), a difference that was highly significant, MS(1) = 12.25,
p < .001. This result was consistent with the hypothesis, and indicated that an
increased use of verification strategies improved the quality of knowledge of the
placement of objects. Also as expected, search times between these groups were not
different: both high and low OTOV users had a median search distance of 174
meters. The lack of difference in search distance between OTOV strategy users is
largely explained by the fact that most OTOVs took place after the fourth object was
found.
One might expect systematic searchers to have search times that were less than
those of non-systematic searchers. This turned out not to be the case, as those
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individuals that used gridline searches had a higher median search distance (Mdn =
182 meters, IQR = 124) than those individuals not using a gridline search (Mdn =
161 meters, IQR = 133), a difference that was highly significant, MS(1) = 35.3, p <
.001. An alternative hypothesis, developed in Chapter 3, is that systematic searches
are more fundamentally about reducing the dispersion of the search cost. The overall
differences in interquartile range are consistent with this hypothesis, but an AnsariBradley non-parametric test for differences in dispersion (one-way) failed to find that
dispersion of search distances for gridline searchers was significantly lower than that
of non-gridline searchers, W* = -.57, p = .28.
Systematic searchers had higher median spatial distortion index scores (Mdn =
.38, IQR = .20) than non-systematic searchers (Mdn = .27, IQR = .14), a difference
that was highly significant, MS(1) = 43.7, p < .001. That gridline searchers
performed worse on object location measures may be due in part to the fact that there
was an apparent trade-off between gridline searching and object-to-object visits:
gridline searchers tended to have far fewer OTOVs (Mdn = 0, IQR = 2.25) than did
non-gridline searchers (Mdn = 2, IQR = 5.5), a significant difference, MS(1) = 6.08,
p = .014.
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5.4.4 The Effect of Scale on Strategy
It was expected that the increased costs of traversal involved in exploring larger
spaces would cause individuals to search the space more strategically. It was
therefore predicted that the propensity to conduct systematic searches would increase
as the size of the space increased. Increased costs of traversal of larger spaces would
also tend to make verification efforts more costly, and as a result it was predicted that
object-to-object visits would decrease as the size of the space increased. Given that
subjects in the outdoor search study completed only one trial, the results presented
here compare the outdoor search with only the results from the first trial of the
indoor search study.
The results were analyzed for five conditions corresponding to three levels of
scale (Indoor Small, Outdoor Medium and Outdoor Large) and two levels of
blindfoldedness (Sighted and Search Blindfolded). There was no blindfolded
condition tested at the largest scale. The single blindfolded condition in the outdoor
study is most related to the “searchBlind” condition from the indoor study, since
subjects in both of these conditions were allowed to see the space before donning the
blindfold, and completed the pointing and model-building tasks while sighted.
The impact of scale proved highly significant for both gridline searches and
object-to-object visits, and the effect held regardless of whether the subject wore a
blindfold while searching. Only 15% of sighted subjects used a gridline search
pattern for the indoor set. This rose to 56% for the medium-sized outdoor space, and
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to 67% for the largest outdoor space. These differences in frequency were
significant, χ2(2) = 8.46, p = .015.
As the size of the space increased, the number of object-to-object visits
(OTOVs) decreased. Sighted subjects had a median of seven OTOVs in the smallest
(indoor) space, and two in the medium (outdoor) space. In the largest space, most
individuals had zero OTOVs. A Kruskal-Wallis non-parametric, one-way analysis of
variance indicates a very low probability that these differences were due to chance,
H(2,44) = 13.97, p < .001. Figure 5.6 graphically illustrates the results for both
gridline and object-to-object visit strategies for sighted subjects, with the square
roots of the areas of each group plotted on the x-axis.

Figure 5.6 – The effect of scale on systematic search and memorization strategy on the
three sighted conditions of both studies. Upper and lower error bars on right-hand
pane are 75th and 25th percentiles, respectively. The line marks the median value.
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Since only three scales were tested, it is difficult to make definitive statements
about how, numerically speaking, scale affects strategic thinking. However, the
concavity present in both measures suggests that while larger spaces impart larger
costs, the marginal impact of scale decreases as the absolute size of the space
increases. This is consistent with Tobler’s (1993) observation that transport costs
usually increase at a decreasing rate with distance.
The results for the blindfolded groups were consistent with those for the sighted
groups. Subjects in the indoor blindfolded group used gridline strategies less often
(14%) and had more object-to-object visits (Mdn = 5) than did subjects at the
medium outdoor scale (75% and Mdn = 1, respectively). The chi-squared test for
differences in scale groups for gridline searches was highly significant, χ2(1) = 11.06,
p < .001. The Wilcoxon rank-sum test, the non-parametric equivalent of the
unpaired t-test, also found highly significant differences between scale groups for
OTOVs, Z = 13.70, p < .001.

5.4.5 Explaining Systematic Search Propensity
In all three outdoor search conditions combined, 33 subjects conducted a gridline
search of the space, and 17 did not. In this section, data from the questionnaire
administered to all participants is used to account for the difference between these
groups. Three simple hypotheses can be put forward to explain the observed
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difference. First, one might suppose that gridline searchers would tend to have
higher environmental spatial ability scores than non-gridline searchers. One might
also suppose that gridline searchers would be associated with a higher strategic
disposition index score, or that gridline searchers would be associated with lower
risk-seeking scores, since gridline searching represents the “safe” choice rather than
the relatively riskier choice of searching randomly.
The data were analyzed using a two-way parametric ANOVA, using the binary
value for “gridline search” and ternary value of “condition” as predictors of
environmental spatial ability (SBSOD score), strategic disposition index score, and
risk-seeking score. This approach merely tests for association, not causation, so it is
not inappropriate to use an outcome (the occurrence of a gridline search) as a
“predictor.” The parametric approach is justified since the model is applied to the
index variables, and these are distributed normally.
When analyzed in this fashion, the data do not support the hypotheses. Santa
Barbara Sense of Direction Scale scores are not significantly different between
gridline searchers, and non-gridline searchers, F(1,46) = .47, p = .50. Neither are
differences significant for strategic disposition index scores, F(1,46) = .03, p = .87,
or for the risk-taking index, F(1,46) = .42, p = .52. The seven items on the
questionnaire representing the most important factors on Lawton’s (1994) WayFinding Strategy scale were also averaged to produce a mean index score, but the
differences on this index between gridline searchers and non-gridline searchers was
also not significant, F(146) < .01, p = .98.
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In order to attempt to validate these results, the data were classified based on
membership in the top and bottom tercile of the explanatory variables (SBSOD,
strategic disposition, and risk-taker). These data were crosstabulated according to
whether or not the individual conducted a gridline search, and the results were
analyzed using chi-squared frequency analysis. These results also showed no
statistical differences between top and bottom performers.
The lack of connection between SBSOD score and propensity to search
systematically is not of much importance, as there is no particular reason why sense
of direction would be associated with this particular manifestation of strategy. It
would not have been surprising to find a connection, but neither is it surprising to fail
to find a connection.
The lack of connection to the strategic disposition and risk-taking indices is
somewhat more troubling. However, these indices, as presented in Chapter 4, were
primarily constructed to have good internal reliability. Of greater concern is that the
indices are good predictors of strategic behavior. The analysis above indicated that
they were not, and so a revision of the indices was necessary.
The forty items asked during the questionnaire were examined to locate those
items that separated most clearly according to whether the individual conducted a
gridline search. A Spearman correlation was performed on each item from the
strategy questionnaire against the binary value for whether the subject used a gridline
search. The top ten items with the highest absolute-value correlation were retained
for further analysis. These were, in order of highest absolute correlation, Items 19, 3,
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13, 2, 38, 25, 20, 11, 12 and 40. Correlations ranged from .32 (for Item 19) to .15
(for Item 40).
The top three items were related to attitudes about risk. Item 19 asked subjects to
indicate their agreement with the statement, “It is important to me that when
traveling a significant distance by car that I have a map of the area, even if I do not
use it,” while Item 3 asked subjects to rate their agreement with the statement, “I
enjoy games of chance.” Item 13, already present on the risk-taker index, asked
subjects about their willingness to try uncertain detours.
The remaining items were related to strategy, but the directionality varied such
that some strategic items were positively correlated with propensity to strategically
search the space, and some were negatively correlated. The pattern was not entirely
incoherent, and in general the items were positively correlated. Still, given the lack
of correlation of propensity to strategically search with SBSOD scores and Lawton’s
measure of wayfinding strategy, no further revision to the strategic disposition index
was undertaken.
Given the strong likelihood of good external validity for risk-taking attitudes,
Items 19 and 3 were added to the risk-taking index. Item 34, which was uncorrelated
with propensity to strategically search was dropped. This item asked subjects to rate
their agreement with the statement, “I frequently choose to try new routes when I
travel.” The lack of correlation for this item in particular might be interpreted as an
ambiguity surrounding the term “frequently.” Item 35, which asks subjects how
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important they feel it is to find new routes, had better differentiation while retaining
the central theme.
The revised risk-taker index consisted of five items (3, 13, 19, 33, 35), and had a
Cronbach alpha score of .43 – a rather low score for internal reliability. However,
the index was well-correlated with propensity to conduct a gridline search,
Spearman’s r(48) = -.34, p = .015, and the groups were significantly different, t(48) =
-2.53, p = .015. The negative correlation indicates that subjects who viewed
themselves as risk-takers were less likely to search systematically. The gridline
group pattern for SBSOD, the strategic disposition index, and a provisional index
based on the seven items from Lawton’s Way-Finding Strategy Scale (1994) are
shown graphically in Figure 5.7. Only the revised risk-taking index showed a
significant difference according to unpaired t-test analysis.
The revised risk-taker index was correlated with the strategic disposition index,
Pearson’s r(48) = .29, p = .044, but not with SBSOD score, r(48) = .08, p = .593.
This pattern was quite similar to the original risk-taker index, indicating some degree
of robustness in the measure.
Given the apparent trade-off between gridline searching and object-to-object
visits, it was hypothesized that strategic disposition and environmental spatial ability
may have been connected to the OTOV strategy. To investigate this hypothesis,
subjects were grouped according to whether they conducted more OTOVs than the
median. Since the median number of OTOVs was zero across all groups, this
grouping was according to whether or not the subject conducted OTOVs at all. The
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same two-way parametric analysis of variance was conducted using this binary
OTOV group and condition to predict SBSOD, strategic disposition, and Lawton’s
(abbreviated) wayfinding strategy scores, the results were not statistically significant.
These results suggest that the only factor (among those tested) that influences
strategic behavior on the outdoor search task is one’s attitude about risk, and that
strategic disposition and overall environmental spatial ability are not important.

