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The Role of Global and Local Landmarks in

Virtual Environment Navigation

Abstract. In visual navigation, landmarks can be used in a number of di�erent ways. In this

paper we investigate the role of global and local landmarks in virtual environment navigation.

We performed an experiment in a virtual environment called \Hexatown". Hexatown consists of

a regular hexagonal grid of junctions joined together by streets. At each junction there are three

buildings, or other objects. Additionally, we provide global direction or compass information

by three distant \global landmarks" (a hilltop and a television tower at a mountain range, and

a skyline of a distant city). Participants navigated in Hexatown by pressing the buttons of a

computer mouse. According to their movement decisions, egomotion was simulated. Participants

had to learn the route back and forth between two speci�c buildings. In the test-phase individual

junctions were approached and the participants' movement decision was recorded. We performed

two experiments with the same task but di�erent paradigms. In the �rst experiment we used

con
icting cues by transposing one landmark type after learning. In the second experiment we

reduced either the local or the global landmark information after training. Results show that

both local and global landmarks are used in the decisions for the way-�nding task. Di�erent

participants rely on di�erent strategies to make navigation decisions. In the �rst experiment

(cue con
ict), some of the participants used only local landmarks while others relied exclusively

on global landmarks. Still other participants used local landmarks at one location and global

landmarks at the other location. When removing one landmark type in the second experiment,

the other type could be used by almost all participants.

1 Introduction

In visual navigation, landmarks can be used

in a number of di�erent ways. Distant land-

marks visible from a large area (\global land-

marks") de�ne world{centered directions that

do not change with small movements of the

observer. A distant mountain, for instance,

can be used to travel a straight line, e.g., fol-

lowing the instruction \keep the mountain to

your right". Global landmarks therefore re-

semble a compass. In contrast, \local land-

marks" are visible only from a small distance.

An alternative classi�cation of landmarks

follows their respective functions (see O'Keefe

and Nadel, 1978; Trullier, Wiener, Berthoz,

and Meyer, 1997). In guidance, movements

of the observer keep landmark bearings con-

stant or have them change in certain ways.

Examples include the approach of a landmark

(beacon) or the approach of a location in open

space characterized by a con�guration of land-

marks. In direction or recognition{triggered

response, a landmark is recognized and an as-

sociated movement direction is retrieved from

memory. If responses are triggered by the

recognition of places (Poucet, 1993), indepen-

dent information about the observer's body

orientation is required in order to specify the

next movement direction. This is due to the

fact that the recognition of places is, by de�ni-

tion, independent of the observer's orientation

or viewing direction. Thus, the observer could

remember instructions such as \walk north (or

towards the distant mountain) when arriving

at Central Square". If, however, movement

is triggered by the recognition of views rather

than places (\view{recognition{triggered re-

sponse"), no additional compass information
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is required. Movements can be speci�ed with

respect to the current observer orientation,

which is implied by the recognized view. In

this case, the observer remembers something

like \go left when facing city hall". In honey{

bees, Collett and Baron (1995) have shown

that movement decisions can be triggered by

recognition of particular views. Associations

of views and movements are also the basic

element of the view{graph theory of spatial

memory presented by Sch�olkopf and Mallot

(1995). Gillner and Mallot (1998) presented

evidence for recognition triggered responses in

humans exploring a virtual environment.

One way to address the question of view{

triggered vs. place{triggered responses is to

look for the additional compass informa-

tion that would be required in place{based

schemes, but not in view{based schemes. Put

di�erently, view{based schemes predict that

global landmarks should be of minor relevance

for maze navigation whereas in place{based

schemes, one would expect global landmarks

to play a crucial role as a compass. In this

paper we present two experiments address-

ing the role of local and global landmarks

in a way{�nding task in a virtual maze{like

environment.1

Two di�erent paradigms were used in the

experiments. In experiment I, a cue con
ict

was generated between local and global land-

marks. In the training phase, a standard

con�guration of landmarks (both local and

global) was learned. The relation of global

and local landmarks could then be changed

in the test phase of the experiment to gen-

erate con
ict. The tasks were designed such

that the use of local and global landmarks

in the con
ict condition led to opposite pre-

dictions about the expected movement deci-

1Way{�nding tasks are sometimes referred to
as \navigation in large scale environments" (e.g.,
Kuipers, 1978). However, the relevant distinction
seems to be not between small and large scale, but
between open and composed environments, i.e., envi-
ronments where the goal is visible from the start and
those where the goal is visible only from one compart-
ment. We use the term way{�nding to refer to nav-
igation in composed environments (cf. Trullier et al.
1997).

