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As people move about the environment, they acquire knowledge about
patterns of their own movement and about spatial relations among places
in the world. This knowledge is encoded and stored in memory, allowing
people to find the places again in an efficient manner and to communicate
the locations to others. As they sit, stand, and travel in environments, peo-
ple acquire spatial knowledge “directly” via perceptual-motor interaction
with the world. But spatial knowledge 1s also acquired “indirectly” via ex-
ternal representations of the world and its spatial layout. We refer to these
direct and indirect ways of learning spatial relations in the world as alterna-
tive sources for knowledge acquisition. For both theoretical and practical
reasons, it is interesting to ask how the spatial knowledge acquired through
different sources is similar and how itis different. To what degree are mem-
ory content, structure, and process simi lar or different when based on dif-
ferent sources, and why?
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In this chapter, we review research on how people remembier spatial re-
lations in the environment as a function of (he source through which the
knowledge is acquired. We focus on knowledge of spatial properties (loca-
tion, direction, distance, etc) of large-scale environments that “contain”
people and in which peaple locomote (Montello, 1993), Although itis diffi-
cult to delimit this range of scales precizely, it includes something like the
space of rooms up ta the space of large cities or perhaps éven small coun-
tries. Itis significant that such spaces aften require people to integrate infor-
mation (such as views of scenes) over considerable time periods as they
move about and gain perceptual access to new parts of the environment,
Clur concern is not primarily with spatial relations in molecules, table-top
arrays, or hand gestures, nor with spatial relations in the solar system.
However, people acquire spatial knowledge about environments from rep-
resentations at other scales; notably, people learn about envirenments from
maps, and sowe do discuss maps in this chapter as sources of environmen-
tal spatial knowledge.

People acquire spatial knowledge via several different sources (re-
viewed by Montello & Freundschuh, 1995). One may first distinguish direct
from indirect sources. Direct sources are non-symbolic; they involve appre-
hension of spatial knowledge directly from the environment via sensori-
motar experience in that environment. All other sources may be termed
indirect, or symbolic (Gibson's [1979] term was “mediated ™), They aresym-
bolic because they transmit spatial information by exposing people to ex-
ternal representations or simulations of the environments to which they
refer Indirec! sourcesinclude slatic pictorial representations, such as maps
and pictures (3-D models of environments may be included here, as they
are still primarily about the 2 dimensions of the carth surface). Also in-
cluded are various dynamic pictorial representations, such as movies and
animations. This class would include dynamic computer graphics; which
are cammonly called “virtual reality” or “virtual environments” when the
viewer controls movement through the simulated environment. Finally,
language, spoken orwritten {even sung—Chatwin, 1987), provides an im-
portant indirect source for learning spatial knowledge.

In this chapter, we consider research and theory on the nature of spatial
memory resulting from learning via three specific sources:

L. Direct experience, particularly standing and walking,
2. Flat and static maps, and
3. Virtual environments of both the desktop and immersive varieties.

The first twa sources are very common ways by which people learn
space; all three are of great interest to researchers currently and over the Jast
several decades. To begin, different sources lead to variations in spatial
memory because of the different information they make available for en-
coding into memory. The sources do not provide exactly the same informa-
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tion about space, and they do not provide information in exactly the same
formal. Because of this, spatial memories from different sources must vary
somewhat, at least in content. But do the three sources lead to different
memory structures and processes? To answer we briefly review a frame-
work for understanding memory structure and processes; we also consider
empirical methods for studying memory, including their limitations. We
then turn to two major issues in the research literature conce rning environ-
mental spatial memory structure and process: orientation specificity, and
the distinction between route and survey knowled ge. We finish the chapter
with a set of canclusions about spatial memory as 2 function of the source
by which it was acquired; we also consider some other approaches to the
question of how spatial memaory might vary as a function of the source from
which it was acquired.

A primary concern of memory researchers during the last couple de-
cades has been the conceéptual and empirical characterization of different
memory systems. Distinctions have been considered bebween procedural
and declarative memory, episodic and semantic memary, implicit and ex-
plicit memory, and so on {e.g., Schacter & Tulving, 1994). These distinclions
have hardly been considered in research on environmental spatial memory
{Anooshian & Siegel, 1985, and Golledge & Stimsan, 1997, provide rare ex-
amples). We do not believe the issues of orientation specificity and
route-survey knowledge map well onto the concerns of general memaory re-
searchers. For example, route knowledge is sometimes described as proce-
dural and /or implicit but in fact is often said at other times to consist of
explicit knowledge of which landmarks follow which landmarks along a
route, not just the procedural ability to actually follow the route. Similarly, [
may know the direction straight back to the campsite eitherimplicitly or ex-
plicitly. For this teason, we donot atlem ptin this chapter to characterize en-
vironmental spatial knowledge from different sources with respect to some
of the common distinctions among types of memory systemsmade by gen-
eral memory researchers.

CHARACTERISTICS OF THE SOURCES

Wilma is about to land at the airport in Santa Barbara, where she will start
her freshman year at the University of California. Wilma is from Northern
California, however; and she has never been to the Santa Barbara area be-
fore. She knows almost nothing about the layout of the area bevend anim-
pression of the general appearance of the campus she acquired from
looking at the university web site and a few plausible assumptions about
the typical layout of medium-sized California cities. As her plane descends
toward the airport, Wilma sees a chain of mountains to one side of the ur-
ban area and the glimmering Pacific Ocean to the other, She mista kenly in-
fers, as many visitors do, that the mountains sit to the east of the city
because the ocean view must be Lo the west; Wilma has never learned to in-



254 MONTELLOET AL

terpret the sun's pasition carefully enough to realize her mistaken assump-
tion. In any case, the beauliful surroundings captivate her more than a
concern with the cardinal orientation of her new home, She does notice thal
the airport itself lics about a minute or two (which must be at least a few
miles) beyond the largest urban area she sees; passengers around her are
saying it's the actual city of Santa Barbara, Just before touching dawn, she
also sees a cluster of buildings along the ocean cliffs that look like the pic-
ture of the campus she saw on the university web site. After she deplanes,
she can still see some of the buildings on the campus. She realizes that the
airport is very near the campus, and that both are right next to the ocean.
For a moment, she wonders if her college dormitory window might even
give heran ocean view. As she leaves the airport in a taxi, Wilma notes the
pattern of the roads that lead fram the airport to the campus and realizes
that she could have walked there if she had been without luggagze, Al
though the trip from the airport to campus is not long, it is rather indirect.
But Wilma maintains a sense of the location of the campus relative to the
airpart because she can continue to see both places from the window of the
taxi as she rides along, Wilma begins to develop knowledge of the spatial
layoutof her new home.,

“Wilma's first day in Santa Barbara demonstrates the spatial cognitive
challenges and opportunities facing a person encountering a new place
forthe firsttime. She lsexposed toinformation about the spatial lavoutvia
pictures, verbal comments, &m_._um.:v._ experienced views from different per-
spectives, and visual and proprioceptive perceptions of her own move-
ment. Perceptual information is combined with prior expectations and
initial assumptions in arder to shape the spatial memories she is develop-
ing. Notably, Wilma is like the rest of us in that her spatial memories are
based ona varlety of sources of information, not just direct experience but
various indirect experiences as well. As we noted above, the various di-
rect and indirect sources provide somewhat different information a_u_...._:ﬁ.
space, in somewhat different formats. Furthermore, within cach class of
sources such as direct experience. maps, and virtual environments, there
are specific variants that may lead to different spatial memories because
ol characteristic differences in the information they make available foren-
coding inta memory,

Types of Direct Experience, Maps, and Virtual Environments

Environments may be experienced directly in various ways—variations
that pertain both to the sensory systems and the motor systems involved.
For most people, vision is probably the main sensory modality for acquir-
ing spatial knowledge at environmental scales, insofar as it affords appre-
hension of the most precise information at the greatest distances. Bul
spatial information in directly experienced environments is acguired via
other sensory modalities, especially the vestibular senses (linear and angi-
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lar acceleration infarmation), kinesthesis (limb position, force, and move-
ment), and audition. In specialized situations, other sensory modalities,
such as tactile pressure or temperature senses {wind or sun directions can
be detected) may contribute to the apprehension of spatial properties. Per-
spective varies too. One may view a place sta tically from a single perspec-
tive or from several perspectives, Given a single, static perspective, one
may view a place while standing in the street, or from the window of 4 tall
building or airplane. Different modes of locomotion are used to gelaround
the environment. One may locomote by crawling, walking, or running; one
may locomote with mechanical aids such as bicycles, cars, or planes. Me-
chanically-assisted direct experience, such as riding in a car, must surely
lead to the acquisition of different knowledge than does unassisted experi-
ence, such as walking (though no research demonstrates this d efinitively, to
our knowledge).