Figure 5.7 – Differences in environmental spatial ability (SBSOD), strategic
disposition (Pingel), wayfinding strategy use (Lawton), and the revised risk-taker
index. Only the revised risk-taking index indicated a statistically significant difference
between groups.
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5.5 Discussion
Before proceeding into the main discussion of how scale impacted strategic
thinking, it is worthwhile to note that consistent sex differences emerged with respect
to performance, but not, typically, with strategic behavior. Women were
significantly more likely to conduct longer searches, take more total time and
distance to complete the task, and perform more poorly on object location recall
tasks, even when the main effect of sex was controlled for the effect of condition,
environmental spatial ability, and strategic disposition. Unfortunately, a complete
examination of the causes of sex differences in search tasks is beyond the scope of
this work, and it suffices to say that there is no evidence from this study to suggest
that sex differences in performance on these tasks are due to underlying differences
in strategic thinking or behavior.
The main aim of the study was in exploring how scale affects strategic thinking
in a search task. Overcoming distance imparts costs, principally in terms of time and
physical and cognitive effort. Yet, strategic thinking also imparts cognitive costs.
The calculation of whether to carefully plan a route is relativistic in that one must
determine whether the cognitive expense associated with planning the route is
worthwhile. This study addressed two derivative hypotheses from this reasoning.
First, one would expect that as the size of the search space increases, the propensity
to strategically search that space would also increase. Second, the propensity to
strategically search would also depend on how costly the strategic thinking is. As
such, those for whom strategic thinking is easy, comfortable, and natural would tend
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to systematically search more often than those for whom strategic thinking is
relatively difficult and unfamiliar. A key assumption inherent in these hypotheses is
that systematic searches are more strategic than non-systematic searches. Since
systematic searches are more global in their scope, require more consideration, and
are typically less latent than non-systematic searches, this assumption is well
justified.
Evidence was quite strong for the first hypothesis. Gridline searches, by far the
most common systematic search method observed, were relatively uncommon for the
search task in an indoor space. In the medium-sized space tested, they were far more
common, and in the largest space, they were more common still. The shape of the
curve describing the relationship between the size of the space and propensity to
strategically search was concave downward, suggesting that the perceived costs of
traversal increased with scale, but at a decreasing rate. This was consistent with
Tobler’s (1993) observation that transport costs usually increase at a decreasing rate
with distance. It is interesting that this should be the case, since the physical cost of
traversing the nth unit of distance ought not be less than traversing the n-1th unit of
distance. In fact, there is good reason to think that marginal costs might be greater in
cases of long distances, given issues of fatigue. This kind of valuation is also
consistent with Prospect Theory in that it suggests people evaluate costs
proportionally rather than absolutely. The change in how people evaluate costs at
different scales has implications for categorizations of space, a topic discussed in
greater detail below.
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The differences in scale among conditions also caused a similar effect in the
number of verification returns to objects. In the smallest extent (indoor search)
condition, it was quite common for individuals to return to previously-found objects
in order to more correctly learn their location and position relative to the other
objects. Similar experiments in the literature (Tellevik, 1992; Hill et al., 1993;
Gaunet & Thunis-Blanc, 1996) also reported a relatively high frequency of these
types of visits. However at larger extents, individuals were much less likely to return
to these objects. In this case, the desire to minimize traversal costs superseded the
desire to more correctly learn the locations of the objects.
Though this result is consistent with the hypothesis, there are alternative
explanations. The smaller-extent condition took place indoors in a relatively
featureless room, while the larger-extent conditions took place outdoors. Though
care was taken to assure a minimum of landmarks in the ground of the search itself,
the environment provided relatively rich landmarks in the form of nearby buildings,
trees, and so on. However, the lack of difference in object-to-object visits (OTOVs)
between the blindfolded and sighted conditions in the outdoor study suggests that
this explanation is probably not valid. Subjects searching while blindfolded in the
medium-sized space used the OTOV strategy as rarely as those in the sighted
conditions, and the lack of difference in walking-speed between the blindfolded and
sighted groups in the same size space indicates that the lack of additional OTOVs
was not caused by an increased penalty of movement against blindfolded individuals.
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Additionally, informal comments made to the researcher during the outdoor study
and responses to post-task interview questions for the indoor study suggest that even
relatively featureless environments afford opportunities to construct temporary
landmarks. Many individuals commented on how they used minor differences in
shades of grass to help them remember the locations of objects. In the outdoor study,
individuals searched with blindfolds that allowed them to see the area immediately in
front of them, while obscuring horizon-level landmarks. Though blindfolded
subjects tended to search slightly less efficiently as a result, their scores on object
location learning measures were on par with those of the subjects in the sighted
condition in the same sized space, and better than those for the sighted condition in
the larger space. Whatever additional techniques they may have employed to
compensate (e.g., more focused dead reckoning / path integration), the difference in
landmark availability clearly did not greatly impair their ability to remember the
locations of the objects.
A second alternative hypothesis for why OTOVs were relatively rare in the
larger-extent conditions is that the larger trigger sites, included to provide parity in
trigger site to total area ratios, made it easier to encode locations. In the indoor
search study, the trigger site was quite small – occupying a real area of about 1 cm2
and a perceived area of about .5 m2. As a result, absolute fixing of the location could
have been somewhat difficult. Though some evidence for this hypothesis can be
found in the much larger localization counts for the indoor search study than for the
outdoor study, the lack of difference in localizations in the outdoor study is evidence
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against this hypothesis since the smaller of the outdoor trigger sites was no more
difficult to localize than the larger. Future experiments could resolve the question by
adjusting the size of the search space without adjusting the size of the trigger site.
The connection between strategy and performance was somewhat muddled.
Systematic search strategies were not connected to lower mean search distances,
lower overall distances, shorter non-repeating object visit sequences, or better object
location recall. Object-to-object visits led to improved object recall, but not better
search efficiency. The connection between OTOVs and object recall is consistent
with the findings from the indoor search study, but that study also found a positive
correlation between systematic searching and object recall performance – a finding
that was not replicated at the larger scale. This is most likely due to the trade-off
between search and memorization noted at larger scales – those subjects that
searched systematically were less willing to also verify the locations through
OTOVs.
That systematic searchers were unwilling to verify object locations may be
because search distances for systematic searchers were, on average, longer than for
non-systematic searchers. This may have been due to the lack of information about
the size of trigger zones, leading systematic searchers to have a closer spacing
between successive parallel transects than was necessary. It was notable that
subjects in the Large Field condition tended to have greater spacing than subjects in
the Small Field condition, despite having no greater information about the size of the
trigger sites. Probably this is because there was an implicit reasonable size of trigger
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sites for such a large space. Several subjects were observed to have quite short
spacings between transects in the Medium Field condition, and only one of these
subjects adaptively changed the width of the spacings in response to a correct
assessment of the size of the trigger sites. Though subjects could not necessarily
conclude that the size of the trigger sites was the same for each object, it might well
have been a reasonable assumption.
Montello (1993) distinguished between four principal categories of space that
differ in qualitative ways based largely on functional properties of the space derived
from the relation of the body to those spaces. All three scales utilized in the indoor
and outdoor search studies fall into the category of vista spaces, or spaces that can be
apprehended from a single vantage point without appreciable locomotion. The
change in emphasis from memorization strategy to search strategy appears to be
continuous, but the striking difference in how often these types of strategy are
implemented within the same category of space suggests that the psychology of
room-sized spaces is different than the psychology of town-square sized spaces. In
room-sized spaces, the evidence from this study suggests that locomotion is
considered relatively cost-free, while in town-square sized spaces, the cost of
traversing distance is an important consideration.
A second key finding comes from the additional administration of questionnaires
that assessed environmental spatial ability, strategic disposition, and attitudes about
risk-taking in wayfinding contexts. Systematic searchers did not differ from nonsystematic searchers in self-reports of environmental spatial ability or strategic
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disposition. The lack of difference for environmental spatial ability is not necessarily
surprising since the scale was designed to predict ability in spaces greater than those
that can be apprehended without locomotion (i.e., environmental spaces).
The lack of difference in self-reports of strategic disposition is more difficult to
explain. One could account for this result by suggesting that either the concept of
strategic disposition is flawed, or else that the instrument fails to represent its
proposed construct adequately. Given the high internal reliability of the ten items
that constitute final scale, it seems safe to assume that the scale represents something
to which subjects responded to with consistency. The lack of differentiation could be
the result of the relatively high numbers of individuals who searched strategically. A
more likely explanation is that the task itself was not strategically demanding enough
to allow for differentiation between strategic and non-strategic thinkers. The
experiment described in the following chapter involves a different type of
wayfinding task – that of route-finding instead of searching – and provides
complementary evidence as to the role of strategic thinking in navigation tasks.
Though strategic disposition was not a factor in choice of search type or
memorization strategy, attitudes toward risk-taking were strongly influential. A
secondary analysis that improved the external validity of the risk-taking index
showed significant differences on this measure between systematic and nonsystematic searchers. The propensity to search systematically was strongly
associated with those individuals who were risk-averse. This result, along with the
finding that systematic searchers had lower variability in the total length of their
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search, suggests that attitudes about risk and uncertainty are highly influential in
strategic behavior.
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6. Route Asymmetry
6.1 Introduction
Recent studies have shown that people choose different routes between pairs of
points depending on the direction of travel in both map-based and physical routeselection tasks (Golledge 1995b; Bailenson, Shum & Uttal, 1998; 2000). These
asymmetries are particularly useful for studying route-choice behavior since they
provide a unique opportunity to determine how the same wayfinding goals and
cognitive processes in the same environment produce different routes, depending
primarily on changes in perspective or relative position.
The primary interest was in explaining the unique causes of asymmetry related to
environmental spatial ability, strategic disposition, attitudes about risk in wayfinding
contexts, and different goals with respect to fast and simple routes. This required an
explanation of how much variability was inherent in pedestrian navigation apart
from true asymmetry, or consistent variation arising from changes in direction of
travel between endpoints. Since pedestrian travel is as much dominated by obstacles
(e.g., buildings) as it is by pathways (e.g., sidewalks), an account of strategically
related factors on obstacle avoidance was necessary as well.
This study asked participants to travel a total of seven legs between four
waypoints on the campus of the University of California, Santa Barbara. The
sequence of visits was randomly determined, and each subject walked a unique route.
As a result, each subject had one or more route reversals (A-B, then B-A), and often
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one or more repeated traversals (A-B, then A-B again later). Some reversals
happened immediately (A-B-A) while some had intervening legs (A-B-C-D-B-A).
This experimental design allowed for the testing of several particular questions
and hypotheses surrounding the route asymmetry problem:
•

How much variability in pedestrian route selection occurs in repeated
same-direction traversals as compared to reverse-direction traversals?

•

Can asymmetry in travel be accounted for by improved efficiency in
travel? This would entail that differences in routes are due to people
navigating better rather than just differently as they learn their
environment.

•

What types of environmental features are most likely to cause
asymmetry?

•

How do environmental spatial ability and strategic disposition impact
asymmetry?

•

Are persons who tend to interact with their environment via orientation
strategies (Lawton, 1994) less likely to exhibit route asymmetries?

•

To what degree can differences in goals (i.e., preference for simple routes
over faster routes) account for differences in route-choice asymmetry?

The area used in this study was of a larger size and greater pathway complexity
than any previous study on pedestrian route asymmetry. To accommodate this
greater complexity in design it was necessary to expand the methodology of
classification used in these previous studies. The methodology described below
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allows for not only the identification of primary routes and the binary evaluation of
difference, but also the identification of secondary and tertiary routes, and provides a
method of assessing the degree to which routes are different from one another.

6.2 Methods
6.2.1 Participants
Sixty-five subjects participated in the study. A total of 28 men and 37 women
volunteered. Subjects were drawn from the UCSB Geography Human Subjects
Research Pool, and received extra credit in an introductory geography course for
their participation. The participants’ ages ranged from 18 to 38 years, with mean age
of 19.8 years.

6.2.2 Materials
The positions of subjects during the task were tracked using a Global Positioning
System (GPS) data logger (model QSTARZ Q-1000 Platinum). This unit was
configured to use the Wide Area Augmentation System signal to differentially
correct the base position calculation. Extensive testing of the GPS receiver used in
the study placed the root mean squared error for this unit at approximately 1.5
meters. Position was logged to the receiver’s internal memory once per second.
After subjects completed the wayfinding task, these internal logs were downloaded
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from the receiver to a PC and converted to ASCII comma separated value files.
Latitude and Longitude were then converted into Universal Transverse Mercator
coordinates using Mapping Toolbox software within the Matlab computing
environment, and all subsequent distances were planar calculations from these
coordinates.
Subjects were given a long-range two-way radio at the beginning of the trial
which they used to communicate with the researcher. The Audiovox VHF radio used
in this study has a nominal range of 26 miles, and in practice communication
between participants and the researcher was quite clear. The radios featured keying
technology that automatically filtered out transmissions that were not from its pair.
As a result, no interference with communications occurred during the study.
The same post-task questionnaires (Santa Barbara Sense of Direction Scale and
strategic thinking) that were used in the field-scale search task were used after this
task as well, with the addition of four items that asked participants to rate their
familiarity with the area around each waypoint on a seven-point scale.