sions. In experiment II, we used a con
ict{free

paradigm where landmark information in the

test phase was restricted to either the local or

the global type. This was achieved without

conspicuous changes in the environment by

di�erent simulated lighting conditions. E.g.,

in a \night" condition, only the local land-

marks were illuminated by a spotlight moving

along with the observer. In a \dawn" condi-

tion, only the silhouette of a distant mountain

range and skyline were visible by back illumi-

nation.

Both experiments were carried out in a

virtual environment (VE) using a 180� pro-

jection screen (Veen, Distler, Braun, and

B�ultho� 1998). The main reason for using

this technology is the high level of control

of all experimental parameters. In particular

the exchange or manipulation of landmarks

and lighting conditions would hardly be pos-

sible in �eld studies. Furthermore, the move-

ments of the observer are easily recorded in

VE{experiments. In our experiments, sen-

sory information was restricted to the visual

modality; i.e., no vestibular or proprioceptive

information about body movements were pre-

sented. This allows to study landmark nav-

igation in isolation. For a review of advan-

tages and drawbacks of virtual environments

for investigating human spatial cognition, see

P�eruch and Gaunet (1998). Landmark nav-

igation in composed environments has been

studied e.g., by Tlauka and Wilson (1994),

who showed that local landmarks can be used

in a simulated indoor environment. Aginsky,

Harris, Rensink, and Beusmans (1997) ma-

nipulated landmarks in a route learning task,

in order to investigate the relation between

route and map knowledge. The authors found

examples of each knowledge type within dif-

ferent participants in the same experimental

group. Elements of route and map knowl-

edge have been shown to be present in in-

dividual participants by Gillner and Mallot

(1998). Participants who used stereotyped

recognition{triggered responses (i.e., a part of

route memory) were at the same time able

to draw survey maps of the explored environ-
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hypotheses expected results

con
ict recognized decisions

H1 local strategy no according to local LM

H2 global strategy no according to global LM

H3 alternating strategies no some local and some global

H4 combined strategy yes {

Table 1: Hypotheses and expected results in the cue con
ict experiment.

ment. Brain activity related to landmark in-

formation obtained from virtual environments

has been demonstrated by Maguire, Frith,

Burgess, Donnett, and O'Keefe (1998).

The transfer of knowledge obtained in a vir-

tual environment to the real world has been

studied by Witmer, Bailey, Knerr, and Par-

sons (1996). They found that training in VE

is comparable to training in the actual envi-

ronment, if a su�cient degree of realism is

provided. This �nding was con�rmed and ex-

tended by Waller, Hunt, and Knapp (1998)

who even noticed that training in VE can

be superior to real world training. Ruddle,

Payne, and Jones (1997), replicated a real{

world study on the estimation of distance and

directions in indoor environments �rst per-

formed by Thorndyke and Hayes-Roth (1982).

The results of the VE study were in good

agreement with those performed in real build-

ings. Similarly, Distler, Veen, Braun, Heinz,

Franz, and B�ultho� (1998) found no signi�-

cant di�erence for the accuracy of orientation

judgments in real and virtual environments.

In summary, virtual environments seem to

be a valid tool for navigation experiments.

In our experiments, the high degree of real-

ism that seems to be important is provided

by a large �eld of view (180� on a projection

screen) and a high graphical resolution.

2 Experiment I: Landmark

Transposition

2.1 Purpose

This study aims at examining the role of dif-

ferent types of landmarks in a route �nding

task. Cue con
ict was used to study various

strategies which could be used by the partici-

pants. We designed a navigation task in which

the information o�ered by the local landmarks

was in contradiction to the information pro-

vided by global landmarks. For example, a de-

cision in agreement with the local landmarks

would be a right turn, and a decision in agree-

ment with the global landmarks would be a

left turn.