As an indirect piclorial source of spatial knawledge, cartographic maps
may take a variety of forms that could have implications for the knowledge
that results from them. First, maps vary in scale. Smaller-scale maps show
larger areas of the earth, such as continerits or the whole planet; larger-scale
maps show smaller areas of the earth, such as cities or neighbarhoods. Be-
sides the amount of earth surface depicted at different scales, smaller-scale
maps tend strongly to be more generalized—they depict fewer features, in
less detail, and more schematically. For example, rivers and roads are de-
picted as meandering more an larger-scale maps, A second relevant distine-
tion is the difference between referonce and thematic maps. Reference maps
attempt to show perceplible features of the earth surface and relativel v stable
entities to be found there (la kes, mountains, cities, roads), They are meant to
be more general-purpose, and they therefore attempt to depict information
asaccurately and completely as thev can ata particular scale. Thematic ma ps
are statistical maps; they altempt to show the spatial distribution of one or a
few variables on the carth’s surface, variables that may not be directly per-
ceptible in the environment at all (e.g., disease rates). Thematic maps are spe-
cific In purpose and may reduce spatial detail to a minimum, though
reference maps such as those designed for stbway navigation (or those peo-
ple sketch to give directions) may also be highly schematic, distorting and
simplifying spatial properties such as metrie distance. Third, althou chmaps
are usually thought of as flat and static, they may reprasent relief as ina 3-0D
madel or change over ime as in an animation. Fourth, maps often depict the
earth surface from directly overhead, using a vertical perspective, but they
somelimes depict from an oblique perspective. Vertical-perspectives are of-
ten orthogonal, showing all areas as if from directly averhead; oblique per-
spectives nearly always depict a single point-of-view so that more distant
features are smaller and occluded. Perspective is parl of the larger issue of
projection, the particular geometrical or mathematical approach taken to
making a flat picture from the spherical earth surface. Projection determines
which spatial properties are distorted, and how, at various locations on the
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map {all flat maps distort spatial properties to some degree}. Although we
usually think of maps as visual displays, they may be designed for the tactile
or even the auditory modalities, For most people, prototypical maps include
small-scale reference maps (e.g., a map of the United States showing cities,
rivers, and state boundaries) and medium- or large-scale navigation maps
{see Vasiliev ot al, 19690; Warren, 1993}, Spatial cognition R_mnmq_.,.:._sm _.:-
volved both of these types of maps, but has also included many mnc.&.__mm with
very large-scale and highly schematized map-like graphics (e.g., Fig. 11.1).
Our review below focuses on these tvpes of maps, though thematic maps
and various types of non-map graphics do present spatial information (e.g..
Hegarty & Just, 1993; Llovd, 1988} . .
Virtual environments (VEs) also take a variety of forms that have impli-
cations for knowledge acquisition. VEs are interactive, real-time, 3-D
graphical displays—computer-created simulations of _.,.__.n._nﬁm ar environ-
ments that change appropriately in response to locomotion or other motor
behaviors by users {active control), Virtual displavs always include a
first-person perspective, as if being viewed through the eyves {or _._.mm__.ﬁ
through the ears, etc.} of someone moving through the space. The visual
appearance of the simulated environment looks somewhal like what one

3 2 FIG. 11,1, Tepical pathway
used in orientation-specificity
research by Levine, Presson,
MeNamara, Sholl, and others.
tAdaptation of collaboralive
1 research—year not applica-
ble.)

WViewpoint

11.  REAL EMNVIRONMENTS, VIRTLIAL ENVIRONMENTS, MATS 257

would see in a real environment, and of course, the detail and faithfulness
of this visual realism continues to increase with improvements in com-
puter technology, etc. But this apparent realism is not very great in some
virtual displays of today, and by itself, even great visual realism of this
type would not qualify a display to be dubbed “virtual” (a photograph is
almost never called “virtual”), Even given these definitional const raints,
however, there are a variety of virtual systems that appear realistic to dif-
ferent degrees and in different ways. Just as it is important to characterize
variations in the ways that environments are directly experienced and in
the types of maps, it is important for our purposes to characterize aspects
of different virtual systems.

Different VEs include deskiop displays, projected displays, caves, aug-
mented realities, and fully immersive systems. Displays created by these
systems vary in their size, their coverage of the visual field, and the se nSOTY
and maotor systems they involve. A desktop VE presents the enviranment
on a flat CRT screen before a stationary observer. Locomation is usually ac-
complished through the use of a joystick or keyboard, which provide differ-
ent efference copy and proprioceptive feedback fram that provided by
head or whole-body movement, Vestibular information provided [rom
head and body rotations is unavailable, These ypes of VE are most similar
to slide and video presentations. They differ from slides /videos in that they
allaw for active control of locomotion by the observer, but the v also present
the observer with images generally lower in fidelity than a slide or video.
Another type of VE interface that affords a more direct form of interaction
with the environment uses head-mounted displays (HMDs) and tracking
systems to update head orientation, allowing the navigator to laok around
during travel. However, most of these systems do not track rotation of the
entire body, which may or may not affect the way people acquire spatial
knowledge from them. Instead, body rotation and translation is accom-
plished through a secondary manner such as using kevboard, mouse, or
pointing with a data glove. These types of systems provide proprioceptive
information regarding head orientation but do not pravide such informa-
tonregarding body heading, The most sophisticated VE systems allow for
complete head and body tracking, allowing the observer to translate and
rotate in space as they would in a real environment and producing interac-
tion mast similar to real navigation. These VEs are referred to in the litera-
ture as immersive or fully immersive VEs.

Information the Sources Provide for Encoding

Our review of various types of direct experience, maps, and virtual envi-
ronments makes it clear that spatial knowledge will vary asa function of its
source, at least in content, That is because different sources provide some-
what different information about environments., Montello and Ereund-
schuh (1995} differentiated the sources they listed in terms of eight
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rharacteristics by which the sources differ in the way they present informa-
tion to people. First, some sources present information in a dynamic
stream, others present it in static <na pshots; also, information about dy-
namic process may be presented statically or dynamically (compare arrows
on maps to animations). Another difference is that sources such as maps
present information ina way that supports relatively simultaneous pickup
of information :_:Em,: scanning a map requires eve movement and lakes
place over lime, e.g., Dobson, 1979); most direct and virtual presentations
require sequential pickupand integration of information over considerable
time periods, though VEs can be designed to allow abstructions to turn in-
visible. Related to this, sources vary in the viewing perspective they pro-
vide, whether from a vertical perspective (a “bird's-eve view"), a hori-
zontal or terrain-level perspective, or some oblique perspective in between.
A fourth characteristic that differentiates the sources concerns the abstract-
ness of their symbols (MacEachren, 1995). The need to interpret symbals
clearly differentiates indirect sources like maps from direct sources {and
many VEs) in the first place. However, among different indirect sources;
there are variations in the degree to which symbols are iconic—Robinson &
Petchenik {1976) called it mimetic—perceptually resembling what they
stand for, versus arbitrary, not resembling what they stand for, Maps usu-
ally show distances in a very iconic way, for example, insofar as a distance
between places in the world that is twice as far as another is shown as twice
as far on the map (this is actually only approximately true on most maps,
and is never perfectly true evervwhere on any map because of the inevita-
ble distortions of projection). In contrast, other map symbols represent
quite arbitrarily; the hypsometric color changes that represent elevation
changes do not particularly resemble different elevations {the very drv and
low Dieath Valley is very greem on such a map). Another characteristic that
differentiates sources concerns whether a source isat the same ora different
spatial scale than the environment, thus perhaps requiring scale translation
for its comprehension; again, maps and direct experience provide the stron-
gest contrast here, though desktop VEs typically display the environment
on a small compuler monitor, A sixth characteristic is the precision of the
spatial knowledge presented (and represented) by a soutce, Spatial lan-
guage is well known to represent spatial information quite imprecisely
most of the Hime ("meet me next to the fountain®). Most maps present spa-
tial information rather preciscly; unfortunately this precision is frequently
spurious, as when subway maps show precise distances (hat are not in-
tended Lo be interpreted as such, A seventh characteristic differentiating
sources for acquiring spatial knowledge is that they differ with respect to
their inclusion of detail, some of which may be irrelevant to spatial prob-
lem-solving:

It is clear the various sources provide different information to b en-
coded into memory, and will thus lead to the acquisition of different
guantities and qualities of spatial knowledge. Thev offer sensarimator
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access to information in different ways and supply information varying
in precision, accuracy, and completeness. Some sources make explicit
what others only suggest and still others simply do nat provide. It is dif-
ficultif not impossible to learn the layout of very large spaces from dircct
experience alone, for example, unless that direct experience comes from
the window of an airplane; maps are normally the only way most people
ever gain access to this information. And because maps present dis-
torted spatial relationships, especially at small scales (la rge areas), peo-
ple wha learn from them will learn distorted spatial relationships (e.g.,
Saarinen, Parton, & Billberg, 1996). Furthermore, different sources re-
quire more or less in the way of symbolic transformations to be made in
order to understand the information they provide {e.g.. some require
scale translation and some do not). Such transformations are psycholog-
ically nontrivial and are definitely not carried out in the same way or o
the same end by all people (e.g., Liben, 1999), Taken together, these con-
siderations make it evident that spatial memories will not be identical
when based on different sources.