6.2.3 Procedure
Subjects were required to walk a course consisting of seven segments between
four waypoints. Waypoints were selected in such a way that buildings and footpaths
interacted to create several possible route options that were reasonably equivalent in
length and complexity. The four waypoints used in the study were: the entrance to
Trailer 942, the corner store at Buchanan Hall, the Flagpole located near Cheadle and
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Campbell Halls, and the main archway of the Psychology Building. These waypoints
were selected because they were near one another (150 to 350 meters) and because
they were located at angles oblique to most of the major pathways on campus. This
latter criterion helped to ensure that several reasonable paths were possible. Each
waypoint was particularly identified so that subjects could approach a common
“point” location, approximately two to three meters in diameter. Participants were
not instructed to try to maximize or minimize any particular criterion (e.g.,
minimizing distance), but were instead left to choose whatever route they thought
was “best.”
A computer script was written to select random routes based on several criteria.
First, the route had a total of seven legs. Second, the origin of the first leg and the
destination of the last leg must be Trailer 942. Third, no legs were possible for the
Flagpole/Psychology pair. Such a leg would have been over 500 meters in length,
and as such was judged to be too long given that several such legs could be possible.
Fourth, all waypoints must be visited during the trial. In all, 136 unique routes
matching these criteria were generated, and subjects were randomly assigned a route.
No route was used more than once. The expected mean straight-line length of an
entire, seven-leg route was 1,643 meters (SD = 205), though routes as short as 1,226
meters or as long as 2,187 meters were possible, depending on the distribution and
sequence of waypoints.
In all cases the participants were informed of the location of each destination, or
waypoint, by verbal directions, a map, and photographs. Subjects were first shown a
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full map of campus with each destination marked by a red dot, and photographs of
the location shown next to the mark. Subjects were also given a map to take with
them on their walk which featured extracts from a campus map of the area only
immediately around each waypoint as well as the same photographs of the area
shown to the participants on the full-sized campus map. Subjects were instructed
that they were not required to use this map, but that it was available if needed. In
practice, most students were quite familiar with all of the waypoints, and did not
require this supplementary map. Figure 6.1 shows each of the four waypoints
marked on an aerial photograph along with lines marking potential legs. There were
five unique origin-destinations pairs, or Routes: Alpha (connecting the Trailer and
Buchanan), Bravo (connecting the Trailer and Flagpole), Charlie (connecting the
Trailer and Psychology building), Delta (connecting Buchanan and the Flagpole),
and Echo (connecting Buchanan and the Psychology building). Any of these Routes
could be traversed in either direction, according the random assignment of legs
determined by the computer.
A two-way radio was utilized to ensure communication between each participant
and the investigator. Subjects were only given their next destination along the entire
route, and used the two-way radio to check in when they reached each waypoint and
to get the next destination. In this way, subjects were only required to think about
each immediate leg, and not subsequent legs.
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Figure 6.1 - Route asymmetry waypoints and potential segments.

Once each subject was ready to begin the task, the GPS device was placed in data
recording mode and clipped to a lightweight backpack that each subject wore in
order to ensure consistent placement of the unit. The researcher and subject
commenced a final radio check to ensure correct operation. The subject was then
told the first waypoint and instructed to begin walking when ready. Upon reaching
each waypoint, the subject radioed in for the next waypoint.
Following the completion of the walking task, each subject completed the
questionnaire common to the outdoor search task. The complete text of the
questionnaire can be found in Appendix B. Materials unique to the route asymmetry
study, including scripts and the maps presented to participants, can be found in
Appendix D.
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6.3 Data
There were two principal sources of data for the route asymmetry study. The
data aggregation for the questionnaire has been described in previous chapters, so
this section focuses only on the extraction and data processing for position data
derived from the data logger (GPS receiver) that the participants wore as they walked
to their destinations.
Positions and quality-of-fix information from the GPS was recorded once per
second to the receiver’s internal memory. Once per day, these values were extracted
from the GPS unit in an ASCII, comma-delimited format that contained latitude and
longitude, timestamp, and signal quality measures. However, each day’s record
typically contained the tracks of several subjects. These records were parsed and
converted to UTM coordinates to produce a single record for each individual.
The records were parsed by calculating the distance to each waypoint for each
position estimate in the log. These distance-to-waypoint values – one for each of the
four waypoints - were plotted against the time stamp values to produce a graph that
was then visually analyzed. Times between subjects were easily distinguished by
long periods of unchanging distances to waypoints.
The same method was applied to separate each individual’s log into its
constituent seven legs. The beginning and end of each leg was marked by mouseclick based on visual analysis. It was typical for the graph to show no movement at
the beginning and end of a leg, since subjects were asked to (and typically did) stop
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at each waypoint before placing a radio call to the researcher to receive the next
destination. Figure 6.2 shows a sample graph used to separate legs.

Figure 6.2 – Example of a graph used to separate each of the seven legs of a single
trial.

Each leg then provided a record on which to calculate distance, time, and speed.
Each leg also provided a basis on which to calculate distance efficiency. This
statistic was equal to the calculated minimum straight-line distance between the start
and end of each leg divided by the actual distance traveled by the subject.
Theoretical values for distance efficiency thus ranged from zero to one. The start
and end of each leg was used to calculate minimum distance, rather than the actual
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distance between the intended waypoints. This was because subjects varied in how
closely they came to each waypoint, and the original calculation (using the actual
locations of the waypoints to calculate minimum distance) led to efficiency values
that - in rare cases - exceeded one.
Overall values for each individual were aggregated from the leg data to produce
values for overall mean distance efficiency, total distance, total time, and mean
speed.
In order to identify asymmetry, the track data had to be simplified, as in their
unaltered form every track would be unique from every other, and thus all routes
would be asymmetric. Traditionally, the track information is overlaid onto a series
of choice points, and each track is described by the choice points through which it
passes (Christenfeld, 1995; Golledge, 1995a; 1995b). Golledge described an
unordered set of choice-points and matched each track to this set. Ultimately,
inbound and outbound routes were compared to see if the transposed series matched
exactly, with the final coding a binary same-or-different value. Any single choice
point that differed in the forward/reverse route pair indicated that the pair was coded
as “different.”
Golledge (1995b) applied this system to study where straight-line distances
between origin-destination pairs were approximately 130 meters – 20 meters shorter
than the shortest route in this study. Deviations on the scale of a few meters resulted
in a different selection of choice point. The data collected for this study were
captured by GPS, and the associated error, especially in areas near tall buildings can
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be somewhat greater than a few meters. As a result, this level of resolution for
choice points was infeasible. Nor would it have been necessarily desirable – over
long enough distances all routes are likely to be different on scales of a few meters.
The resulting classification of asymmetry would therefore be trivial. Figure 6.3
shows tracks for all subjects overlaid on an aerial image of the university campus to
provide the reader with an idea of the variability inherent in these data. Although
general patterns emerge from these data, GPS error was a significant source of local
variability, especially in areas near tall buildings, where a clear view of the sky was
not possible.

Figure 6.3 – All tracks for route asymmetry study.

183

The binary system that Golledge used to characterize asymmetry does not
account for the degree of difference in routes. In many cases, an individual might
take nearly the same route between two points, with only slight differences in one
part of the route. In order to account for these differences, a novel system of grouped
choice points were created with which to analyze the data.
Inherent in the coding system is that, small deviations aside, people generally
move toward their destination. As they get closer to their destination, they move
through choice points, but they do so in a way such that if they pass through one
given point they are virtually assured not to pass through other choice points. This
forms a grouping similar to that of a gate at a large stadium – at any gate a person
tends to travel through one, and only one, turnstyle. The overall route can then be
considered a series of these “gates”, each containing a set of exclusive “turnstyles” or
choice points. The exact number of gates and choice points is somewhat
discretionary, though it is likely that a grouping algorithm could be used to automate
and standardize the process of gate and choice point selection. In general, the
number of gates increases with increasing distance between waypoints, and the
number of choice points per gate increases toward the center of space bounded by the
waypoints. The following set of rules governed the placement of gates and choice
points for this study:
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1. All individuals must travel through the same number of gates between the
same pair of waypoints.
2. No gate is traversed more than once per leg. This indicates that a gate can
only be traversed in a single direction.
3. The choice points are placed along gates to pick up clusters or tracks, usually
consistent with major obstacles and pathways.
4. No gate and choice point combinations are placed that would have a pattern
of traversal exactly the same as an adjacent gate.

Each gate was assigned the name of a U.S. state, and each choice point for the
route was assigned a unique letter, with choice points located on the same gate
assigned letters adjacent to one another (choice points A-B-C on one gate, P-Q-R on
another, etc.). There were a total of seventeen gates distributed among the five
routes. Figures 6.4 through 6.8 show the tracks, gates, and choice points for each of
the five routes.
Route Echo (Buchanan ↔ Psychology) was the longest route and had the most
gates (five), while Route Delta (Buchanan ↔ Flagpole) was the shortest route and
had only one gate with three choice points. The precision of position data was worst
over Route Delta due to large multipath errors and poor satellite reception caused by
the presence of a nearby tall building. As a result, only relatively coarse differences
could be determined for this route. In contrast, Route Echo was marked by a high
degree of variability, especially in the vicinity of the Psychology building. This
variability could only be adequately accounted for by an assignment of a relatively
large number of gates.
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Figure 6.4 – Distribution of gates and choice points for Route Alpha.
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Figure 6.5 – Distribution of gates and choice points for Route Bravo.
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Figure 6.6 – Distribution of gates and choice points for Route Charlie.
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Figure 6.7 – Distribution of gates and choice points for Route Delta.
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Figure 6.8 – Distribution of gates and choice points for Route Echo.
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In most cases, the assignment of a choice point for a particular track was
relatively straightforward, since gates were generally defined in relations to specific
paths or obstacles around which subjects were forced to travel. In these cases, even
relatively large GPS errors did not interfere with the assignment of choice points. In
a very few cases, GPS errors did make assignment difficult. For these tracks, the
distance to gates was combined with shape and direction information of the track to
provide a generalized line. This generalized line thus served as the basis on which
the route was assigned a choice point.
The system of grouped choice points described here enables some interesting
types of analyses with respect to asymmetry. First, asymmetry can be analyzed by
individual gates or by any subset of gates. If the entire gate set is used as the basis of
analysis, the system is in practice equivalent to the method used by Golledge
(1995b). It is also possible to assign a ratio measure of similarity by comparing the
number of gates that are the same between tracks. However, such comparisons can
only safely be made within a given route (Alpha, Bravo, etc.) and not between routes,
since the result is somewhat sensitive to the total number of gates.
One leg was eliminated from the final data set, as a GPS error corrupted the data.
This subject walked through a building (contrary to instructions), resulting in a loss
of signal. A second track through a building (by the same subject) was retained, as it
did not result in GPS error. The final data set consisted of 454 tracks for the 65
subjects.

191

Given the constraints for routes described earlier, the number of recorded tracks
per route was not equal. Route Alpha had 105 tracks, Bravo – 104, Charlie – 93,
Delta – 74, Echo – 78. The ratio of forward/reverse traversals for each route was
approximately equal.

6.4 Results
6.4.1 Distance Efficiency
One potential explanation for asymmetric behavior in real-world pedestrian
contexts is that subjects improve the distance efficiency with which they travel.
From this perspective, the different routes that are observed are really just attempts to
improve quality of the route with respect to shortest distance and time objectives.
This section investigates this hypothesis by looking at variability in distance
efficiency – a measure of the minimum straight-line distance between the start and
end points of a track divided by the actual distance traveled.
Mean distance efficiency, aggregated across all individuals and routes, was 74.5
percent (SD = .08). There were no significant differences between any of the five
Routes according to repeated measures ANOVA, F(4,385) = .41, p = .80. Distance
efficiency was weakly positively correlated with leg number (one through seven),
r(452) = .06, p = .22, though the correlation was not significantly different from zero.
Though some improvement in distance efficiency was evident over the course of the
trial, the improvement was only very slight.
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Some routes showed greater differences in distance efficiency than others.
Repeated measures analysis to determine the effect of directionality within a route
found highly significant differences for routes Charlie [F(1,37) = 11.46, p = .002]
and Delta [F(1,23) = 9.36, p = .006], marginally significant differences for Alpha
[F(1,39) = 3.71, p = .061], an no significant differences for routes Bravo [F(1,47) =
.78, p = .381] and Echo [F(1,28) = .75, p = .393]. Figure 6.9 highlights the
differences for directional routes. A visual inspection of Route Charlie (Figure 6.6),
the route with the highest degree of difference, reveals that while subjects tended to
travel in a relatively straight line from Psychology to the Trailer, the reverse route
was substantially less efficient.