Figure 1: Virtual environments lab with 180� projec-
tion screen presenting our simulation. The participant
is sitting in the center of the half cylinder formed by
the projection screen. In front of him or her is a ta-
ble with a computer mouse and a keyboard as input
devices.

Hypotheses. We assume that humans use

one of the navigation strategies summarized in

Tab. 1. Participants might rely entirely on lo-

cal landmarks (H1) or entirely on global ones

(H2). Alternatively they could use di�erent

strategies at di�erent locations, tasks or tri-

als (H3). Finally, they might use information

from both kinds of landmarks (H4) in combi-

nation. In this case we expect the con
ict to

be recognized.

If no con
ict is reported, this does not nec-
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Figure 2: a. Street map of Hexatown. \Home" and \o�ce" are the two goals. The surrounding mountains and
the skyline were projected in the direction of the center of the ground 
oor. b. Aerial view of Hexatown oriented
as in a.

a. b.

essarily mean that no con
ict was perceived

nor that the con
ict did not in
uence the deci-

sion. The data of participants who did report

con
ict were excluded from evaluation.

2.2 Method

2.2.1 Participants

A total of 32 participants (18 male and 14

female, aged 15-31) took part in the experi-

ment. All except two of participants were stu-

dents. Participation in this experiment was

voluntarily and a honorarium was payed for

participation.

2.2.2 Virtual Environment

Visualization. The experiment was carried

out using a high end graphics computer (Sili-

con Graphics Inc. ONYX2 3-pipe In�nite Re-

ality), running a C-Performer application that

we designed and programmed. The simula-

tion was displayed non-stereoscopically, with

an update rate of 36 Hz, on a half-cylindric

(7m diameter and 3.15m height) projection

screen (Fig. 1). The computer rendered three

1280�1024 pixel color-images, projected side

by side with a small overlap and corrected to

the curved surface by the projectors to form

a 3500�1000 pixel display. For an observer

seated in the center of the cylinder (eye height

1.25m), this display covers a �eld of view of

180� horizontally by 50� vertically. The �eld

of view of the observer was identical to the

�eld of view used for the image calculations. A

detailed description of the setup can be found

in Veen et al. (1998). In pilot experiments

(Geiger, Gillner, and Mallot 1997) we used

virtual environments on a monitor with a 60�

�eld of view to examine the role of global and

local landmarks in route �nding tasks. The

performance of the participants in this setup

was less than optimal (85:9% correct decisions

in the control condition). With a bigger �eld

of view it is also possible to use three con-

spicuous global landmarks one of which would

be visible all the time. In the small �eld

of view experiment, six landmarks had to be

used which were sometimes confused by the

participants.

Scenery. The model of the environment

was generated using MultiGen 3-D model-

ing software. The environment consists of

an octagonal ground plane surrounded by a


at background showing irregular mountain

ranges and a city skyline. The hilltop, televi-

sion tower and city skyline are \global land-

marks". The buildings were constructed using

Medit 3-D modeling software. A schematic
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Figure 3: Velocity pro�les of the simulated self motion, a translation and b rotation.

a. b.

map of the town is shown in Fig. 2a. The

aerial view (Fig. 2b) was not shown to the

participants. The virtual environment (called

\Hexatown", see Gillner and Mallot, 1998)

consists of a hexagonal raster with a distance

of 100 meters between adjacent junctions. A

junction is built of three adjoining streets.

The streets formed 120�{corners. In each cor-

ner an object (buildings, gas station, etc.) is

placed. Streets at the ends of the raster were

modeled as dead ends with barriers 50 meters

from the junction. A circular hedge or row

of trees was placed around each junction with

an opening for each of the three streets (or

dead ends) connected to that junction. This

hedge looked the same for all junctions and

prevented participants from seeing the objects

at distant junctions. We used hills between

places to block the views of buildings on adja-

cent places. The objects at the junctions are

called \local landmarks", as they are only visi-

ble at a single junction. The hexagonal layout

was chosen to make all junctions look alike, so

that when approaching a junction, one cannot

infer the approach direction from the geomet-

rical layout. Another important advantage of

these Y-junctions is that they represent bi-

nary decision points. This feature was used

in the con
ict condition of the experiment.