The Role of Body Movement.  For our purposes, one of the most signifi-
cant varialions in the spatial information the sources provvide for encod-
ing into memory may concern whether the source invelves locomotion of
the body and its concomitant proprioceplive sensing. Kinesthetic and
vestibular sensing, and efferent copy from actively-controlled move-
ments, provide information about the spatial pattern of one's own move-
ment through the environment—information which people (and other
animals) use to perform path integration, to update knowledge of their lo-
cation relative to a starting lacation and surrounding features based on
perceived body speed and direction (Loomis, Klatzky, GColledge, &
Philbeck, 1999), Map use, by itself, daes not involve lacpmaotion, directly
experiencing environments often does. VEs do not involve (real) locomo-
tion if they are of the deskilop variety, though they do communicate move-
ment via optic flow. Some immersive systems do, although a completely
maobile virtual system thatallows fora full range and extent of loco motory
movements is quite rare at the present time (no behavioral-science re-
search has been reported with such a system yet),

Research supports the contribution of proprioception, particularly ves-
tibular sensing, 1o updating one’s knowledge of location (Potegal, 1982;
Rieser, Guth, & Hill, 1986). Gale, Golledge, Pellegrine & Doherty (1990) had
participants learn routes by walking or by watching a video. They found
that walkers were better able to re-travel the route than were the video
watchers, suggesting the value of proptioceptive and / or efferent informa-
tion. Taking a neuroscience approach to the question of what proprio-
ception adds to spatial learning, Péruch et al. (1999) compared the
navigation performance of control participants and patients who under-
went surgery because of unilateral defects in their vestibular systems.



260 MONTELLETET AL

Within days after the operations, the vestibular patients made shortcuts
and retraced routes with greater error than did the controls.

Astudy by Klatzky et al, (1998) produced clear evidence of the contribiu-
tions of vestibular sensing to spatial learning. They had participants travel
along two legs of a triangular path depicted in a virtual environment. One
group of participants actually walked the path while viewing the appropri-
ate optic low Tor translations along the legs and rotations at the tum,
shown through an HMDL AL the end of the second leg, participants turned
their bodies to face the origin location, which was unmarked. These partici-
pants were quite accurate facing toward the origin and varied their facing
directions appropriately for paths with turns of varving angular size. Two
other groups of participants did not actually locomote, but only viewed the
appropriate optic flow through the HMD. One of these groups, however,
was rotated on a chair as they saw the simulated rotation at the turs in the
path, They received vestibular information about the turn, in other words,
and their performance facing toward the origin was only a little worse than
the group who actually walked the paths. The third group also did not actu-
ally locomote, nor were they rotated in their chair; they only saw rotational
optic flow, They thus received no vestibular information about the tum.
Their performance facing toward the origin was much waorse than the first
bwio groups, and gol much worse as the actual turn size increased. This last
group turned to face the origin as if they were still facing in their initial
heading. Thus, visual information alone without concomitant body rota-
tion was not suflicient to induce egocentric updating, al least with respect
to body rotations (see also Bakker, Werkhoven, & Passenier, 1999; Chance,
Gaunet, Beall, & Loomis, 1998),

A recent study has found strong evidence that brings into question the
importance of proprioceptive information in learning environmental lay-
out. Waller, Loomis, and Steck {2001) had patticipants learned a 1-mile (Lé
km) route in one of three ways. One group viewed the environment nor-
mally from the front seat of a car driven by the experimenter. A second
group satin a lab room and viewed a video of the route recorded through
the front window of the car. A third group also learned the route from the
videa, bul they viewed itwhile sitting in the back seat of the car as the videa
wits being shot (thev could not see the route directly from the car). The sec-
ond and third groups, therefore, received identical visual information
about the route But only the third group received proprioceptive informa-
tion about the route; Results showed more accurate memory for directions
and distances by the first group, but no difference between the second and
third groups. In other words, the vestibular information provided by body
movermnent while sitting in the car did net enhance spatial-knowledge ac-

guisition over and above viewing thevideo, This surprising result suggests

that the propricceplive information available while riding in & car added
litthe or nothing to spatal learning, at least given the scale and pattern of
this particular route. Waller, Loomis, and Steck (2000 ) interpreted their re-
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sults as indicating that vestibular information does not much facilitate
learning spaces this large, and pointed out that previous findings (like
those reviewed above) were typically confined to rooms or building-size
spaces. It remains likely that the kinesthetic and efferent information avail-
able during actively-controlled and non-mechanically-assisted locomo-
tion, such as when walking, would improve spatial learning (Waller,
Loomis, & Haun, in press).

QUALITIES OF MEMORY REPRESENTATION:
STRUCTURES AND PROCESSES

I this section, we discuss structures and processes of memory that result
from different sources of spatial knowledge about the environment. Most
research attention has focused on two qualities of spatial memory represen-
tations that may vary across sources of spatial knowled geoThe firstis orien-
tation specificity. An orientation-specific memory representation is stored in
memory and accessed preferentially in a single orientation; an orienta-
tion-free representation would be equally accessiblé in an v arfentation . The
second quality concerns the distinction between ronte and sureey knowl-
edge. Route knowledge is knowledge of a sequence of places or landmarks
connected by locomotion patterns, It is “string-like” or one-dimensional.
Survey knowledge is knowledge of a layout of places or landmarks and
their direct spatial interrelationships (distances, directions). It is “map-
like” or two-dimensional, and not restricted to spatial interrelationships
along routes that have been traveled.

[t is important to note that memory representations themselves cannol
be directly abserved behaviorally—they must be inferred from perfor-
mance on tasks that depend on the stored representations. In a typical situa-
tion, a person learns the fayout of an environment from some exporience,
such as walking in the environment, viewing a map, or interacting with a
virtual rendition of the environment. Based on perceptual and encoding
processes, one or more representations of that environment are stored in
memory, This internal representation can include not only properties di-
rectly perceived but also properties inferred from perceived information,
At some later time the person performs a task (outcome measure), such as
wayfinding or giving verbal directions, that relies at least in part on his or
her stored representation of the environment, The performance of this task
may or may nol involve some transformation of the internally stored repre-
sentation, e, some additional inferences. It is in fact difficult to determine
to whatextenta person’s performance on a given outcome measure directly
reflects the stored memory representation as opposed to transformations of
that representation made in response to task demands.

One method that has been used to infer qualitics of internal representa-
tions is the measuremenl of response time in addition to accuracy on out-
come measures. If two tasks require different amounts of the same trans-
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farmation of the stored representation, then they should take different
amounts of time to perform. For example, orientation-specific representa-
tions are inferred from alignment effects. After viewing a map with west at
the top, for example, people store a representation of the map in memory
that also has west at the top, When this memory is accessed, the top is as-
signed by default to the forward direction of view in the environment (Le-
vine, Jankovic, & Palij, 1982, called it “forward-up equivalence”). Ques-
tions about directions on the mapwill be answered most quickly and aceu-
rately when they are phrased from this preferred perspective, for example,
“point to the town hall from the courthouse, as if you were facing west.”
When people have to answer questions about directions bebween places on
amap from a perspective other than that stored in memory, the response is
slower and/or less accurate. In our example, that would be pointing be-
tween places as if you were facing east (or any other direction than west),
The extra time and/or error when pointing from an imagined perspective
other than the learned orientation is the alipnment effect,

Another method of reducing ambiguity about qualities of internal repre-
sentations is to observe performance over several measures. For example,
roite knowled ge may be sufficient to perform some spatial tasks well, such
as route re<traveling, It may not be sufficient to perform other spatial tasks
well, such as pointing directly to nonvisible features in the environment, If
a person can re-travel a route well but performs at chance level on a point-
ing task, it could be concluded the person hasonly an internal route repre-
sentation. In reality, however, the pattern of performance over different
measures is rarely as clear as this. For example, suppose a person can re-
travel a route well, and his or her pointing accuracy is above chance but
much less than perfect. This pattern of performance would result if the per-
son had acquired some imprecise survey knowledge, However it would
also resull if the person could eliminate some possible pointing directions
on the basis of route knowledge alone, Therefore the nature of the internal
representation is ambiguous in this case. Detailed simulations of specific
madels for route {or survey) knowledge could address the question of the
qualities of spatial representations necessary to support particular levels of
accuracy and precision in observed behaviors, but very little of this work
has been dene (e.g., Dawson, Boechler, & Valsangkar-Smyth, 2000; Maon-
tello 8 Frank, 1996,