Figure 6.9 – Differences in distance efficiency based on direction of travel for each of
the five routes. Only differences between routes Charlie and Delta were statistically
significant.

The results for distance efficiency by route indicate that direction of travel
matters for some origin/destination pairs more than others. Environmental factors
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provide cues that significantly alter movement patterns. The strategic disposition
and Santa Barbara Sense of Direction (SBSOD) scale questionnaires also provide a
mechanism to assess individual causes of distance efficiency.
SBSOD score was positively correlated with distance efficiency, r(63) = .32, p =
.009. This level of correspondence was in-line with, but slightly lower than other
correlations of environmental spatial ability tested during the development of the
metric (Hegarty et al., 2002). The strategic disposition index score was only weakly
correlated with distance efficiency, r(63) = .18, p = .160. Men tended to be slightly
more distance efficient (M = 75.8, SD = .04) than women (M = 73.6, SD = .03), a
significant difference according to an unpaired t-test, t(63) = 2.46, p = .017. Twoway ANOVA found that sex differences disappeared when controlling for SBSOD
score. Given the strong relationship between the risk-taker index and outdoor search
behavior, it was plausible that such a relationship might exist for this type of
wayfinding task as well. This was not the case, as the risk-taker index developed in
Chapter 5 was not correlated with distance efficiency, r(63) = .10, p = .43.
As part of the questionnaire, subjects rated the importance of several attributes
for walking routes. Overall, and consistent with previous studies (Golledge 1995a;
1995b), fast routes were preferred. Individual ratings for the importance of fast
routes were weakly, but positively correlated to distance efficiency, r(63) = .13, p =
.29, indicating that those subjects who preferred fast routes were also slightly more
likely to be distance efficient.

194

Given the relatively poor connection between strategic disposition and distance
efficiency, a correlation for each item on the original 40-item strategy questionnaire
and distance efficiency was computed. The top ten items correlated to distance
efficiency were items 36, 18, 33, 12, 15, 2, 7, 35, 17, and 4, with absolute value
correlations ranging between .39 and .18. Of these most strongly correlated items,
only two were represented on the strategic disposition index. Item 2 (“I am good at
finding the shortest or quickest route to a place”) was correlated with distance
efficiency, r(63) = .23, p = .067. That this item was correlated with distance
efficiency was not surprising, given that it is the most direct self-assessment of this
kind of performance. However this result was only the 6th most related item,
followed by Item 7 (also on the 10-item strategic disposition index), “When driving,
I don’t typically think about my route.” This item represents a general
thoughtfulness about wayfinding and was reverse-coded for the final index. As
written, the item was negatively correlated with distance efficiency, r(63) = -.19, p =
.138.
The strongest two individual-item correlations were also the most surprising:
items 36 (“I frequently use landmarks to help me remember a route.”) and 18 (“I
frequently use landmarks to help me find a route”), both related to landmark use,
were strongly negatively correlated with distance efficiency. Item 36 was correlated
r(63) = -.39, p = .001, while Item 18 was correlated r(63) = -.36, p = .003. One
explanation for these results is that landmark use represents a second-tier strategy
that is used to help otherwise poor navigators move through their environment. A
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second explanation is essentially the reverse: landmark users incur additional
distance-penalties as a result of landmark use. Which, if either, of these two
explanations is correct was not discernible with this data set.
For three of the four destinations, familiarity was not associated with improved
distance efficiency. Only the Psychology Building showed a correlation significantly
different from zero, r(62) = .44, p < .001, indicating that the more familiar the
subject was with this destination, the more likely was it that he or she would be more
efficient in travel. This was likely because individuals were less familiar with the
Psychology Building than other locations. Mean familiarity with this waypoint was
4.8 (on a seven-point scale, seven being the highest) across all subjects, while
Buchanan (M = 6.7) and the Flagpole (M = 5.6) were somewhat more familiar.
Subjects were least familiar with the area around the Trailer (M = 4.6), but since
subjects always started the study from this location it is likely that learning effects
counteracted the unfamiliarity with the destination.

6.4.2 General Patterns of Asymmetry
The preceding section investigated, among other issues associated with distance
efficiency, the hypothesis that changes observed in routes were attributable to an
increased performance. A second alternative explanation for asymmetric route
following behavior is that differences observed in travel from A to B and from B to
A are a result of essentially random variation. As such, we would expect that repeat
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trips in the same direction would exhibit the same frequency as trips in the reverse
direction.
The experimental design associated with this study allowed for a preliminary
investigation of this hypothesis. Reversals were somewhat more common than
repeat forward traversals since the route was required to start and end at the same
location, and since the possibility of a reversal was immediate (the subject had a one
in three chance of an immediate reversal) while repeat forward traversals could, at
the earliest, happen only between the first and third leg, and then only after a reversal
of the route had already taken place (as in the sequence AB-BA-AB). With no such
intervening reversal, the first repeat forward traversal would occur between the first
and fourth leg (as in the sequence AB-BC-CA-AB).
Repeat forward traversals were as likely (18 of 46, or 39%) to be exactly the
same as reversed traversals (53 of 133, or 40%). As mentioned earlier, these binary
values are somewhat misleading, since they are likely to be highly sensitive to the
method of coding used. A more in-depth analysis calculated the degree of similarity
along the total route by looking at the number of gates on the route that were the
same or different. Other than Route Delta (which, with only one gate could only be
binary), similarity scores ranged between 0 and 100%, with intermediate values
dependent on the specific number of gates for the route. With a binary coding, a
route coded A-M-T-V would be different from A-M-T-W, even though they differed
on only one of the gates. The ratio-scoring system would assign a similarity value to
the two routes of 75%. Calculated in this way, and irrespective of direction, the total

197

degree of similarity for all routes was 70%. Forward-repeated routes were more
similar (76%) than reversed routes (68%), though the difference was not significant,
Z = 1.63, p = .103.
Given the immediate possibility of a reversal, many of the forward repeated
traversals happened only after a reversal on the same Route had occurred. Only 16
forward-repeats occurred before an intervening reversed-traversal. Nine of these
sixteen (56%) were exactly the same, while only 39 of 106 reversals (37%) counted
in the same manner were exactly the same. While the difference was not statistically
significant, χ2(1) = 2.21, p = .138, it was in the expected direction. Gate-counting
assessments of the degree of similarity for this reduced, “first encounter” set were
exactly identical to the complete set: repeated forward traversals were 76% similar,
while reversed routes were 68% similar.
There were stark differences among the five routes (Alpha, Bravo, etc.) with
respect to asymmetry for reversals. Table 6.1 lists the mean similarity for each of the
five routes, calculated separately by binary and ratio coding systems. These values
of similarity were calculated from the reduced data set (where reversals were only
counted if they occurred before a forward traversal) in order to mitigate any potential
confounding effect. Given that the “first-only” set comprises 80% of the total set
(106 observations, rather than 133) the loss of power is small.
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Route

Similarity (%)
Binary

Ratio

Alpha

33

69

Bravo

15

59

Charlie

52

79

Delta

71

71

Echo

19

64

Table 6.1 – Metrics of symmetry in reverse traveled routes.

Chi-squared analysis of binary similarity showed highly significant differences
between Routes, χ2(4) = 19.03, p < .001. A Mack-Skillings two-way, nonparametric ANOVA revealed significant differences among Routes when correcting
for repeated visits by the same subject, MS(4) = 57.2, p < .001. Route Charlie
showed the highest degree of symmetry, while Route Bravo showed the most
asymmetry between reversals. Figures 6.10 through 6.14 are network flow diagrams
between gates, where nodes and links are scaled in proportion to the amount of
traffic passing through each. The network diagrams of asymmetric flow reveal that
differences typically occur within a few choice-points on a subset of gates.
Consequently, the following analysis evaluates only the most common differences
between directional travel. This portion of the analysis also focuses on
environmental or aggregate influences on asymmetry, and does not speak to
individual differences, which are discussed in more detail in the next section.
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Route Alpha exhibited several interesting differences. First, individuals traveling
from the Trailer to Buchanan (forward) were far more likely to approach from the
west (76%) than were those on the reverse route (56%), even though the western
choice-point was preferred overall. Consistent with a least-angle strategy, almost all
individuals approached and departed the area immediately around the Trailer,
through Point C, rather than bypassing southward (Point A) or taking a more difficult
shortcut through planters and low walls via a westward route (Point B). Traffic was
nearly evenly split between choice points G (a sidewalk) and H (through a bicycle
parking lot), regardless of whether K or L was also chosen. Choice-point G, a
sidewalk route, was slightly preferred (53%) over the route through a bicycle parking
lot (Point H, 47%) when traveling toward Buchanan, while H was preferred over G
(57% to 37%) on the reverse route.

Figure 6.10 – Network flow representation of Route Alpha.
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The most striking feature of Route Bravo with respect to asymmetry is the strong
pattern of individuals traveling through a central choice point (Point L) when moving
from the Trailer to the Flagpole. While this point was a strong attractor in the
reverse route, travel along the periphery was common as well. The largest changes
by direction for Route Bravo occur on points P and Q. When traveling from the
Trailer to the Flagpole it was more common to move through Point Q (43%) than
through Point P (15%). On the reverse trip, this was not the case: 53% traveled
through Point P, while 12% traveled through Point Q. As with Route Alpha, most
participants used the northern corridor to leave the area immediately around the
Trailer. Also similar to Route Alpha, it was more common for individuals to move
west via the sidewalk when going to the Flagpole (Point G, 45%) than when going
toward the Trailer (31%), though the majority of traffic flowed through the bike lot
(Point H) in both cases.

Figure 6.11 – Network flow representation of Route Bravo.
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Route Charlie is dominated by a central channel (B-G-M-R) in both directions.
However, the route from the Trailer to the Psychology Building has an additional
secondary channel via Points L and Q. Traffic along the primary route towards the
Trailer remains at 87% from G to R. On the reverse route, approximately 55% of the
traffic occurred along the primary channel, while approximately 40% of the traffic
occurred on the secondary route. The secondary channel bypasses a number of
smaller buildings in favor of a relatively obstacle-free route along Points L, Q and
the Psychology Building. It is slightly longer, but features a somewhat less
complicated route.

Figure 6.12 – Network flow representation of Route Charlie.
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Route Delta, coded with only one gate, was by far the least environmentally
variable. The dominant route occurred through Point B, a sidewalk path between
Ellison Hall to the south and Campbell Hall to the north. Sixty-nine percent of
traffic passed through this point when travel was toward the Flagpole, while 74% of
traffic went through this point on the reverse trip. With the exception of a single
instance that bypassed north of Campbell Hall (the dashed line in the Flagpole to
Buchanan route), all other traffic went through Point A, a tunnel sidewalk route
through Ellison Hall. Despite the aggregate or environmental stability, a large
portion of individuals (29%) used a different route depending on direction of travel.
This highlights the fact that the causes of asymmetry are not completely a product of
the individual’s relationship to the configuration of the environment.

Figure 6.13 – Network flow representation of Route Delta
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The longest route of the set was Route Echo. Most of the traffic flowed through
central choice points B and G near Buchanan and Point V near the Psychology
building, irrespective of direction of travel. Significant braiding occurred near the
center of the space between the two endpoints at Points L and K, and Points R, Q and
P. A significant subset of participants (24%) approached the Psychology building
through Point U, while few (3%) departed the area this way. This behavior was
consistent with that observed for Route Charlie. Two subjects approached the
Psychology through Point W, taking a longer route that bypassed the library to the
west, while four subjects departed the Psychology building via Point W.