In the con
ict condition we introduced a

cue con
ict by rotating the spatial position of

each building at one junction either clockwise

or counterclockwise by 120�. After transpo-

sition, the movement decisions in agreement

with the local landmark contradict the deci-

sions with the global landmarks, e.g., a left

turn based on the local information and a

right turn based on the global information.

In the experiment participants had to learn

the route connecting two goals (\home" and

\o�ce"). From now on we will refer to the

route between \home" and \o�ce" as \main

route" (shown as a bold line in Fig. 2a). The

roads leading to the main route will be called

\side streets". Note that in the actual simu-

lation all roads have the same width (6.5 me-

ters).

Interaction. Participants could navigate

through Hexatown using the di�erent buttons

of the computer mouse. They were allowed

to move along the streets and to make turns

at the junctions. This simple motion model

was used to help keep participants' atten-

tion on the navigation task. The translation

movement was initiated by hitting the middle

mouse button and was then carried out with

a prede�ned velocity pro�le (Fig. 3a) with-

out further possibilities for the participant to

interact. The translation between two adja-

cent junctions took 16 seconds with a fast

acceleration to the maximum speed of 9 me-

ters per second and a slow deceleration. The

translation movement ended at the next junc-

tion, in front of the object facing the incom-
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Figure 4: Transposition condition in Expt. I. Each row shows the three pictures projected on the 180� screen.
the discontinuity between the pictures was resolved by overlapping projection on the screen. Top row: Learning
and control condition, no con
ict: local (house) and global landmarks (skyline) are in standard combination.
Bottom row: Con
ict condition, local and global landmarks contradict.

ing street. At the junctions, 60� turns could

be performed by pressing the left or right

mouse button. The simulated turn movement

was \ballistic", following a prede�ned velocity

pro�le (Fig. 3 b). Turns took 4 seconds, with

a maximum speed of 30� per second and sym-

metric acceleration and deceleration phases.

The smooth pro�les for translation and rota-

tion were chosen to prevent participants from

getting simulator sick.

2.2.3 Procedure

Participants were run through the experi-

ment individually. The experiment had three

di�erent phases: two training phases and a

test phase. In the �rst training phase the

participants' task was to learn the way back

and fourth between the \home" and the \of-

�ce" (Fig. 2a) until they completed this route

without mistake. In the second training phase

they had to �nd a goal (\home" or \o�ce")

from di�erent starting points. In the test

phase participants were asked to indicate the

�rst turn decision required to go from their

current release point to the goal. Before each

trial a picture of the goal was shown. By

pressing the space bar of a computer key-

board, the goal presentation was terminated

and participants were positioned at the cur-

rent starting position. During the entire ex-

periment the participants had the possibility

to expose a small picture of the current goal

in the bottom left corner of the middle screen

by pressing a special button.

Training phase I. At the start of the ex-

periment, participants were released at the

\home" building in the orientation towards

that building. Participants explored Hexa-

town to �nd the \o�ce". When they had

reached their goal, a message was displayed,

indicating whether they had used the short-

est path or not. From the \o�ce" they had to

�nd the shortest way back to the \home" and

so on. When they reached location C (Fig. 2a)

the �rst time, after completing one way with-

out mistakes, they had to do an orientation

task once. The training was �nished when

they would go back and forth between \home"

and \o�ce" without mistakes.