Researchers must therefore be cautious in assuming that a specific out-
come measure necessarily reflects a particular type of internal representa-
tion, For example, the ability to draw a map of an environment has some-
Bimes been viewed as evidence for an internal survey representation, How-
ever, although a map is a survey representation of an environment, a rela-
tively accurate map can be drawn from an internal route representation
that is quantitativelv scaled, such that integration of the layvoul of segments
and turns of the route occurs when the route representation s externalized
in the drawing process. In such a case, the “survey knowledge” was not
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stored in memaory but was created by inference during recall and task per-
formance. Similarly, pointing to nonvisible lacations is often viewed as a
measure of survey knowledge. However, pointing from one's self to a land-
mark requires not only knowledge of the layout of (he surrounds, but also
knowledge of one's location and heading in the surrounds; it requires one’s
sirvey representation {o be "egocentricallv-oriented” (some other mea-
sures, such as sketch maps, do not require this). One’s failure (o point accu-
rately could result from being misoriented (ie. misrepresenting one's
current heading}, even with a perfect internal representation of the configu-
ration of the environment, Thus, while patterns of performance over a
number of different outcome measures | including accuracy and response
time] can provide insights into the nature of peaple’s internal representa-
tions, researchers must always be mindful that an internal representalion
might be transformed in response to task demands.

Orientation Specificity

Backon campus, Wilma has gotten put of her taxi and is witlking back to her
dormitory. She thinks she can find the dorm, even though this is her first
visit to the campus, because she spent several minutes before she left home
studying the campus map she received with her registration rnaterial.
Wilma knows her dorm is near the most prominent landmark on Campus,
Storke Tower, and she also remembers that the dorm is below and to the left
of the tower on the map. As she walks, she pictures the campus map in her
mind. Asis commaon with maps, the campus map is designed with north ko
the top, and Wilma's image is also oriented this way. She begins walking to
leftof the tower, but she gets confused for a few moments when she realizes
she is walking south. She regains her sense of orientation and changes her
walking direction, knowing that her dorm should be to the other side of the
tower. Thus, Wilma clears up her encounter with the orientation specificity
of spatial memories derived from maps. )

Wilma experienced the effects of orientation specificity because her
memory based on the campus map was recalled in the same otientation in
which it was viewed. Maps, and memory images of maps, are accessed in
a particular erientation, When the map information is used in an ongoing,
navigation task, it must generally be coordinated with the orientation of
the local surrounds—the person’s heading as she locomotes through the
environment. The most common way to do this is to assume that “up” on
the map is “forward " in the surrounds (Shepard & Hurwitz, 1984). When
this assumption is not true; as in Wilma's case, either errors of mavement
from being misoriented or extra response time attempting to fix orienta-
tiomn, or both, resull,

Ihe question of the orientation specificity of spatial memory, including
how it may diffet for knowledge derived from different saurces, has been a
particularly active area of spatial-cognition research in the last couple of de-
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cades. The phenomenon of orientation specificty for memory representa-
tions was demonstrated by Evans and Pezdek (1980}, who showed peoplea
series of depictions of the names of three U5, states. Participants were
asked to judge whether these depictions portrayed the true spatial relation-
ships a En_:m._ the three states. Evans and Pezdek found that people’s times
to perform this task were closely related to the degree to which the stimuli
were rotated away from the canonical nerth-up erientation of a US map.
This suggested that the relative locations of these states were slored in
memory in & preferred orientation—the orientation typically seen on a
map—and that recognizing alternate orientations required additional
mental processing, which took time. These observations are consistent with
a congeptualization of memory for map-acquired geographic information
as @ depictive image constructed in working memory of a previeusly
viewed map. When tasks demand it, the contents of such an imagined map
are scanned, rotated, or otherwise transformed much as a real map would
be. Of course, the underlving long-term memory code could be a set of
propositions {e.g., Pylyshyn, 1981}, as long as the propositions contained
information that resulted in their expression in working-memory with a
preferred orientation, Regardless of the underlying memory structures and
processes, the findings of Evans and Pezdek, along with a host of subse-
quent studies (Boer, 1991; Leving, Marchon, & Hanley, 1984; MacEachren,
1992; Presson & Hazelrige, 1984}, have made the arientation specificity of
memories for map-acquired knowledge one of the most robust phenomena
in spatial cognition, . )

Evans and Pezdek (1980} also examined the erientation specificity of
spatial memories derived from direct experience rather than maps. Al-
though they found that memeries for the relative locations of LLS, stales
were stored with a preferred orientation, they also reported that memoery
fior the relative locations of frequently visited campus buildings showed lit-
tle or no such orientation specificity. People answered questions about the
configurations of campus buildings equally quickly regardless of the orien-
tation in which the depictions were presented. Evans and Pezdek sug-
gested that no particular orientation for the campus buildings was
preferred in memary because, as is common for directly experienced
places, their locations had been viewed in the environment from multiple
perspectives. Thus, spatial information can be accessed more flexibly from
memories of directly experienced spaces than from those of maps.

The idea thal memory for large spaces is erientation freewas most per-
suasively argued by Presson and his colleagues, especially T'resson,
Delange, & Hazelrigg (1989), Like Evans and Pezdek, Presson et al. noted
that direct experience of a space typically involves viewing it in multiple
orientations, whereas maps are generally learned 1n only pne orientation.
In other words, the distinction between map learning and direct experience
is commonly confounded by the ways in which these different sources of
information are learned. To elimimate this confound, Presson et al. con-
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trolled the manner in which people learned spatial information from maps
and direct experience. They asked participants to study several simple spa-
tial layouts like those used by Levine et al. (1984) (see Fig, 11.1). Presson et
al. presented the layouts at different sizes, referring to them either as maps
of a larger environment or as paths in the environment itself. [mportantly,
parlicipants were shown each layout from a single perspective only. This
controlallowed Presson etal. to focus on differences between leaming from
maps and direct experience independent of the effect of learning from mul-
tiple perspectives. A single trial went as follows: After viewing the layout,
participants were blindfolded, and taken to the location on the path and
faced in the heading specified by the test question. Theyv were either walked
or pushed in a wheelchair along a meandering route to get to the test loca-
tion; Presson et al. did this to try to ensure that participants would answer
from memary only—not from an updated perception of their new location
and heading. After arriving at the test location, participants were asked to
make judgments of relative directions based on their memories of the lay-
auts (e.g., "You are al Location 1, and Location 2 is directly behind w,o._.r
Point 0 Location 47). Consistent with past resulls, the H.:,..._uL_ﬁm:..; found
that when people learned about the space by viewing a small display (2% 2
ft), their judgments of relative directions revealed large alignment effects;
they were more accurate when the judgment involved m:J..mm.,_.__._._m aview

aligned with the perspective during study (i.e. the question involved a fac-
ing direction that was up on the display) than when it involved a view that

was misaligned. However, Presson ef al, found that when people learned
about the space by viewing a large display (12 = 12 ft), their judgments of
relative directions revealed much smaller alignment effects that did not

reach statistical significance,

Presson et al.'s (1989) finding of an attenuated alignment effect with
large displays added an intriguing wrinkle to Evans and Pezdek’s (1980)
contention thal the source of spatial knowledge affects the way in which it
is stored in memory. Presson et al,'s results suggested that arientation-free
performance was not necessarily related to learning an environment from
multiple perspectives, as Evans and Pezdek had suggested. Because mem-
ories for large spaces viewed from only a single perspective appeared to be
orientation free, Presson el al, suggested that the nature of the learning me-
dium itself—not the manner in which it is used—affects the way that spa-
tial knowledge is represented in memory. Specifically, Presson et al.
conjectured that a large space that surrounds the viewer and affords navi-
gation (anenvironment) will be encoded in terms of the relationships among
the objects in the environment, notin terms of the relationships between the
viewer and the objects in the environment. Because it is not viewer-cen-
tered, this allocentric way of coding environments is orientation free and
does nol produce alignment effects when accessed. In conteast, spaces
learned from symbolic sources such as maps will be remembered in rela-
tion to the viewer, like pictures. Because they are coded in terms of the
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viewer, such egoceniric memories are orientation specific and produce large
alignment effects when accessed. Presson and his colleagues regarded this
distinction between directly experienced spaces and symbaolically-experi-
enced spaces as critical to understanding spatial memory, and suggested
that these different ways of learning were processed by two separable
memary systems. They coined the phrases “primary” and “secondary”
learning to describe this distinction (Fresson & Harelrigg, 1984; Presson &
Somerville, 1985),

The lack of alignment effects for large displays reported by Presson etal.
(1953) proved difficult to replicate. Notably, a series of studies by
MeNamara and his colleagues (Diwadkar & McNamara, 1997; Roskos-
Ewualdsen, McNamara, Shelton, & Carr, 1998; Shelton & McNamara, 1997,
2001) has repeatedly found sizeable and statistically significant alignment
effects with spatial arrays as large as those used by Presson et al. (1989).
Roskos-Ewoldsen et al. (1995) tried to replicate Presson et al, (1989) closely,
comparing performance on small and large paths like that in Figure 1. Un-
like Presson et al's participants, however, those tested by Roskos-
Ewoldsen et al. were wheeled to a center location, facing in the heading
from which the paths had initially been viewed. Half were wheeled directly
and half were wheeled along a very circuitous route, These researchers
found alignment effects for both smail and large displays, in both errors
and response times.