Figure 6.14 – Network flow representation of Route Echo.
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6.4.3 Obstacle Avoidance and Attitudes about Risk
The differences observed in asymmetric route selection can be attributed to
several factors. First, the overall configuration of the environment makes some
routes generally more appealing than others. Individuals, as a rule, prefer routes that
are shorter or faster than routes that are not. However, individuals vary in their
ability to correctly estimate distances and in the degree to which minimizing distance
and time is important to them. We have also seen that individuals differ somewhat
in terms of strategic disposition and their comfort with the uncertainty inherent in
“riskier” routes such as shortcuts. Rather than focusing on particular heuristics (e.g.,
least-angle or initial straight segment strategies), this analysis explains observed
route asymmetries in terms of subjects’ goals, environmental spatial abilities,
strategic dispositions, and attitudes about risk in wayfinding contexts.
One key feature of pedestrian travel is movement around obstacles. On a college
campus, as in a downtown environment, buildings and pathways interact to form
channels on which most foot traffic occurs. In addition to these primary pathways,
other areas present the pedestrian with relatively free movement. Examples of these
types of spaces include small fields, quadrangles, town squares, and parks. There are
also intermixed areas that tend to offer a large number of routes through a series of
smaller obstacles. Most common of this latter type of “high friction” areas are
parking lots for cars and bicycles.
There were three prominent places of this type in the study area. One was
located near the Flagpole, where a network of large planters and benches create a
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multiplicity of available routes, all of approximately the same distance. This site
created such a high number of different pathways that they could not be accurately
encoded given the limitations in precision of the GPS unit, and as such were not
analyzed. It happens that this site was also included in the route asymmetry study by
Golledge (1995b) who found that only 15.6% of subjects followed the same route
through the area in both directions.
The two other sites of this type within the study area were the bicycle parking lot
just north of the Trailer (Point H on Routes Alpha and Bravo) and the area
immediately north of the Psychology Building (Points M & R on Route Charlie, and
R & V on Route Echo) where a very large number of small buildings and other
obstacles prevent an overall view of the environment. Both of these high friction
sites provided a spatially more direct route to waypoints at the cost of being
somewhat more complex (more turns required to move through) and more uncertain
with respect of their effect on minimizing distance and time. Asymmetries were
observed for both of these sites on each of their respective Routes.
In terms of deviation around obstacles, it was predicted that attitudes about risk
would be most useful in distinguishing between those subjects who chose to bypass
the high friction areas and those who chose to move through them, since these areas
closely correspond to uncertain shortcuts. It also seemed likely that those who
avoided these areas would indicate a stronger preference for simple routes, and a
weaker preference for fast routes than those who elected to travel through the area. It
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was not expected that strategic disposition or environmental spatial ability would be
associated with obstacle avoidance.
In order to assess these hypotheses, subjects were classified for each of the four
Routes according to whether they always avoided the high friction area or always
detoured around it. Only subjects who selected a primary or secondary route (as
identified in the previous section) were counted since tertiary routes were rare and
could have been influenced by any number of other factors. These tertiary routes
tended to be traversed only once by an individual and could well have been
considered mistakes given their often meandering character.
The risktaker index (as revised based on the outdoor search study, described in
Chapter 5) was used to score attitude towards risk in pedestrian wayfinding
situations. This index, along with SBSOD and strategic disposition scores, were
evaluated with parametric statistics since they were approximately normally
distributed. Also included in the analysis was a value calculated to approximately
reflect Lawton’s (1994) orientation strategy from strategic questionnaire items 20, 22
and 25. The Lawton orientation strategy score was not expected to correspond to
obstacle avoidance, but was hypothesized to correspond to asymmetry (discussed in
the next section) and so was included here for similarity in analysis.
Where shown in this section, these values were transformed to z-values (i.e.,
equivalent scores if the index had a mean of zero and a standard deviation of one) to
allow for better comparison between indices. Rank data (the participants’ stated
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importance of fast and simple routes) were left untransformed and were evaluated
with non-parametric statistics.
Individuals who chose to move through the high-friction areas tended to be more
favorable in their attitudes toward risk. The bicycle parking lot was an immediate
obstacle for those traveling along routes Alpha and Bravo, and subjects were nearly
evenly divided when leaving the Trailer and traveling toward Buchanan and the
Flagpole. For Route Alpha, individuals who moved through the bicycle parking lot
were favorable in their attitude toward risk (M = 5.17, z = .42) while those who
avoided the obstacle were risk averse (M = 4.56, z = -.28). The difference between
groups was highly significant, t(53) = -2.84, p = .006. Route Bravo exhibited a
similar pattern: those that avoided the bicycle parking lot were more risk averse (M =
4.76, z = -.05) than those who traveled through it (M = 4.94, z = .16), though the
difference was not statistically significant, t(39) = -.59, p = .558. Travelers through
the high-friction site also tended to rate “fast” as the most important quality for a
pedestrian route to possess (Median rank = 1, IQR = 1), while those who avoided it
tended to rate “fast” as the second most important attribute (Median rank = 2, IQR =
1). The difference was statistically significant according to Wilcoxon rank sum test,
Z = 6.2, p = .013. No significant differences were noted for SBSOD, strategic
disposition, Lawton’s orientation strategy index, or for the importance of simple
routes.
Routes Charlie and Echo featured a common high-friction area immediately to
the north of the Psychology building. For Route Charlie, this obstacle was bypassed
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nearly as often as it was traversed (Trailer → Psychology), while in Route Echo the
obstacle was typically traversed (Buchanan → Psychology). The difference is easily
explained, since deviation around the obstacle in Route Echo incurred far greater
distance and time penalties, and was more strongly opposed to the least-angle
heuristic, shown to be important in these kinds of wayfinding decisions (Hochmair,
2005; Hochmair & Karlsson, 2005). In both Routes, subjects approached the
Psychology building via one of two distinct channels (i.e., through or around the high
friction area), but overwhelmingly departed the area only by traveling through the
high friction area. As a result, the obstacle analysis for these sites only pertains to
travel away from the Psychology building.
When traveling from the Trailer to the Psychology Building, those subjects that
always avoided the high-friction area tended to be risk-averse (M = 4.1, z = -.82),
while those that always traveled through the high-friction area were more riskseeking in attitude (M = 4.83, z = .03), though the difference between groups did not
reach significance, t(37) = -1.65, p = .108. For Route Echo, avoidance of the highfriction area was not associated with different attitudes about risk, but was associated
with different ratings of the importance of fast routes. Those who elected to travel
through the straighter but more visually cluttered route through the high-friction
surface rated fast routes as the most important quality (Median rank = 1, IQR = .75),
while those who avoided the area tended to rate it as second most important (Median
rank = 2, IQR = 1). The difference was significant according to Wilcoxon rank-sum
test, Z = 4.6, p = .031. Those who avoided the area also tended to rate simple routes

209

as more important (Median rank = 3.5, IQR = 2.5) than those who traveled through it
(Median rank = 4, IQR = 2.75), though this difference was not significant, Z = .89, p
= .35. No significant differences were noted with respect to obstacle avoidance on
routes Charlie and Echo for SBSOD, strategic disposition, Lawton’s orientation
strategy index, or for the importance of simple routes.
These results indicate that movement through cluttered environment is associated
most prominently with attitudes and risk in wayfinding contexts rather than with
environmental spatial ability, strategic disposition, or use of an orientation
wayfinding strategy. There was also limited but consistent evidence suggesting that
an agent’s relative valuation of “fast” and “simple” attributes for routes are
influential in determining whether he or she is willing to travel through high-friction
areas.

6.4.4 Explanations for Route Asymmetry
Asymmetry in route selection is typically observed because differences in
perspective or relative position indicate different preferred choice responses along
the route, and particularly at the beginning of route. Many different strategies not
only produce asymmetric routes, but produce the same asymmetric routes. For
example, if the space of travel is defined as a rectangle, and an individual is asked to
determine a route between two non-adjacent corners, any of the following strategies
would produce the same asymmetric route: longest leg first, prefer right-hand turns,
least-angle strategy. When maps are used for route planning, the careful and
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selective configurations of the space can be used to determine which strategies are
most important (Hochmair & Karlsson, 2005). However, in real environmental
spaces the ability to configure the environment is highly limited, and therefore the
ability to determine which heuristics were more important is also limited.
In Section 6.3.2, it was shown that individuals quite commonly choose to take
different paths between two waypoints, even when the direction of travel is the same
– that is, route selection has some significant degree of inherent variability. Yet it
was also shown that asymmetric travel exhibits still greater variability. Figures 6.10
through 6.14 illustrated this asymmetric variability graphically.
As with explanations of obstacle avoidance in pedestrian contexts, explanations
presented here do not specifically consider dominant heuristics (i.e., least-angle
estimation) but instead focus on environmental spatial ability, strategic disposition,
attitudes toward risk, and the differing goals of agents with respect to wayfinding.
These elements are not necessarily in opposition to other heuristics and strategies
presented in the literature. Instead, these elements provide context by exploring how
observed asymmetries are due to differences in preference for route attributes (safety,
simplicity, etc.), the degree to which individuals care about ensuring that their
selected routes match those goals (i.e., strategic disposition), and the abilities of
individuals to realize these goals.
It was expected that environmental spatial ability and strategic disposition could
be associated with asymmetry, though it was not immediately clear whether they
would be associated with symmetric or asymmetric route-finders. Agents who most
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correctly analyzed their travel with respect to their goals could be expected to exhibit
symmetric travel, since they would be less influenced by differences in perspective.
A second hypothesis indicated that individuals who tended to exhibit asymmetric
travel would be more likely to be strategists, since they would tend to be more
conditional in their thinking, and thus more subject to differences in perspective. It
was also expected that individuals who most closely identified with Lawton’s (1994)
orientation strategy would tend to be symmetric travelers, since they would tend to
regard their environment in a more map-like fashion, and would thus be less
influenced by changes in perspective. No particular hypothesis was advanced for
explaining asymmetry in terms of the relationship to the rankings of “fast” and
“simple” pedestrian routes. The difference of these two ranked measures (“fast”
score minus “simple” score for pedestrian routes) provided a simple, single-item
measure with which to evaluate the relative importance of these two attributes. All
of these scores were transformed to z-values (for graphical evaluation) using means
and standard deviations for the route asymmetry study data set alone. As in the
previous section, only individuals who were always either symmetric or asymmetric
in their travel on a given gate combination were evaluated.
One of the notable deviations in Route Alpha was the difference in the approach
and departure to the Buchanan Building. When approaching Buchanan, the western
approach (Point K) was by far more common. When leaving Buchanan, it was as
common to leave via the east (Point L) as to return via the west. When comparing
those subjects who always approached Buchanan via Point K versus those who
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always approached via Point K and departed via Point L, a clear pattern emerged in
which those who had higher spatial ability, a stronger strategic disposition, and who
utilized an orientation strategy tended to be symmetric in their route selection. Risktaking attitude and preference for fast or simple routes did not distinguish between
groups. Both groups were almost identical with respect to distance from Buchanan
until the point where paths converged northwest of Points G and H. Measurements
from an aerial photograph of sidewalk-based pathways for these two sub-routes
measured 157 meters (for Point K) and 161 meters (for Point L) so the perception of
the distance of the route was likely more important than the actual distance, in as
much as distance was a factor at all. Figure 6.15 illustrates the strategic profile for
each of the five factors (z-scores) under consideration.

Figure 6.15 – Profile for differences between subjects who chose symmetric
paths through Point K on Route Alpha versus subjects who chose asymmetric
paths returning to the Trailer via Point L.
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The pattern of symmetric travelers exhibiting higher mean environmental spatial
ability, strategic disposition, and orientation strategy scores was consistent in nearly
all other primary asymmetric routes. The G/H asymmetry on both Routes Alpha and
Bravo exhibited this pattern, as did the K/L asymmetry on Route Echo. Strategic
disposition and orientation strategy scores were nearly identical between symmetric
and asymmetric travelers for the Route Charlie Q/R asymmetry, though SBSOD
scores were higher for symmetric travelers. There were too few subjects (n = 3) who
were consistently asymmetric in their travel on Route Delta to permit any kind of
generalization about their characteristics.
Most unpaired t-tests for differences between symmetric/asymmetric groups did
not reach significance. However, given the consistent pattern across many instances
of asymmetry, it seems likely that environmental spatial ability, strategic disposition,
and orientation strategy are influential in reducing uncertainty, while attitudes about
risk and different goals are not likely explanations.
The analyses in these final two sections included those subjects who walked only
a single reversal (A to B, then B to A) or those who were entirely consistent in two
reversals. (No more than two reversals occurred.) Given the variability noted in all
repeat traversals between two waypoints (forward or reverse), it was important to
account for how stable asymmetries might themselves be. Ten individuals in the
study had two reversals of the first leg that they traveled. Of these ten, five exhibited
a stable asymmetry in which both reversals were identical to each other, but different
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from the initial, forward traversal. Two exhibited a stable symmetry, in which all
three traversals were identical. One individual had a mixed record, in which one
reversal was the same as the first traversal but one was not, and two individuals had
completely unstable tracks, where all three traversals were different from one
another. These last results indicate that, despite the variability observed in general
and with respect to asymmetry in particular, stable asymmetry is common, occurring
in 50% of cases.