Orientation Task. The orientation task

was included to made sure that the partici-
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task number 1 2 3 4 5 6 7 8

location A A A A A A A A

goal home home home home o�ce o�ce o�ce o�ce

approach main main side side main main side side

transposition = x = x = x = x

expected results

local LM R R L L L L R R

global LM R L L R L R R L

task number 9 10 11 12 13 14 15 16

location B B B B B B B B

goal home home home home o�ce o�ce o�ce o�ce

approach main main side side main main side side

transposition = x = x = x = x

expected results

local LM L L R R R R L L

global LM L R R L R L L R

Table 2: Di�erent conditions for training II and the test phase. The transposition condition (\=": control; 'x':
con
ict) was varied only in the test phase. (\L" = left turn, \R": right turn).

pant did take notice of both types of land-

mark. At location C (Fig. 2a) participants

were asked to orient themselves towards one

of four landmarks by continuously turning the

simulated environment. They had to do this

task for two local landmarks, \home" and \of-

�ce", and for two global landmarks, skyline

(see Fig. 4 top row, right picture) and TV-

tower.

Training phase II. The training phase II

served as a preparation for the test task. Par-

ticipants were transported to one of two loca-

tions (marked A, B in Fig. 2 a) and had to

�nd the goal (\home" or \o�ce") which had

been presented previously as a picture. They

had to perform this task 8 times with di�er-

ent conditions. We used two approach direc-

tions from the \main route" and from a \side

street". In the \main route" condition, partic-

ipants approached the decision location along

the main route (connection between \home"

and \o�ce"). In the \side street" condition,

participants were transported from a side-

way street to A or B. By choosing intermedi-

ate starting positions we ensured that partici-

pants could not use path integration or strate-

gies like memorizing decision sequences (e.g.,

left-right-right). We varied starting location,

goal, and approach direction, leading to a to-

tal of 8 tasks (Tab. 2). The transposition con-

dition was not varied in the second training

phase. The sequence of tasks was 5, 11, 7, 9,

15, 1, 13, 3 (non-con
ict tasks). During the

fourth task (task number 9) the orientation

task was inserted (see above).

Test Phase. We used two types of condi-

tions in the test phase: a control condition

which was used for measuring participants

performance, and a con
ict condition used to

�nd preferred strategies. This phase consisted

of 16 trials as listed in Tab. 2. In each trial

the participants were transported to a junc-

tion where they had to make a turning de-

cision. Their decision was recorded and the

trial was terminated to avoid feedback. The

two transposition conditions were a \control"

condition which was the same as in the train-

ing phase, and a \con
ict" condition. Con-


ict was produced by transposition of objects

such that the global and local landmarks pre-

dicted di�erent movement decisions (bottom

row of Fig. 4). For example, if the decision in

7



a
g
reem

en
t
w
ith

th
e
lo
ca
l
la
n
d
m
a
rk
s
w
o
u
ld

b
e

a
rig

h
t
tu
rn
,
th
e
d
ecisio

n
in

a
g
reem

en
t
w
ith

th
e
g
lo
b
a
l
la
n
d
m
a
rk
s
w
o
u
ld

b
e
a
left

tu
rn
.

T
h
e
g
ro
u
p
o
f
p
a
rticip

a
n
ts

w
a
s
d
iv
id
ed

in
to

tw
o
su
b
g
ro
u
p
s
fo
r
w
h
ich

th
e
seq

u
en
ce

o
f
ta
sk
s

w
a
s
rev

ersed
.
T
h
e
seq

u
en
ce

o
f
ta
sk

n
u
m
b
ers

fo
r
th
e
�
rst

su
b
g
ro
u
p
w
a
s
9
,
6
,
1
2
,
1
3
,
1
0
,
7
,

1
,
1
4
,
3
,
5
,
4
,
1
5
,
1
1
,
8
,
2
,
1
6
(T
a
b
.
4
).

F
o
r
ea
ch

p
a
rticip

a
n
t
th
e
tra

in
in
g
a
n
d
th
e

test
p
h
a
ses

to
o
k

a
to
ta
l
o
f
a
p
p
rox

im
a
tely

1
h
o
u
r.

A
fter

th
e
b
eh
a
v
io
ra
l
ta
sk

p
a
rtici-

p
a
n
ts

h
a
d
to

�
ll
o
u
t
a
q
u
estio

n
n
a
ire

o
n
th
e

n
a
v
ig
a
tio

n
stra

teg
ies

th
ey

u
sed

a
n
d
a
n
y
th
in
g

th
ey

m
ig
h
t
h
a
v
e
n
o
ticed

d
u
rin

g
th
e
ex
p
eri-

m
en
t.