Research by Sholl and her colleagues (Sholl & Bartels, 2002; Sholl &
Nolin, 1997) and by ourselves (Waller, Montello, Richardson, & Hegarty,
2H2) has also _._m:u,.un_ clarifv the reasons for the variations in the results of
different researchers. First, we point out in Waller et al. {2002) that some
previous work purporting to show that large spaces are stored in an orien-
tation-free manner in memory, such as the research by Presson and his col-
leagues, failed to include measuresof response times; alignment effects are
often revealed in pointing error but are sometimes reflected in slower re-
sponses that are just as accurate. A second consideration concerns whether
participants are actually disoriented in the testing room—uwhether they are
awarc of their headings in the surrounds. If participants in fact maintain
prientation {update) while traveling toa location that corresponds to the lo-
cation and heading of test questions, as in the work of Presson and his cal-
leagues, questions misaligned with the initially viewed perspective of the
layout will not be misaligned with the updated representation. Presson el
al. {1989) did notcheck how disoriented participants actually were; Roskos-
Ewoldsen et al. (1998) suggested that Pressom et al's participants may not
have been effectively disoriented. Alternatively, if participants update
while traveling to a lecation that corresponds to the initial heading from
which thie paths had been viewed, as in Roskos-Ewoldsen et al., questions
misaligned with the mitially viewed perspective of the lavout will still be
misaligned with the updated representation. Roskos-Ewaldsen et al. em-
pirically verified that participants who were wheeled directly to the test lo-
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cation were able to point to a particular wall of the room 60% of the time.
But even participants who were wheeled circuitously were able to point to
the wall 39% of the time, which is stabistically greater orientation than
chance at 23% (N = 66). To the degree that they had maintained arientation,
participants would show alignment effects because they were answering
misaligned questions from a misaligned heading, (Shall & Bartels [2002] of-
fer the interesting hypothesis that updating participants will be exposed to
multiple “virtual” views of the path layout as they are circuitausly moved
about. Such imagined views of the path, according to these authors, would
constitute the kind of multiple ex posures that Evans and Pezdek [1980] had
argued produces orienlation-free memory).

Alternatively, if people do become thoroughly disoriented while travel-
ing to the test location {as intended by the several researchers who have
used circuitous blindfolded transport), people will be located and facing as
required by the test question but will be unaware of this, Test questions will
not be aligned or misaligned with the arientation of the person’s work-
Ing-memory representation because they have no orented representation
of their heading—they are disoriented. In such a case, accord ing to Waller
etal. (2002}, all questions will be ansiered with nearly the same speed and
accuracy. This will be less quickly and accurately than aligned questions,
and more quickly and aceurately than misaligned questions, are answered
by a person whe is oniented to the surrounds. In fact, orientation specificity
15 still revealed in this situation: A persistent influence of the learned per-
spective in disoriented participants results in alignment effects, though
they are significantly weaker than those found with ariented participants
whao stay at the initial viewing location. Consistent with this, the al ignment
effects reported by Roskos-Ewoldsen et al. (1998) were smaller in both time
and error (though not significantly) among participants who were wheeled
circuitously than among these who were wheeled directly.

It thus appears that spatial memaries based on single views are stored in
an orientation-specific manner, whether based on maps or environments,
Viewing spaces from multiple perspectives during learning will lead to an
attenuation or elimination of alignment effects. This is true whether the
source of spatial knowledge is directly experienced environments (Evans &
PPezdelk, 1980) ar cartographic maps (MacEachren, 1992}, There are two pos-
sible explanations for the fact that memory based on multiple views shows
attenualed alignment effects. One is that learning spatial knowledge from
multiple views leads to the creation of orientation-free representations. A
second explanation suggests that even spatial memories acquired from
mulliple views are in fact orientation specific, whether based on direct ex-
perience of on maps. But when people are exposed to multiple views, they
store multiple orientation-specific representations. Tasks that demand the
adoption of a given perspective on the space either activatea previously exs
perienced view that 1s aligned with the question, or they lead to interpola-
tion belween separate views that were previously experienced. Although
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not completely resolved yet, most contemporary evidence favors the hy-
pothesis that spatial memories based on multiple views are stored in multi-
ple orientation-specific representations, at least during early stages of
learning {Diwadkar & McNamara, 1997).

However, even if spaces of all sizes are stored in an orientation-specific
manner, there are still ways that knowledge sources al different scales m ay
lead to differerices in memory for space, though they may not be funda-
mental structural differences, In all three of Presson et al.'s (1989} exper-
ments, participants produced much larger alignment effects (in error) with
small displays than with large displays. Roskos-Ewoeldsen et al. (1998) also
found smaller alignment effects with circuitously-wheeled participants on
large than on small displays, though the 11° difference was nonsignificant.
Whether participants maintain or lose their orientations to the surrounds
during circuitous transport to test locations, it remains the case that memo-
ries based on viewed displays of different sizes may be accessed somewhat
differently. This may be a greater persistence of remembered views from
small displays, or a lesser tendency to update within knowledge based an
small displays. These possibilities await further research.

Orientalion Specificity in VEs

To the degree that the distinction between primary and secondary spaces is
important for understanding the nature of spatial memory, then knowledge
derived from experience with virtual environments presents an interesting
case. VEs have an intrinsically dual nature. On one hand, VEs are typically
shown on small-scale displav devices such as computer monitors or HMDs
that are capable of being viewed entirely from one perspective. In this sense,
VEs may be perceived as presenting a series of small-scale pictures to an ob-
server who remains outside of the display. On the other hand, these display
devices, particularly those with HMDs, can givea user the impression of being
surrounded by a large-scale environment—they can induce pressrce. The dual
nature of VEs is that they are at once representations of environments and en-
vironments in themselves. Researchers have noted that VEs might be regarded
more as primary than secondary sources of spatial information (Liben, 1997,
Wilson, 1997}, yet this potential clearly relates to the quality of the VE system,
For example, immersive VEs that surround the user with perceptual informa-
tion and preserve natural means of interacting with space may be much more
engaging and likely tobe treated as a “primary” spaces than are desktop VEs,
In the last few years, several studies have examined the orientation spec-
ilicity of spatial memories derived from experience in VEs, Despite wide
differences in the quality of the VEs used, ranging from relatively simple
desktop svstems (eg., Albert, Rensink, & Beusmans, 2000; Christou &
Bitlthoff, 1994; Richardson et al., 1999; Rossano et al., 1999) to more ad-
vanced systems that employ motion tracking and head-mounted displays
(Miller, Clawson; & Sebrechits, 1999; Clawson, Miller, Knott, & Sebrechts,
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1998}, most studies have found evidence thal memary for spatial informa-
tion that is learned from a VE is orientation specitic. For example, Christou
and Balthoff (1999) asked participants to explore a detailed computer
model of a building, searching for several prominent landmarks. The posi-
tion and orientation of the participants’ viewpoint during the search was
continuously recorded. This enabled the experimenters subsequently to
show participants three kinds of images from the enviranment that m_,_mv..
had learned;

L. Views of the landmarks they had actually scen,

2. Views of the landmarks thal were oriented differently from what
they had seen, and

3. Views that were mirror images of what they had seen,

The results clearly showed that participants were faster and more accurite
I recognizing views that were previously seen than those that were not, Mem-
ories for these landmarks were stored simply as ex perienced views. These
memories thus had a preferred arientation—that of the viewpoint during
learning. Several other studies have also shown 2 preferred orentation for
memaries of VE spaces. In some cases, the preferred orientation is the one that
was experieniced al a particular location in the simulated space while it was ex-
plored (Albertet al,, 2000; Clawson ef al., 1998; Miller etal., 1999, In other stud-
ies, the preferred orientation appears to be one that is aligned with the initial
view of the participant during lea ming (Richardson et al,, 199% Rossano et al,
19999, that is, people learning a complex environment from 2 VE sometimes
use the orientation of the initial segment as a preferred orientation for the stor-
age of spatial information for the rest of the layout. And some evidence SLig-
gests, like the findings of Evans and Pezdek (1980), that when people are given
multiple views of a virtual environment, such as might oceur durin g extended
free exploration, alignment effects weaken (Rossano & Moak, 1998),