6.5 Discussion
The principal aim of this study was to account for route asymmetry behavior in
terms of environmental spatial ability, strategic disposition, attitudes about risk and
differences in objectives. A large portion of route asymmetry – the difference
between a forward (A to B) and reversed (B to A) repeat traversal – can be explained
by variability rather than asymmetry. A substantial number of individuals in the
study chose different routes when traveling in the same direction, though differences
between routes were greater when reversed rather than when repeated. Golledge
(1995b) suggested that asymmetry (and by extension, variability) was caused by a
difference in route criteria. Certainly this accounts for some amount of variability in
the routes we choose in actual travel. The relative importance of a traveler’s goals
are different, even between the same two endpoints, if that individual is running late
for a meeting versus when that individual has ample time for travel.
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Within this study, however, it seems unlikely that the criteria themselves changed
for a given individual throughout the trial. It is more likely that observed variability
can be accounted for by the sum of three factors. First, in pedestrian as well as
automobile route choice scenarios, there are often several routes which are nearly
equivalent with respect to major considerations of time and distance. The attribute
“fast” is overwhelmingly the single most important criterion for both pedestrian and
automobile routes. In many cases, the environment is structured in such a way that
only one single route best meets this criterion: between Sacramento and Salt Lake
City, for example, it would not be surprising to find that most individuals travel on
Interstate 80, since this is clearly the fastest route. However it is also quite common
for there to be two or more reasonable routes that are nearly equivalent with respect
to the attribute “fast,” and it is along these routes that we would expect to see both
variability and asymmetry. Along these nearly equivalent routes, secondary goals
become relatively more important, and relatively small distortions (i.e., changes in
perceived or judged distance caused by differences in one’s orientation or relative
position) may begin to strongly influence route selection.
In addition to accounting for asymmetry in terms of variability, it was important
to account for asymmetry in terms of improved efficiency. Though it was plausible
that subjects would improve the efficiency with which they traveled, evidence for
this hypothesis was weak. Subjects did tend to slightly improve distance efficiency
on each subsequent leg, but these results could reasonably be attributed to chance.
Golledge (1995b) similarly found no significant improvement in travel times
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between the second time a leg was traveled and the first. Given that there was a
strong correlation between distance efficiency and travel to unfamiliar waypoints, it
seems likely that there is a threshold effect in which some minimum degree of
familiarity with the environment permits the location of optimal or nearly optimal
(i.e., satisfactory) travel with respect to distance and time.
Distance efficiency was associated with environmental spatial ability and sex.
As expected, those with higher scores on the Santa Barbara Sense of Direction
(SBSOD) scale navigated with better efficiency. Men also tended to be slightly but
statistically significantly more distance-efficient in their travel than women, but
analysis suggests that these differences can be wholly explained by SBSOD score.
As expected, there was no association between distance efficiency and either
attitudes about risk or strategic disposition. Preference for fast routes was only
weakly correlated with distance efficiency. This may be attributable to the fact that
the attribute “fast” was nearly always rated as either the first or second most
important criterion, and thus was a poor discriminator for routes that were nearly
equivalent in length.
The most coherent asymmetries in how individuals moved between reversed
endpoints occurred around obstacles, particularly “high friction” areas where a
combination of multiple small obstacles and reduced visibility created a site that was
preferentially avoided based on direction of travel. In general, these sites were
commonly avoided by individuals disinclined to risk in wayfinding contexts and
were utilized by those who both strongly preferred fast routes and were comfortable
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with risk. Particularly asymmetric behavior around these obstacles was observed in
individuals that tended to have lower environmental spatial ability and strategic
disposition. Individuals with higher self-report scores on these measures tended to
be symmetric in their route-choice behavior. While it was expected that a relatively
strong preference for simple routes could explain asymmetric behavior, there was no
evidence for this hypothesis.
These results suggest that while particular heuristics (e.g., least-angle strategy)
certainly play a role in explaining route-choice asymmetry, environmental spatial
ability, overall strategic disposition, and attitudes toward risk account for much of
the observed variability. Difference in preference structure for walking route
attributes was substantially less important as an explanatory factor. The issue of
preferences is somewhat difficult to evaluate, and certainly requires more study. A
simple ranking scheme fails to capture the degree to which routes match a set of
criteria. Safety is commonly less important than time and distance, though this is
obviously related to how safe a particular route is – a direct path through a minefield
is almost always worse than a marginally longer detour around it. Similarly, when
primary criteria are met, secondary criteria and ephemeral circumstances combine to
produce the wide variability observed in everyday travel.
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7. Conclusion
Route planning, among other activities, is strongly associated with strategic
thinking. The term strategy itself is used in various ways throughout the literature. It
has been used to refer to preferences and criteria (Golledge, 1995a; 1995b;
Hochmair, 2004), heuristics (Christenfeld, 1995; Bailenson, Shum & Uttal, 2000;
Wiener & Mallot, 2004; Hochmair & Karlsson, 2005), styles of wayfinding (Lawton,
1994; 1996), particular techniques to avoid getting lost (Cornell, Heth & Rowat,
1992), individual and societal reliance on external aids to navigation (Hutchins,
1995; Ishikawa et al., 2008) and the focus of the navigation task (Passini, 1992).
Strategy, in general, refers to the plan or method used to achieve a goal and
always requires some degree of choice. It is schematic in nature, is oriented toward
solving problems in a general, rather than specific way, and typically involves a high
degree of conditional (i.e., if-then) thinking. The greater the number and depth of the
variable interactions considered, the more strategic in character is the thinking.
While it is not reasonable to sharply delineate between strategic and non-strategic
thinking, it is helpful to consider the character, attributes, and hallmarks of strategy.
In this way, an agent’s thinking about a particular navigation problem, or his or her
general approach to problem solving may be described as more or less strategic.
Intricately bound up with the concept of strategy is the concept of risk. Humans
nearly always make decisions and solve problems that contain a significant amount
of uncertainty and variability. Individuals choose to weigh the costs associated with
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that uncertainty in very different ways. While many individuals are willing to risk a
worse result for a chance at a better one, others are more inclined towards “safer”
options with less variability.
Finally, the abilities of an agent mediate strategy. They do so in the planning
stages, where limitations of ability preclude certain options, but they also do so in the
execution of plans. It would be a mistake to assume that all navigation strategies are
available to every agent. Rather, the set of physical and mental abilities of the agent
allow for the use of certain strategies and rule out others. Ultimately, the selection of
the strategy of an agent with respect to wayfinding is a function of his or her abilities,
attitudes toward risk and strategic disposition.
The study presented in Chapter Three investigated how different conditions of
limited vision affected strategic behavior on a search task. In terms of performance,
the use of vision during search was predictably related to shorter completion times
and better object location recall. Use of systematic search strategies and extended
memorization efforts were also related to improved object location recall. Although
sighted and blindfolded subjects tended to implement systematic, gridline searches in
roughly equal proportions, the style of object-to-object memorization visits was
different among conditions. Sighted individuals tended to wait until all objects had
been found before commencing a series of memorization returns, while blindfolded
subjects tended to intersperse searches with memorization visits. While both groups
were similar in the particular strategies that they employed, they were quite different
in the degree to which those strategies were intermixed. This is likely due to the ease
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with which vision allows for even very minor environmental differentiation to be
used as landmarks. The richness with respect to these features and the ease with
which they are adopted in real spaces may have implications for studies that intend to
uncover wayfinding strategies in a virtual reality environment (e.g., Wiener &
Mallot, 2003).
In order to assess strategic disposition and attitudes toward risk, two indices were
developed from an original forty-item questionnaire. The strategic disposition index
measures the degree to which an individual reasons strategically about wayfinding
problems, without necessarily suggesting which strategy the individual might use. It
provides a metric as to the amount and quality of cognitive effort that an individual is
willing to devote to a wayfinding problem to make sure that his or her actions are
likely to accomplish his or her objectives. The risk-taker index measured the degree
to which an individual was comfortable with variation in wayfinding, commonly
associated with taking shortcuts and detours. These two indices proved very useful
in accounting for behavior in the outdoor search and route asymmetry studies.
A second series of questions was targeted at assessing attitudes about risk in
pedestrian, automobile and parking contexts. These questions were modeled after
the work of Kahneman and Tversky (1979; Tversky & Kahneman, 1981), in which
subjects were asked to choose between a safe alternative, with a medium-level of
loss or gain, and a risky alternative where gains or losses were more extreme. In this
study, participants were asked to choose between safe and risky alternatives in
pedestrian, automobile and parking contexts.
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While individuals were relatively consistent in their willingness to take risks in
the pedestrian and automobile modes, their risk-aversion manifested differently in
each context. Individuals were more willing to accept variability in the walking
context and showed a concern for lowering the mean trip length.

In contrast,

participants appeared to be more interested in controlling the variability in the trip
length while driving, while an increase in the expected mean payoff showed no
appreciable effect. Mode was also a significant factor in the mean ranking of simple
(i.e., not complex) routes. There was very little concern for the complexity of routes
in pedestrian contexts, though when driving it was the third most preferred criterion,
behind “fast” and “safe” qualities. Those individuals that tended to rank the routeattribute “simple” as important also tended to identify themselves as risk-averse,
illustrating the importance of understanding underlying strategic concerns – like
minimizing risk – when analyzing wayfinding behavior.
In the parking-garage formulation of the safe/risky alternative problem,
participants as a whole tended to self-identify as risk-seekers, often selecting
alternatives in which the expected mean cost was higher than the safe alternatives.
Many individuals answered in a manner that indicated they did not correctly assess
the impact of the risky alternative.

In contrast, about half of the individuals

answered in a manner consistent with a full consideration of the problem. The
responses of the latter set were more strategic in that they demonstrated a higher
degree of conditional thinking and consideration of interplay among variables. The
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strategic disposition index score was a good predictor of whether participants
approached the parking garage problem in a strategic manner.
The size of the space in which one must solve a given wayfinding problem is also
an important consideration when planning one’s route. A second study, identical to
the indoor search study but conducted outdoors, was designed to determine how
changes in the extent of the problem space affected strategy. There was strong
evidence that the importance of systematic search increased and the importance of
memorization decreased as the size of the problem space became larger. Consistent
with Tobler’s (1993) observation about transportation costs in general, the rates of
change in the strategic variable were not linear, but changed at marginally slower
rates as the size of space increased.

These results were also consistent with

observations by Kahneman and Tversky (1979) in that people appeared to reason
about costs differently as the costs became greater.
Montello (1993) described a taxonomy of spaces based on the observation that
people think and reason about differently sized spaces in disparate ways.

The

strategic differences observed at different scales are certainly consistent with this
basic tenet.

However, although all searches took place at the “vista” class of

psychological space, there remained striking differences in the strategy type between
the participants searching the room and those that searched the outdoor spaces.
These results imply that single rooms and town square sized spaces are thought of
differently, in that traversal of distance in a room is considered relatively cost-free,
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while in town square sized spaces, the cost of traversing distance is an important
consideration.
Since participants in the outdoor search study also completed the questionnaire
described earlier, it was possible to compare their strategic behavior to their selfreport of strategic disposition, orientation toward risk and their sense of direction, or
environmental spatial ability (Hegarty et al., 2002). While sense of direction and
strategic disposition were not good predictors of systematic search, attitudes about
risk were good predictors of gridline search propensity: gridline searchers tended to
be risk-averse, while haphazard searchers tended to be relatively risk-seeking. These
results highlight the importance of accounting for the risk-orientation of individuals
when analyzing their behavior. Seemingly “strategic” behavior is sometimes less
connected to improving mean performance (as it was described by Hill et al., 1993)
and more connected with a concern for minimizing the variability in the result. This
view of strategic behavior was reinforced by the fact that for both the indoor and
outdoor search study, median search distances were longer for systematic searchers
than they were for non-systematic searchers, while measures of dispersion for search
distance were smaller for systematic searchers.
A third experiment was conducted to explain the role of strategic disposition, risk
orientation and environmental spatial ability in more traditional wayfinding
exercises, where the location of the target is known and the agent must select a route
that connects his or her current position with that destination. Route asymmetries,
the observed stable differences in route choice that emerge when the origin and
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destination of a route are exchanged, provide a valuable window into the route
planning process, since presumably stable criteria operating in the same environment
lead to different types of routes.