T
h
e
tra

n
sp
o
sitio

n
w
a
s
n
o
t
ex
p
licitly

m
en
tio

n
ed

in
th
e
q
u
estio

n
n
a
ire.

2
.3

R
e
su
lts

 
 

0 20 40 60 80

100

Decisions[%]

 
 

 
 

 
 

 

correct (local = global)

false

local

global

C
on

trol
C

on
flict

F
ig
u
re

5
:
R
esu

lts
o
f
E
x
p
t.

I
a
v
era

g
ed

o
v
er

th
e
p
a
r-

ticip
a
n
ts

n
o
t
reco

g
n
izin

g
th
e
co
n


ict

(N
=
2
0
).

L
e
f
t

p
a
r
t
:
co
n
tro

l
co
n
d
itio

n
sh
o
w
in
g
p
a
rticip

a
n
ts

p
erfo

r-
m
a
n
ce.

R
ig
h
t
p
a
r
t
:
co
n


ict

co
n
d
itio

n
.

T
h
e
th
ird

co
lu
m
n
sh
o
w
s
d
ecisio

n
s
in

a
g
reem

en
t
w
ith

th
e
lo
ca
l

la
n
d
m
a
rk
s
a
n
d
th
e
fo
rth

co
lu
m
n
th
o
se

in
a
g
reem

en
t

w
ith

th
e
g
lo
b
a
l
o
n
es.

E
rro

r
b
a
rs

rep
resen

t
o
n
e
sta

n
-

d
a
rd

erro
r
o
f
th
e
m
ea
n
.

T
w
elv

e
o
u
t
o
f
3
2
p
a
rticip

a
n
ts

(3
7
.5
%
)
re-

p
o
rted

a
co
n


ict

in
th
e
test

p
h
a
se.

T
h
ere

w
a
s

n
o
sig

n
i�
ca
n
t
d
i�
eren

ce
in

th
e
p
erfo

rm
a
n
ce

b
etw

een
p
a
rticip

a
n
ts

w
h
o
rep

o
rted

co
n


ict

a
n
d

th
o
se

w
h
o
d
id

n
o
t.

T
h
is

w
a
s
sh
ow

n

w
ith

a
5
-w
ay

a
n
a
ly
sis

o
f
v
a
ria

n
ce

(A
N
O
V
A
,

2
reco

g
n
itio

n
sta

tes
�

2
seq

u
en
ces

�
2
g
o
a
ls

�
2
lo
ca
tio

n
s
�

2
a
p
p
ro
a
ch

d
irectio

n
s)

o
f

th
e
co
rrect

d
ecisio

n
s
in

th
e
co
n
tro

l
co
n
d
itio

n

(F
(1
;2
8
)
=

2
:0
6
,
p
=

0
:1
6
3
).

T
h
e
p
erfo

r-

m
a
n
ce

o
f
th
e
p
a
rticip

a
n
ts

w
a
s
v
ery

g
o
o
d
.
In

th
e
co
n
tro

l
co
n
d
itio

n
th
e
p
erfo

rm
a
n
ce

o
f
3
0

o
u
t
o
f
3
2
p
a
rticip

a
n
ts
w
a
s
sig

n
i�
ca
n
tly

a
b
o
v
e

ch
a
n
ce

lev
el

(7
o
r
8
co
rrect

d
ecisio

n
in

a
to
-

ta
l
o
f
8
,
p
<

0
:0
4
�
).

W
e
restricted

o
u
r
a
n
a
l-

y
sis

to
th
e
d
a
ta

o
f
th
e
2
0
p
a
rticip

a
n
ts

w
h
o

d
id
n
o
t
rep

o
rt
th
e
co
n


ict.

T
h
ese

p
a
rticip

a
n
ts

a
re

m
o
re

lik
ely

to
u
se

g
lo
b
a
l
a
n
d
lo
ca
l
la
n
d
-

m
a
rk
s
in
d
ep
en
d
en
tly.