Survey vs. Route Knowledge

Eeturning once more to the story of Wilma's first day at UCSBE, we find that
she has unpacked her luggage at her dorm room. Now she wants to geta
bite to eat, so she heads out of her room to walk over to the University Cen-
ter where restaurants are located on campus. Wilma does nol remember
seeing this building on the campus map, but she does remember walking
past it soon after getting out of the taxi. For a moment, she considers which
way to walk. She knows she could probably backtrack along the route she
walked to her dorm, but she also knows that ma y not b the shortest way,
As she thinks about the route, Wilma imagines a sequence of views she had
along her walk and specifically remembers a couple of lurns she took o get
ta the dorm. But she does not feel confident that she can remember the er-
tire route well enough to try and take a shorteut to the University Contor In-
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stead, she decides o backtrack, butshe will pay attention to the turns in her
walk and the landmarks she will see along the way so she can start to figure
out the direct spatial relationships among places on the campus. In this
manner, Wilma will continue to acquire not just knowledge of specific
routes bebween places, but an understanding of the two-dimensional con-
figuration of the campus,

Wilma's knowledge of the route she walked is essentially a temporally

connected linear series of views and movements, but she aspires to learn a
more lwo-dimensional understanding of spatial layout so she can travel
more etficiently from place to place, This is the distinction between route
and survey Enowledge, which hasa long history in the spatial-cognition lit-
erature (reviewed by Montello, 1998}, The distinction has in fact been con-
ceptualized in somewhat different ways by various researchers, and it is
thus ditficult to draw conclusions about whethera person has route or sur-
vey representations stored in memory. Route knowledge is typically de-
fined as an internal representation of the procedures necessary for finding
vne’s way lrom place to place, This is sometimes conceplualized as a set of
stimulus-response pairs, or a sequence of landmarks, with little or no inter-
vening distance information, and perhaps imprecise lurn instructions
{ahead, left, right}. Route representations are thought to be highly con-
strained and rigid, allowing wayfinding only along known pathways, typi-
cally in only one direction {eg., Kuipers, 1978). x._.m_nrc:m: _:._mu., may be
etficient for rapidly navigating well-known, unchanging environments,
their fixed, sequential nature makes route representations impractical for
creating novel paths or shorteuts, or for navigating in a changing environ-
ment. Most models of route knowledge suggest it contains little quantita-
tive mformation about distances and directions. However, some
researchers allow route knowledge to include quantitative information
about distances and directions, as long as it 15 restricted to the “string-like”
space of the route, and not the space acrpss or between routes. In contrast,
survey representation (or "configurational knowledge™) Is a more flexible
form of spatial knowledge. Often conceived of asa “map in the head,” sur-
vey representations allow direct access to quantitative spatial relation-
ships, such as distances and directions between arbitrary locations in an
environment—naot splely thise locations bebveen which one has traveled.
This way of representing information facilitates spatial inference and can
be more accurate over longer distances (Thorndyke & Hayes-Roth, 1982;
Shall, 19593), Another aspect of the route-survey distinction of concern 1o
some researchers is the perspective of the representation. Route knowledge
is thought 1o be horizontal, from the terrain-level perspective of a traveler;
survey knowledge is thought to be vertical, from a bird s-eye ororthogonal
perspective (the latter s without a single viewpoint, but as if from directly
above at all points). Clearly, though, one may know or nat know the direc-
tian toa nonvisible target whether one accesses that from memory as if see-
ing through walls or as if Hoating above the space.
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_ One factor that should facilitate attaining survey knowledge is familiar-
ity-—the amount of exposure one has to an environment. Tt is commonly
thou ght that survey representations that are acquired by direct experience
require time to develop. This view was put forth in a highly influential
work by Siegel and White (1975), who synthesized much of the then-exist-
ing research on large-scale spatial representations in memory: They posited
a "main sequence” of changes in mental representations of en vironmental
space over time, from knowledge of landmarks, to knowledge of routes, to
survey knowledge. Siegel and White sugaested this sequence pecurs both
ontogenetically, from birth to adulthoad, and microgenetically, from first o
later exposures to a new environment over the course of time, This develop-
mental hypothesis has been widely influential (Montello, 1998, called it the
“dominant framework”), so that survey knowledge has usually been
thought tobe predicated on more rudimentary forms of spatial knowled ge
such as knowledge of routes and landmarks. .
Yetsome evidence has raised questions about the degree towhich sur-
vey r_._,?,..‘_mawm_ requires comprehensive familiarity with an environ-
ment. Several investigators have concluded that survey knowledge can
be formed quickly (Montello & Pick, 1993}, even upon one’s initial expo-
sure to anenvironment | Holding & Hold ing, 1989). There is rio question
that over small areas, people can and do extract quantitative information
about distances and directions (much of this evidence is reviewed by
Moentella, 1998), For instance, Loomis et al. (1993) demonstrated thal
blindfolded peaple can keep track of the distance and direction back to
their start lacation with nonrandom accuracy after short walks includ-
Ing one or more furns (see also Sadalla and Montello, 1989), There is
some evidence that survey knowledge can develop rapidly even in very
_E.m_w__ complex enviranments, For example, Montello and Pick (1993) led
participants twice along a complex route lapproximately 500 meters
with 15 to 20 turns) inside and outside of a [a rge building, The accuracy
with which participants were later able to point to the locations on this
route led the researchers to conclude that at least some participants had
tormed survey knowledge of the area in less than half an hour. This and
similar results have led many theorists either to discount the status of
landmarks, routes, and survey knowledge as distinct entities, or at least
to discount their status as a strict developmental sequence, instead con-
sidering them as more-or-less independent forms of spatial representa-
tions that develop concurrently {Foley & Cohen, 1984: Hanley & Levine,
1983; Montello, 1998; Schmitz, 1997}, OFf course, the finding that some
people can quickly acquire survey knowledge from navigating large
spaces does not mean that familiarity with the environment does not
play animportant role in esta blishing survey knowledge. Many contem-
porary investigators would agree that although it :,_m..‘..w_m_ neither neces-
sary nor sufficlent for acquiring survey knowledge, familiarity with an
environment does facilitate it. .
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In addition to familiarity, two other factors—field of view and the alloca-
tion of attention—have also been linked to the acquisition of survey knowl-
edge, Using concepts from J. ] Gibson (1979), Sholl (1998) noted that a
person’s peripheral vision is instrumental in extracting the invariant spa-
tialstructure of an environment and proposed that peripheral vision isthus
necessary tor acquiring survey knowledge. Sholl examined this hypothesis
by having participants learn an environment either naturally or with gog-
gles that limited their field-of-view {restricted to the central 571 When sub-
sequently tested on their knowledge of the environment, participants in the
full-vision group pointed between locations with patterns of error that
were unrelated to the complexity of the route that connected the locations,
suggesting to Sholl that they had formed survey knowledge. Participants
who learned with the limited field-of-view apparently did not acquire
much survey knowledge, Sholl concluded that when peripheral vision is
unavailable, survey knowledge cannol be acquired. A wide field-of-view is
thus necessary for developing a survey representation of a space.

The allocation of attention has also been linked to the acquisition of sur-
vey knowledge. There is some evidence that survey knowledge does not
arise automatically, even after adequate exposure, but that it reguires con-
scious attention to the environment during learning. Ina series of studies,
Lindberg and Girling examined the degree lo which conscious, effortful at-
tenbon was required in order t0 learn the spatial characteristics of an envi-
romment (Lindberg & Garling, 1981, 1953}, In one experiment, Lindberg
and Garling (19581) asked people Lo walk throneh the corridors of a build-
ing, along paths of varyving complexity, Participants were stopped perindi-
cally during the trip and asked to point and to estimate their distances toa
previvusly passed location. One group of participants was required to per-
form a concurrent backward-counting task as they learned the environ-
ment. Anpther group had no such concurrent task and was thus able to
devote more of their central, controlled processing to maintaining their ori-
entation and learning the environment. Lindberg and Garling (1981) found
that while all participants were able to acquire knowledge about the routes
that they had walked, those participants who were engaged in a secondary
task during learning were less able to keep track of where the learned loca-
tions were, While these findings are often interpreted to mean that people
acquire roule knowledge more automatically than survey knowledge,
sime recent evidence by Allen and Willenborg (1998) suggests that route
knowledge requires some conscious effort to acquire as well,

The two factors of attention and field of view may in fact be related. Sholl
has speculated that the mechanism by which attention to a secondary task,
siuch as backward counting, interferes with the acquisition of suryvey
knowledge involves a functienal restrichion of one’s field of view. She sug-
gests that a secondary task usurps cognitive resources that might otherwise
be used to process visual information from the periphery (see alsoe Miura,
19490, Williams, 1952), Regardless of whether attention or field of view rep-
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resents the more fundamental underlyin g mechanism, it appears likely that
bath influence the acquisition of su mvey knowledge.