Although changes in the environment (e.g.,

ephemeral traffic congestion) and other random differences partially explain route
asymmetry as simply route variability, stable asymmetries caused by differences in
the perceived environment due to changes in position and orientation also certainly
occur.
Stable asymmetries occur for two main reasons. First, obstacles (e.g., buildings),
road networks, and high-friction areas (e.g., full parking lots) limit the freedom of
movement of pedestrians through common channels. Deviation around high-traffic
areas was shown to relate strongly to attitudes about risk, such that individuals who
were risk-averse tended to detour around such places, while other individuals tended
to move through them. This result reinforces the idea that risk and strategy are quite
connected issues, and that predictability in route cost is a very important
consideration for a large number of individuals.
A second explanation for asymmetry lies in the fact that there are individual
differences in the propensity for asymmetric travel. Participants in the study with
higher environmental spatial ability and with stronger strategic dispositions were less
likely than others to exhibit asymmetric routes. This may be due to the fact that
people of higher environmental spatial ability also tend to think about their
environment in a more metrically accurate, map-like way. Additionally, individuals
with higher strategic disposition index scores may be more capable of correctly
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evaluating whether following a proposed route is likely to accomplish their
objectives. These individuals would be less prone to making local, perceptuallybased decisions at choice points and would instead tend to weigh the impact of local
choices on the route as a whole.
The view of strategy presented here is not incompatible with previous work on
heuristics as strategies (Bailenson et al., 1998; 2000; Wiener & Mallot, 2004;
Hochmair & Karlsson, 2005). In fact, heuristics probably play a role at all levels of
route planning.

If one considers maximizing overall expected utility as a goal

secondary only to reaching the target, every criterion becomes either a heuristic for
maximizing utility or a heuristic to assess other criteria. Shortest distance routes
minimize physical effort, while simple routes minimize cognitive effort. Heuristics
like the least-angle strategy (Hochmair & Karlsson, 2005) are then secondary
heuristics that are selected only because direct evaluation of the primary heuristic
(e.g., distance) is difficult. Strategic disposition and attitudes about risk mediate the
heuristic selection process by providing bounds on the type, scope and complexity of
an acceptable method of solution.
One key finding of the body of research presented in this thesis was that for many
individuals, reducing the variability of the outcome was more important than
improving the mean result. All too often, strategies are analyzed only for their effect
on the central tendency of a single variable. In contrast to this view, evidence
presented here indicates that individuals differ with respect to the relative importance
of specific route criteria, and their environmental spatial abilities, strategic
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dispositions and attitudes toward risk. These stable, foundational issues in turn give
rise to the multitude of specific strategies that people use to navigate from place to
place.
These results should be interpreted in light of several important limitations.
First, the strategic disposition and risk-taking indices should still be considered
developmental. The risk-taking index in particular, while demonstrably a good
predictor of many types of wayfinding behavior, showed somewhat weak internal
reliability. The index itself was a composite of only five items, and it is quite
possible that there are two or more factors within the risk-taking concept. The
strategic disposition index, while having a good internal reliability score, should be
validated as a good predictive instrument in several more navigation tasks before it is
considered proven.
The section of the questionnaire in which individuals specified a preference for
safe or risky alternatives for different modalities, payoffs, and probabilities was
successful in identifying the effect of changing mean expected payoffs on risktaking. Due to time limitations during the study, the full body of questions related to
the effect of changing variance on risk-taking were not asked. Though patterns for
the driving context were somewhat clear in spite of this, it may be that a deeper look
into the effect of changing probabilities and scaled payoffs may reveal a connection
between variability and risk-taking in the walking context as well. Additionally, a
larger selection of expected mean payoffs could well reveal the concavity in risk-
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orientation for wayfinding contexts that Kahneman and Tversky (1979) found in
other domains.
One body of future work entails remedying the limitations of this study. The
administration of a more complete hypothetical question set with at least three means
and the full range of probabilities and scaled payoffs necessary for a complete picture
of how these factors affect propensity to risk would be most valuable. An additional
set in which questions followed the economic model originally presented by
Kahneman and Tversky (1979) would help to address whether risk-takers in
wayfinding contexts are risk-takers in other contexts as well.
A second direction of future work is a potential for refinement of simple paths
algorithms based on human preferences.

Mark (1986) originally described an

information-based system to score the complexity of intersections. This system rated
intersections based on the number of connected edges for each node in the network
and the direction of travel of the agent. Recently, Duckham and Kulik (2003) and
Richter and Duckham (2008) adapted this system with some revision to route-finding
algorithms so that instead of solving for least-time or shortest-distance, they
produced routes that were, instead, least-complex. One application of the results of
this work to theirs is in the domain of empirical testing for such types of routes. It
may well be that the weights associated with decision points or intersections do not
well reflect the weights that individuals who value simple paths would give them.
On the other hand, it may well be that correct local weights to decision points do not
produce overall routes that are “simple” in the way that real people prefer them to be.
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The risk-taker index presented here – shown to relate to a preference for simple paths
– could be used with Hochmair’s (2004) criteria set to identify individuals who
prefer to travel in this way. An examination of the types of routes that they would
choose for themselves would likely be most instructive in producing an algorithm
that advises simple routes that match well with human expectations.
One of the results of the asymmetry study was an exposition of the variability of
routes. This variability is, however, somewhat bounded. While individuals have
different preferences and strategies with regards to routes, these typically only vary
within reasonable bounds. Generally speaking, there is only a small subset of routes
that are nearly equivalent with respect to utility for any given origin-destination pair.
These nearly equivalent routes may provide a mechanism by which much of the
empirical work presented here may be applied to digital navigation systems to
improve individual satisfaction with the products.
Within the few months leading the final preparation of this thesis, Google has
begun to include some of these nearly equivalent routes as part of its route-finding
product Google Maps. Rather than displaying only a single route that meets prespecified criteria, the product calculates the shortest-distance route and several nearly
equivalent alternatives. These kinds of options, especially when combined with the
simplest-routes algorithms of Duckham and Kulik (2003) and Richter and Duckham
(2008), provide a mechanism by which users’ preferences and strategies may be
ascertained. First, a set of these routes, perhaps two to four, might be presented to
users directly as options on a map. These maps might be augmented by showing

229

additional useful information like current traffic congestion on pathways as well as
real-time estimates of travel time and the variability and/or confidence associated
with those estimates. From this information, users may select their preferred route,
after which they might be asked to explicitly account for the reasons behind their
decisions. Such an approach is very similar to the administration of an eye exam, in
which the doctor asks the patient which of two alternatives is better. After many
such comparisons, a correct assessment of the patient’s vision is reached. In the
same way, previous selections of routes from alternatives are used to create a
strategic profile for the user. As the profile develops, alternatives become nearly
equivalent with respect to the user’s own criteria rather than nearly equivalent in
terms of time or distance.
The ways in which users account for these decisions should be consistent with
the ways that they conceptualized the problem. Based on this work, it seems clear
that they should be explicitly asked to provide these reasons in terms of the five
criteria (fast, safe, simple, attractive, easy) used here and in terms of the trade-offs of
lowered central tendency versus decreased variability of the cost. The final
combination of stated and revealed preferences would be a powerful tool for
understanding the route-selection process.
There is no reason why such profiles need to be static or unitary. Preferences,
abilities, and even strategic dispositions may change over time, and the patterns of
route-choice may change a great deal between when an individual begins driving and
points later in life. Periodicity in strategy may be observable in times of day and in
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days of the week. GPS technology can also assist in developing profiles based on
nearness to familiar places, like home, since it is easy to imagine that relative
preference for simple routes may vary somewhat based on whether a traveler is in a
familiar versus unfamiliar area (Lovelace, Hegarty & Montello, 1999).
As the features recommended above are integrated into technology, and as that
technology becomes increasingly widespread, the resulting wellspring of data will
provide a host of new interesting opportunities for learning about human wayfinding
thinking and behavior. Equally as useful are the benefits to the individual user and
society. Users will benefit from custom-tailored routes, since these routes are more
likely to result in higher overall utility and satisfaction with the wayfinding
experience. It is also plausible that such navigation systems will require less
interaction with the device, reduce driving anxiety, and perhaps improve highway
safety as a result.
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Appendix A – Materials for Indoor Search Study
Script
In this study you are asked to find several locations in the field beside us. The start
point, or “Home” in the field is marked by the mat you see next to us. The
boundaries of the experiment are marked with the thin white cord you see on the
ground. From there you may explore the space in any way you choose with the goal
of finding and remembering four locations. When you reach each location, you will
hear an audio cue of an animal sound in the wireless headphones that you will wear.
The sound will be looped, so that as long as you stay at the location, the sound will
continuously play. The animal sounds that mark the locations are: a dog barking, a
cat meowing, a rooster crowing, and a sheep bleating. You will have ten minutes to
find and remember all locations. If you are confident you know where the locations
are, you may stop before the tend minutes have expired. When the ten minutes
expire, I will inform you that time is up. At that time, please remove the headphones
and return to “Home”. I will then ask you a few questions about the locations.
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Debriefing Questionnaire
Debriefing was conducted orally, recorded digitally, and transcribed.
1.
2.
3.
4.
5.
6.

Age:
Gender:
Completed the task (Circle): Blindfolded
Not Blindfolded
What strategies did you use to help locate the animals?
What strategies did you use to help remember the position of the animals?
Where there any strategies that you attempted to use, but then abandoned? If so,
what were they?
7. Is there anything you changed about the method you used to locate and/or
remember the positions of the animals between the first and second trial?
8. What landmarks did you use to help you locate or remember where the animals
were?
9. Do you think that exploring the room for a longer period of time would help you
in completing the tasks? If yes, how much longer?
10. Which task did you find more difficult, the angle estimation or the room
sketching? Why?
11. About how large would you say each object was?
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Strategy Scoring Sheet
Subject # (from 0):
First Pass
Initial Move: Left

Trial:
Right

Set:
Straight Across

Sequence:
Example
CCCDDCDRRRRRCDHSCDRSH

(Underline

indicates

object-to-object):

General description of exploration pattern (circle if present):
Scanlines:
Yes No
Vertical
Horizontal
Perimeter:
Yes No
Concentric Circles (spiral inward or outward):
Yes No
Quadrant Searching: Yes No
General description of memorization pattern (circle if present):
Object to Object:
Yes No
Object to Wall:
Yes No
Home to Object:
Yes No
Second Pass – Frequency Counts :
Note on Double Counting:
O1 -> Feature -> O2 counts as Object-to-Object AND (Object-to-Wall OR Objectto-Home)
Object to Object:
(Indicated by a direct walk from one object to another, including direct walks that
clearly use the wall as a reference (as in the case with blindfolded subjects).
Object to Wall:
Home to Object:
Perimeter Segments:
Three sides or two corners to count, continuing counting for each
additional side (three sides count as one, four sides as two, etc..).
Changes in direction restart the count.
Cyclic segments (Complete revisit of all four objects in sequence):
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Appendix B – Contents of Strategic Questionnaire Packet
Note: The packet provided to participants also included Santa Barbara Sense of
Direction Scale questionnaire and asked participants to provide their age and sex.