F
ro
m

th
e
test

p
h
a
se

w
e

g
o
t
tw
o
ty
p
es

o
f
b
eh
av
io
ra
l
a
n
sw
ers.

In
th
e

co
n
tro

l
co
n
d
itio

n
th
e
p
erfo

rm
a
n
ce

o
f
th
e
p
a
r-

ticip
a
n
ts
w
a
s
m
ea
su
red

(m
ea
su
rem

en
t
=
erro

r

ra
te)

w
h
erea

s
in
th
e
co
n


ict

co
n
d
itio

n
th
e
p
re-

ferred
la
n
d
m
a
rk

ty
p
e
w
a
s
a
ssessed

(F
ig
.
5
).

T
h
e
erro

r
b
a
rs

rep
resen

t
o
n
e
sta

n
d
a
rd

erro
r

o
f
th
e
m
ea
n
.
If
o
n
ly

lo
ca
l
la
n
d
m
a
rk

in
fo
rm

a
-

tio
n
w
ere

u
sed

,
th
e
n
u
m
b
er

o
f
co
rrect

d
eci-

sio
n
s
in
th
e
co
n
tro

l
co
n
d
itio

n
w
o
u
ld
h
av
e
b
een

th
e
sa
m
e
a
s
th
e
n
u
m
b
er

o
f
d
ecisio

n
s
in

a
g
ree-

m
en
t
w
ith

th
e
lo
ca
l
la
n
d
m
a
rk
s
in

th
e
co
n


ict

co
n
d
itio

n
;
th
is
is
clea

rly
n
o
t
th
e
ca
se

(�
2
=

5
2
8
:5
;df

=
1
;p

<
0
:0
0
0
5
�
�
�
).

If
o
n
ly

g
lo
b
a
l

la
n
d
m
a
rk

in
fo
rm

a
tio

n
w
ere

u
sed

,
th
e
n
u
m
b
er

o
f
co
rrect

d
ecisio

n
s
w
o
u
ld

h
a
v
e
b
een

th
e
sa
m
e

a
s
th
e
n
u
m
b
er

o
f
d
ecisio

n
s
in

a
g
reem

en
t
w
ith

th
e
g
lo
b
a
l
la
n
d
m
a
rk
s;
th
is
is
a
lso

n
o
t
th
e
ca
se

(�
2
=
6
6
2
:3
;df

=
1
;p

<
0
:0
0
0
5
�
�
�
).
W
e
co
n
-

clu
d
e
th
a
t
b
o
th

ty
p
es

o
f
la
n
d
m
a
rk
s
w
ere

u
sed

in
th
e
ta
sk
.

T
h
e
resu

lts
in
th
e
co
n


ict

co
n
d
itio

n
(F
ig
.
5
)

a
re

n
o
t
d
u
e
to

ra
n
d
o
m
d
ecisio

n
s.
F
ig
.
6
sh
ow

s

th
e
u
se

o
f
d
i�
eren

t
la
n
d
m
a
rk

ty
p
es

fo
r
d
if-

feren
t
g
o
a
ls

a
n
d
a
t
d
i�
eren

t
ju
n
ctio

n
s.

F
o
r

th
e
\
h
o
m
e"

g
o
a
l
6
0
:0
%
�
5
:5
%

o
f
th
e
m
ov
e-

m
en
t
d
ecisio

n
s
w
ere

in
a
g
reem

en
t
w
ith

th
e

g
lo
b
a
l
la
n
d
m
a
rk
s
a
n
d

fo
r
th
e
\
o
�
ce"

g
o
a
l

6
5
:0
%
�
5
:4
%

o
f
th
e
d
ecisio

n
s
w
ere

b
a
sed

o
n

lo
ca
l
la
n
d
m
a
rk
s.
A
t
lo
ca
tio

n
A
6
6
:3
%
�
5
:3
%

o
f
th
e
d
ecisio

n
s
w
ere

in
a
g
reem

en
t
w
ith

g
lo
b
a
l

in
fo
rm

a
tio

n
a
n
d
a
t
lo
ca
tio

n
B
7
1
:3
%
�
5
:1
%

w
ith

lo
ca
l
in
fo
rm

a
tio

n
.