Route and Survey Knowledge from Real World Navigation and Maps.
Maps can be considered arlifacts that facilitale the acquisition of survey
knowledge—lhey eliminate the need for familiarity. They explicitly and
immediately provide a survey representation of the global structure of an
environment, and reveal spatial relationships that may not have been real-
ized from direct experience. Unlike directly experienced environments,
which surround people and are viewed while loco moling, maps provide a
“survey overview” of an area, depicting quantitative spatial relations
among places and features. The power of maps to depict survey relation-
ships becomes especially important in the case of “plgantic” spaces such as
countries and continents (Montello & Golledge, 1999); without maps, peo-
ple would probably never come to realize the shapes of large earth features
and their spatial interrelations,

Although we may think of maps as providing a replacement for ex-
tended direct experience, it was suggested some time ago that survey
knowledge from a map is not equivalent to survey knowled we gained from
direct experience. A classic study by Thomdyke and Hayes-Roth (1982)
pointed to some differences between spatial knowled ge learned from maps
and from direct experience. The researchers compared performance by bwo
groups of participants on tasks that required either route o survey knowl-
edge of a large building. The first group consisted of people who had
worked in the building for some time, from one month to bwvo Vvears, and
had presumably learned the layout directly by traveling around its hall-
ways (called "navigation” learners), The second group of participants had
never visited the building; they learned its layaut by studying a map of it
for approximately one hour. Participants estimated straight-line distances
directly between places in the building and route dista neesalong corridors,
Consistent with the idea that maps provide directaceess to survey relation-
ships, map learners estimated straight-line and route distances equally ac-
curately, whereas navigation learners estimated route distances more
accurately than straight-line distances. Map learners were less accurate
than navigation learners in pointing to targets [rom various places in the
building, but were more accurate in placing targets on a map of the build-
ing. Thorndyke and Hayes-Roth (1982} concluded that studying a map al-
lows people to acquire survey knowledge of the environment, knowledge
they can use to estimate straight-line distances by simple recall processes,
such as image scanning, without the need for more complex inferences.
Map learners make more errors in pointing to nonvisible largets because
they must translate the vertical perspective of the map to a horizontal one.
In contrast, navigation learners develop primarily knowledge of routes
connecting places in the building, This allows route distances to be recalled
without complex inferences; though simple manipulations such as addine
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up lengths of separate segments may be required. Navigation learners
must use more complex inferential processes to determine straight-line dis-
tances from route knowledge,

The ability of people to acquire survey knowledge of complex environ-
ments through direct experience may also be limited by the complexity of the
layout. Moeser (1988] studied the cognitive-mapping performance of partic-
ipants who had worked in a hospital building with a complex configuration.
Inone experiment, participants were nurses who had either 4 or 25 months of
experience in the building. Moeser asked these nurses to draw sketch maps
of the layout of four floors, Analyses showed that none of the sketch maps
bore close resemblance to the actual layout and that over 50% of the abjects
depicted on them were located in error. In another experiment, a different
group of nurses who had worked in the building were compared toa group
of participants who had never visited the building but tearned it by studying
amap. Map learners memorized the lavout of the floors and were tested until
they could place all of the names of items in their correct location on a
floorplan. Map learners were then given a guided tour of each floor, follow-
ing their progress with a map. This guided tour confounded participants’
map knowledge with direct experience, limiting the comparison between
the two groups, Nevertheless, Moeser's results illustrated the efficacy of map
experience. Map learners were substantially more accurate Dhan the nurses at
painting to targets (though they also estimated route distances more accu-
rately). Even after two years of working in the building, nurses (who had pre-
sumably never seen a floorplan) had very poor survey knowledge of the
extremely complex building layout. Moeser's findings demonstrate the
power of maps to provide survey spatial information (see also Llovd, 1939).
They also suggest that maps may even be necessary for survey-knowledge
acquisition if the environment is very complex.

When the layout of an environment is easier to apprehend, differences
between map and direct-learning experience may diminish. Richardson et
al. {1999 had participants learn the layout of two floors of a university
building, Each floor consisted of three corridors; the corridors on each floor
overlapped, Map and direct learners were given equal amounts of expo-
stre—approximately 10 minutes, Results showed that both groups per-
formed relatively accurately, and that there was no difference in error
pointing between landmarks for the map and direct learners. There was
also no difference between groups in their ability to estimate route dis-
tances; however, the map learners performed better at straight-line dis-
tance estimation. These findings suggest that for initial learning of a
relatively simple environument, survey knowledge formed from a map may
be quite similar to that formed from direct experience,

Rowte and Swrvey Kieowledge From Virtual Environments, Unlike
maps, which represent environments with abstract symbols, VEs represent
them by jconic simulation. As Hunt and Waller (1999 point ot simulations
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of environments, in general, do not require that users consciously interpret
spatial information to the degree that is required by more abstract represen-
tations of environments, Thus, VEs and other environmental simulations
stch as slideshows, 3-D models, and motion pictures; offer users a more nat-
uralistic medium in which to acquire spatial information, and potentially al-
low users to devote less cognitive effort [o learning spatial information than
required by maps, In the decades preceding the advent of VE technology,
several studies investigated spatial knowledge derived from a variety of less
technologically sophisticated simulations, such as photographs or movies.
Much of this research illustrated how readily peeple can learn spatial infor-
mation from relatively impoverished sources, and how people use schemata
to organize their mental representations of space. It also showed tha
real-world spatial cognition can be effectively studied using environmental
simulations, though questions remained about aspects of the simulations
that might not simulate direct experience accurately. In particular, these ear-
lier simulations generally lacked whole-body movement, active control of
simulated locomotion, and a full fisld-of-view. As discussed above, those as-
pects may have implications for the acquisition of survey knowledge, The
shortcomings of earlier simulations are overcome o a large degree by fea-
tures thal VEs offer: interactivity, and in some systems, immersion and
whole-body movement. By allowing users to interact in real time with an en-
vironment that apparently surrounds them, some investigators have
claimed that VEs have the potential to be more effective than previous simu-
lated environments, both at enabling people o learn about spaces and in en-
abling researchers to understand human spatial cognition In the real world
(see, for example, Loomis, Blascovich, & Beall, 199%: Wilann, 1997},

There is now ample evidence that people are capable of acquiring route
knowledge from experience in VEs. For example, Ruddle, Payne, & Jones
(1997} examined people’s spatial representations formed from desktop VEs
by replicating Thorndyke and Haves-Roth's (1982) classic stud v, Buddle et
al- had participants learn the layout of the same floorplan as in Thorndvke
and Haves-Roth's original study. After nine daily learning trials, partici-
pants showed similar levels of distance estimation, pointing, and naviga-
tion abifity as did participants who navigated the real-world building in
Thorndyke and Hayes-Roth's original study, Ruddle et al. concluded that,
given sufficient experience, people are able to learn the spatial characteris-
tics of a VE in much the same way that they learn from the real world, Simi-
lar research by other investigators has reached the same conclusions,
especially with respect to the use of VEs to acquire route knowledge (Bliss,
Tidwell, & Guest, 1997; Waller; Knapp, & Hunt, 2001; Witmer, Bailey, Knerr,
& Parsons, 1996,

The degree to which VEs enable users to acquire survey knowledge is
currently less clear. From a theoretical point of view, there are several rea-
sons to believe that people may have difficulty acquiring survey knowl-
edge by navigating in VEs. In the first place, manv people have difficulty
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acquiring survey knowledge in the real world, For VEs that attempt to sim-
ulate the real-world faithfully, one would expect that survey kn owledge ac-
quisition from a VE would be at leas as effortful and lime consuming as in
the real-world. As we have seen, the acquisition of survev knowledge is
tepically considered to require the learner s attention. We have also argued
that VEs, inasmuch as they are simulations of environments, demand fewer
conscious cognilive resources to interpret them. Perhaps it is because VEs
elicit relatively little conscious effortin their inlerpretation that they do not
lend themselves to acquiring survey knowledge. Moreover, VEs can place
additional demands on users that are not present in the real world that may
make acquiring survey knowledge even more difficult. For example, many
of today’s VE interfaces are arbitrary or unintuitive (e.g,, clicking a mouse
tomove forward), and require a navigator to enlist conscious cognitive re-
sources in order to use them. The effort required to use a VEs interface will
thus likely detract from the acquisition of survey knowledge (see Waller,
20000 Additionally, we have seen that survey knowledge acquisition may
require a wide field-of-view. Yet current VE systems do not typically offer
very wide fields-of-view because they are computationally expensive. If
survey knowledge acquisition is indeed facilitated through stimulation of
one's peripheral vision, then current YE svstems may make survey knowl-
edge acquisition more difficult than it is in the real world. And as we re-
viewed above, the lack of whole-body movement, particularly body
rotations, found in many VE systems, may impede the acquisition of direc-
tional knowledge. In this regard, even systems that respond to head rata-
tions may be-a considerable improvement aver systems thal utilize only a
kevboard or jovistick.