Strategy Questionnaire Section
Items included in the 40-item strategic disposition and risk-taking section were rated
on a 7-point scale.
1. I enjoy playing games that involve a great deal of strategy.*
2. I am good at finding the shortest or quickest route to a place.*
3. I enjoy playing games of chance.
4. I am good at reading schematic drawings.
5. When driving, I consciously try to find the best route for the circumstances.*
6. I frequently play games involving a great deal of strategy.*
7. When driving, I don’t typically think about my route.*
8. I frequently play games of chance.
9. When traveling, I prefer to plan my route from start to finish.***
10. My plans tend to be generalized, and I fill in the details as they come up.***
11. When walking, I don’t typically think about my route.
12. I generally do not worry much about whether my choices will impact other
drivers.
13. I prefer to try to find a detour rather than sitting in traffic, even if I’m not sure
I can find a faster way.**
14. When walking, I consciously try to find the best route for the circumstances.*
15. I am willing to take a longer route if it means not sitting in traffic.
16. When driving, I try to consider how my choices impact other drivers.
17. I typically only keep a general notion of my route when I travel, and figure
the rest out as I go.***
18. I frequently use landmarks to help me find a route.
19. It is important to me that when traveling a significant distance by car that I
have a map of the area, even if I do not use it.
20. I frequently keep track of the direction (N,S,E,W) in which I go when I travel.
21. I prefer to get directions where I am told to go right or left at particular streets
or landmarks.
22. I prefer to get directions telling me whether to go east, west, north, or south at
particular streets or landmarks.
23. I prefer to get directions telling me how many streets to pass before making
each turn.
24. When I want to avoid getting lost, I keep track of the relationship to the sun
(or moon) in the sky as I go.
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25. I prefer to get directions where I am told the approximate distance to the next
turn.
26. I feel anxious when leaving a place that I have not been to for the first time
and deciding which way to turn to get to a destination.
27. When stopping a traffic light, it is worthwhile to avoid unnecessarily
occupying the right-hand lane so that one doesn't prevent others from making a
right-on-red turn.
28. When driving, I try to utilize the left-most lane for passing only, so that the
overall flow of traffic is less impeded.
29. I enjoy activities that involve strategic thinking.*
30. I am good at explaining the strategies I use.*
31. I rarely think about route planning in a way that I would characterize as
“strategic”.*
32. I try to remember details of the landscape when traveling in a new area.
33. I frequently take shortcuts.**
34. I frequently choose to try new routes when I travel.**
35. I think it is important to find new routes in the environment.**
36. I frequently use landmarks to help me remember a route.
37. It is more important to me to plan my route when I drive than when I walk.
38. When driving, I am careful not to block intersections when I am stopped so
that traffic can flow freely.
39. When parallel parking on a street, I am careful to park so that as many
vehicles as possible can fit in a given block of spaces.*
40. When making a turn on to a road, I avoid pulling out if I think doing so will
cause another car to have to slow down.
*

Used to calculated strategic disposition index.
Used to calculate risk-taking index.
***
Used to calculate generalist index.
**
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Risk-Taking While Driving
In this section, subjects were asked nineteen questions in which they were required to
choose between two options while driving: a sure option and a risky option. In both
cases the expected mean outcome was the same. Means, payoff ratios, and
probabilities were systematically varied.
The original question text was as follows:
“Suppose you are driving in an automobile and have the following two routes
available to you. One route will get you to your destination in a sure amount of time.
The other route may get you there more quickly, but it may also get you there more
slowly depending on conditions. Suppose that you know the given probabilities are
correct. You should also assume for the purposes of this problem that you have no
specific time required to reach your destination.”

Item

Mean Payoff
(minutes)

First
Probability

First
Payoff

Second
Probability

Second
Payoff

1.

15

.75

5

.25

45

2.

15

.50

5

.50

25

3.

15

.25

7.5

.75

17.5

4.

15

.75

10

.25

30

5.

15

.50

10

.50

20

6.

15

.75

17.5

.25

7.5

7.

15

.50

25

.50

5

8.

15

.25

30

.75

10

9.

15

.25

45

.75

5

10.

60

.75

20

.25

180

11.

60

.50

20

.50

100

12.

60

.25

30

.75

70

13.

60

.75

40

.25

120

14.

60

.50

40

.50

80

15.

60

.75

70

.25

30

16.

60

.50

80

.50

40

17.

60

.50

60

.50

20

18.

60

.25

60

.75

40

19.

60

.25

60

.75

20

Table B.1 – Probability and payoff combinations for driving question set.
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Risk-Taking While Walking
In this section, subjects were asked twenty questions in which they were required to
choose between two options while walking: a sure option and a risky option. In both
cases the expected mean outcome was the same. Means, payoff ratios, and
probabilities were systematically varied.
“Suppose you are walking to a building. The front door is always open, but it is
further away. The back door is close, but is sometimes locked. As a result, as in the
driving problem posed earlier, one route is sure and of a medium length, while the
other may be shorter or longer depending on conditions beyond your control.
Suppose that you know the given probabilities are correct. You should also assume
for the purposes of this problem that you have no specific time required to reach your
destination.”

Item

Mean Payoff
(yards)

First
Probability

First
Payoff

Second
Probability

Second
Payoff

1.
2.
3.
4.
5.
6.
7.
8.

120
120
120
120
120
120
120
120

.75
.50
.25
.75
.50
.75
.50
.50

40
40
60
80
80
140
160
200

.25
.50
.75
.25
.50
.25
.50
.50

360
200
140
240
160
60
80
40

9.
10.

120
120

.25
.25

240
360

.75
.75

80
40

11.
12.

480
480

.75
.50

160
160

.25
.50

1440
800

13.
14.

480
480

.25
.75

240
320

.75
.25

560
960

15.
16.
17.

480
480
480

.50
.75
.50

320
560
640

.50
.25
.50

640
240
320

18.

480

.50

800

.50

160

19.
20.

480
480

.25
.25

960
1440

.75
.75

320
160

Table B.2 – Probability and payoff combinations for walking question set.
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Risk-Taking While Parking
In this section, subjects were asked to imagine they were parking in a multi-level
parking structure. They were presented two options – to begin the search with the
basement, or to proceed directly upward. The problem was significantly more
complex than the previous two hypothetical situations involving walking and driving
in that the expected mean payoff was not equal between questions.

The original question text was as follows:
You enter a parking garage with one lower level, one ground level, and two upper levels.
Suppose you know from experience that the lower level has some given percent chance of
having an open spot. You also know that the 2nd floor has some given percent chance of
having an open spot. The 3rd floor always has parking available. The ground level is
devoted to commuters and never has any spots open. The diagram below summarizes the
probabilities of finding a spot on each level. For the following questions, please indicate
whether, if you enter on the ground floor, would you try the lower level first (and proceed
upward if you fail to find a spot), or would you proceed directly to the upper levels to find a
spot? Please discount issues of safety and weather as much as you can.

Subjects were also shown the following diagram in addition to the text above:

3rd Floor
100%
2nd Floor
P2%

Ground Floor
0%

Entry Point

Lower Level
P1%

Figure B.1 – Parking garage problem diagram.
Subjects were asked to choose between going up and down based on probabilities
listed for p1 and p2 in Table B.3. In a second formulation, they were asked to
indicate values that would make going up or down equally as attractive. These
questions phrased as percentages and were sampled at second floor availability =
[10,
20,
30,
40,
50,
60,
70,
80,
90,
99]
precent.
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p1
p2
EFTdown
EFTup
Utility
var(EFTdown) var(EFTup)
0.18
0.20
3.296
1.800
1.496
1.288
0.160
0.20
0.53
2.976
1.470
1.506
1.175
0.249
0.25
0.80
2.650
1.200
1.450
1.028
0.160
0.35
0.20
2.820
1.800
1.020
1.888
0.160
0.40
0.50
2.500
1.500
1.000
1.650
0.250
0.45
0.80
2.210
1.200
1.010
1.286
0.160
0.53
0.15
2.340
1.850
0.490
2.083
0.128
0.60
0.50
2.000
1.500
0.500
1.600
0.250
0.68
0.06
1.941
1.940
0.001
1.899
0.056
0.68
0.80
1.704
1.200
0.504
1.104
0.160
0.75
0.30
1.675
1.700
-0.025
1.419
0.210
0.80
0.50
1.500
1.500
0.000
1.050
0.250
0.85
0.10
1.435
1.900
-0.465
1.086
0.090
0.90
0.78
1.222
1.220
0.002
0.461
0.172
0.95
0.40
1.130
1.600
-0.470
0.333
0.240
0.99
0.98
1.020
1.020
0.000
0.041
0.020
Table B.3 - Values used in study for probability of finding a spot in the Lower
Level (p1) versus finding a spot on the 2nd floor (p2).

Experience With Navigation Systems
Subjects rated their level of agreement on a seven-point scale:
1. When I need to use directions, I use directions that I print from websites like Good
Maps or Map Quest (the specific service is not important).
2. When I need to use directions, I use an in-car navigation system (like Tom-Tom,
Garmin, or Magellan. The specific model is not important.)
When I need to use directions, I use direction or maps provided by my telephone
or personal digital assistant.
Route Preferences When Walking and Driving
Subjects ranked the following criteria in both driving and walking contexts
(separately).
1.
That the route is fast.
2.
That the route is safe.
3.
That the route is simple.
4.
That the route is easy.
5.
That the route is attractive.
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Familiarity with Destinations
Subjects in the Route Asymmetry study only indicated their familiarity on a sevenpoint scale with the area around:
1.
Trailer 942
2.
The Store at Buchanan
3.
The flagpole near Cheadle and Campbell Halls
4.
The Psychology Building sign.

255

Appendix C – Script for Outdoor Search Study
In this study you are asked to find several locations in the grass beside us. The start
point, or “Home” in the field is marked by the mat you see next to us. From there
you may explore the space in any way you choose with the goal of finding and
remembering four locations. When you reach each location, you will hear an audio
cue of an animal sound. The four animals you will be looking for are: a cat, a dog, a
pig, and a sheep. I will play one of these sounds for you shortly.
You will wear this backpack. It will keep track of your position and play the sounds
when you locate each animal. There is a half second delay as the computer
calculates your position, so if you walk quickly, the sound may trigger a moment
late. You will know that you have reached the correct location when the sound plays
continuously, in a loop. I will play the “cat” sound sample for you in a loop so you
can see what it is like.
You will have up to [14/21] minutes to find and remember all locations. If you are
confident you know where the locations are, you may stop before the [14/21]
minutes have expired. When the [14/21] minutes expire, I will inform you that time
is up. At that time, please stop where you are, and I will assist you in removing the
backpack. I will then ask you a few questions about the locations.
The boundaries of the experiment are the cement portion.
or
The boundaries for the experiment are marked by the light posts beside us and across
the field.
You should stay on the grass at all times during the search.
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Appendix D – Script and Material for Route Asymmetry Study
Your task will involve walking to 4 locations on campus at a comfortable walking
pace, choosing whatever outdoor route you think is best. You will wear a GPS unit
mounted on a backpack that will record your position as you walk. This map shows
each of the four destinations, or waypoints. My office will serve as the starting and
ending point. The other points are: The Store at Buchanan, the flagpole near Cheadle
and Campbell Halls, and the Psychology Building. Are you familiar with each of
these locations?
I’ve marked these locations on the campus map, and you will carry a sheet that
contains parts of the campus map to remind you of the locations should you need it.
You are not required to use this map, it is only available if you need it.
You will make a total of seven trips between destinations, and you will start and end
with this trailer. Your route was chosen by the computer at random. In some cases
you will reach a given waypoint, only to turn around to return to where you just came
from. You should get as close as possible to each destination (not more than a few
feet) and come to a stop before using the two-way radio to get your next destination.
Please do not radio for your next destination before you have reached your current
destination. When traveling to the Store at Buchanan and the Psychology building,
you should consider the signs for the main building as your destination, not just the
building or area as a whole. These signs are shown in the photographs on the map
you will carry.
If for any reason, after two or three attempts, that you cannot raise me on the radio to
get your next destination, you should return back to the trailer.
To summarize your task will be:
• To go to each destination, coming as close as possible to it.
• After stopping at the destination, radio in for your next destination.
• There will be seven trips total.
When you finish, you will complete a questionnaire that will take about 15 minutes.
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Figure D.1 – Reduction of image shown to participants to indicate general placement
of waypoints.

Figure D.2 – Reduction of handout that each subject carried during the task.
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