Dlespite the potential difficultics that VEs may have in enabling the ac-
quisition of survey knowledge, a handful of studies have suggested that it
is possible, especially when the spaces depicted are relatively small or sim-
ple in layout (Colle & Reid, 2000; Richardson ¢ al., 1999 Rossano et al,,
19 Walleretal,, 2000 Witmer, Sadowski, & Finkelstein, 2002). For exam-
ple, the study by Bichardson etal, (1999, discussed above, included a third
group of participants who learned the two-storied building from a desktop
VE, in addition to the map and walk groups. Participants did not differ in
either their distance- or pointing-estimation accuracy within the same
floar, suggesting that similar ty pes of spatial knowledge had been acquired
among the groups, However, VE learners performed the worst on direction
and distance estimates that required an integrated understanding of the
two floors. Sketch maps by these participants suggested that they fared
much worse than the other two groups in reconciling the relative vertical
orientations of the two floors because they were confused about the body
rotations they todk while “climbing” the virtual stairs between the floors,
This points to the special difficulty of combining separate “pieces” of envi-
ronments into an integrated representation, as suggested for decades by
theary and data on the acquisition of spatial knowledge (Montello & Pick,
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1993; Siegel and White, 1975), particularly in desktop systems when poople
do not actually turn their bodies during "locomotion.” Such pieces might
be separate floors, as in the example, or rooms, neighborhoads, route seg-
ments, and so on. Colle and Reid (2000 also demonstrated the difficulty
people have learning configural relationships among multiple rooms in a
desktop VE,

SUMMARY AND CONCLUSIONS

Knowledge of spatial relations in the environment is acquired and stored in
memory for later retrieval and use. Memory representations are based on
direct sensorimotor experience in environments but also on indirect
sources such as maps, language, and virtual displays. It is both interesting
and practically useful to ask how spatial memory based on different
sources is similar and how itis different. To begin, sources af spatial knowl-
edge present information differently. Directly experienced environments
may be sensed through vision, audition, proprioception, or other senses to
lesser extents. They may be viewed statically or dynamically during loco-
motion, and they may be experienced with or withoul the aid of machines
like cars or planes. Likewise, maps vary inscale, whether they are reference
or thematic maps, degree of schematicity, dimensionality, perspective and
projection, and other ways, Virtual environments also take a varioty of
forms; includin g desktop, au gmented, and immersive swvstems. These vari-
ationis lead to characteristic differences in at least the content of mermaory
based on different sources, because they provide different information for
encoding into memory,

Especially noteworthy is the fact that different sources involve bady
movement in different ways and to different degrees. Sources that depend
on whole-body locomotion provide propricceptive and efferent informa-
tion and take advantage of updating systems that allow mobile organisms
to integrate movement information so as to maintain orientation. While
several studies point to the role of body movement in spatial-knowledge
acquisition, an important recent study sugzest limits to the role of vestibu-
lar sensing at environmental scales, Ongoing research in a variety of labs
will undoubtedly help clarify this in the near future. .

Although the sources certainly Jead to characteristic differences in the
content of memory, it is not clear that they affect memaory structures and
processes more fundamentally beyond that, Two issues have been central
to the question of whether memory structures and processes vary with spa-
hal knowledge sources. The first concerns orientation specificity, whether
spatial memaory representations are stored and accessed preferentially ina
particular orientation, usually the orientation from which a spatial layout
was viewed during learning. Given the total ity of the data, the most plausi-
ble hypothesis is that spatial memory, whether derived from maps, VEs, or
direct experience; and whether it represents large or small spaces. is stored
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witha preferred origntation. This is particularly evident when one includes
measures of response time as well as measures of response error, Most con-
lemparary research finds little support for the notion that the medium
through which spatial information is learned affects the orientation speci-
mn:.ﬂ af MEMmory, .,_.:..__.:..H_T some evidence remains thal body movement and
spatial memory may not interact in exactly the same way for spaces of all
stzes. The preferred orientation observed is typically that of the viewer's
perspective during learning, suggesting that spatial memory is commonly
stored by means of an egocentric (viewpoint-dependent) reference system,
Cther work has shown that the structure of the environment {Shelton &
MeNamara, 2001; Werner & Schmidt, 1999 and the structure of the learned
spatial layout itself (Mou & MclNamara, 2002) can affect the reference sys.
tems used o stare spatial relationships, An intriguing possibility for future
research is that speakers of languages without egocentric spatial terms
might think about space in fundamentally different wavs (Levinson, 1996)
and would nat show egacentric orientation specificity,

Asecond issue central to the question of whether memory structures and
processes vary with spatial knowledge sources concerns the distinction be-
tween ronte and surtey knowledge, Route knowledge is conceived to be
more one-dimensional, less quantitative, and less flexibly accessible; sur-
vey knowledge is the opposite. In fact it 15 difficult to evaluate the validity
of the route-survey distinction, and whether sources lead differentially to
one or the other, insofar as the concepis have nol been clearly and consis-
tently defined in the literature, Conceptual and empirical arguments
clearly support the special ability of maps to support the formation of sur-
vey knowledge, particularly over brief time periods of minutes or hours, Al
the same time, maps do not facilitate the acquisition of route knowledge the
way direct travel does {albeit as reflected in a person’s abilily to follow
routes in the real warld), Evidence also supparts the acquisition of survey
knowledge from directand virtual experience, and suggests the likely roles
af famil iarity, field-of-view, and attentional allocation in facilitating its ac-
quisition. The precise nature of survey knowledge from direct and virtual
experiences is not the same as that from maps, however, and imdividuals
appear to differ greatly in their abilities to acquire survey konowledge
[Hegarty, Montello, Richardson, & Ishikawa, 2000, These too are issues for
angoeing and future regearch.

We restricled our focus in this chapter to the sources of direct experience,
maps, and virtual environments. As mentioned above in the section on
roufe and survey #:_...._.,iaamﬂ research on spatial memory has been com-
ducted on g variely of indirect sources besides maps and VEs, including
still phatographs (Allen, Siegel, & Rosinski, 19758, Hock & Schmelzkopf,
1980 Moar & Carleton, 1982}, scale models (Allen et al., 199; Hunt & Raoll,

19570, and videos and movies {Goldin & Thomdyvke, 1982; Hooper, 1951}
Language in particular is an important source for spatial learning about
which researchers are quite interested (Bloom, Peterson, Wadel, & Garrett,
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1996). Language generally preseits spatial information much more ab-
stractly than do direct experience or virtual environments, and even maps
present most spatial information fairly iconically, ;
. E:m:ﬁ it must be stressed that spatial :._E.:_..._J, from different sources is
similar in many ways (for reviews, see McNamara, 1992- Tversky, 1997,
2000, Whatever its source, spatial knowledge stored in memory reveals
bath random and nonrandom patterns of error and distortion. ._.n:u.. mea-
sure of spatial knowledge will reflect error because of simple ignorance
abaut the spatial facts in question. Tn addition, spatial memory is schenatic,
Shapes become more symmetric and regular over time, remembered as be-
ing mare like familiar or typical shapes, Turns and angles are remembered
as being straighter or mare nearly like right angles, an orthogonality bias that
holds for map-learned and directly experienced spatial knowledge
(Sadalla & Montelln, 1989; Tversky, 1981), and, we can assume, virtu-
ally-acquired knowledge. Regionalization effects, the subjective partitioning
of environmental knowledge into pieces, characterize all sources too (Allen
etal., 1978; Franklin, Henkel, & Zangas, 1995; Gale & Golledge, 1982; Hirtle
& Mascolo, 1988). Furthermare, the factis that s patial me MOry is aften, per-
haps usually, based on multiple learning sources (Tversky, 16931, How
multiple sources are integrated, or otherwise reconciled, is a critical issue
that has been researched only a little (e.g., Ruddle, Payne, & Jones, 1999:
Taylor & Tversky, 1992). Taken further, the interaction of different sources
may be reflected in ways that experience with one source can change the
way knowledge from other spurces is encoded and stored. A recent and in-
triguing case in point is discussed by Uttal (2000, who proposes that train-
ing and experience in the use of maps changes the way spatial knowledie
acquired from direct experience is conceptualized and stored in memory.
Similarly, we can also ask how the increasing use of videogames and more
sophisticated virtual environments will change the way people think abaut
and remember space and place. An intriguing possibility is that the “super-
natural” capabilities of VEs (instantaneously transporting people, Zopming
inand outof different scales, ete.) might be used to enhance spatial learning
in new ways (Darken & Sibert, 1996; Pausch, Burnette, Brockway, &
Weiblen, 1995; Ruddle, Howes, Pavne, & Jones, 2000). ~
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