T
h
is

in
d
ica

tes
th
a
t

d
i�
eren

t
stra

teg
ies

a
re

u
sed

a
t
d
i�
eren

t
lo
-

ca
tio

n
s
(F
ig
.
6
b
)
o
r
w
h
en

p
u
rsu

in
g
d
i�
eren

t

g
o
a
ls
(F
ig
.
6
a
).

W
e
p
erfo

rm
ed

a
5
-w
ay

a
n
a
l-

y
sis

o
f
v
a
ria

n
ce

(A
N
O
V
A
,
2
g
en
d
er
�

2
se-

q
u
en
ces

�
2
g
o
a
ls
�

2
lo
ca
tio

n
s
�

2
a
p
-

p
ro
a
ch
es)

o
f
th
e
d
ecisio

n
s
in

a
g
reem

en
t
w
ith

th
e
g
lo
b
a
l
la
n
d
m
a
rk
s.

T
h
e
resu

lts
(su

m
m
a
-

8



  
0

20

40

60

80

100

D
ec

is
io

n
s[

%
]

       
lo

ca
l

gl
ob

al

lo
ca

l

gl
ob

al

"home" "office"   
0

20

40

60

80

100

D
ec

is
io

n
s[

%
]

       

lo
ca

l

gl
ob

al

lo
ca

l

gl
ob

al

Loc. A Loc. B

Figure 6: a Decisions in the con
ict condition grouped by goal (\home", \o�ce"). b Same data as in a grouped
by location (Loc. ).

a. b.

main e�ects

within subjects location goal approach direction

F (1; 16) = 19:6 F (1; 16) = 21:1 F (1; 16) = 3:56

p < 10�3
� �� p < 10�3 � �� p = 0:078

main e�ects

between subjects sequence gender

F (1; 16) = 8:048 F (1; 16) = 0:762

p = 0:012� p = 0:396

Table 3: Factors a�ecting the use of global vs. local landmarks in the con
ict condition of Expt. I. Main e�ects
of 5-way analysis of variance (ANOVA, 2 gender � 2 sequences � 2 goals � 2 locations � 2 approaches) of the
decisions in agreement with the global landmarks in the con
ict condition.

rized in Tab. 3) show signi�cant main e�ects

in the factors goal, location and sequence.

Some participants showed a clear strategy.

Tab. 4 displays the performances of the indi-

vidual participants who showed a strategy in

the con
ict condition which was signi�cantly

di�erent from chance (p < 0:04�). The �rst

group of participants in the table relies on the

local landmarks throughout. Participants of

the second group used the global landmarks

at location A and the local landmarks at lo-

cation B, and participants of the third group

preferred global information. No e�ect of gen-

der on landmark preference was found (Ta-

ble 3).

2.4 Discussion

Our main result is that both types of land-

marks are used in the decision task and dif-

ferent participants used di�erent strategies to

make the navigation decisions. Some partic-

ipants always preferred local landmarks, oth-

ers used only the global landmarks and some

alternated between global landmarks at loca-

tion A and local landmarks at location B.

In generalizing across participants these re-

sults were con�rmed (Tab. 3). A signi�cant

di�erence between the landmarks used for de-

cisions made at location A and location B was

found. Participants seem to prefer decisions in

agreement with local landmarks at location B

and global ones at location A. The preference

for local landmarks at location B could be ex-

plained by the fact that those landmarks are

more salient. The landmarks at location B,

a gas station and a tower, di�er from \nor-

mal buildings", such as houses and thus may

be more readily memorized. Moreover, at lo-

cation B, the city skyline is partly occluded

by trees and hence more di�cult to use. The
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subjects Control Con
ict

decisions in agreement with

correct false local LM global LM local LM global LM

place A place B

mia 8 0 4 0 4 0

nah 8 0 4 0 4 0

wij 8 0 4 0 4 0

hia 8 0 3 1 4 0

mes 8 0 3 1 4 0

sts 7 1 0 4 4 0

wol 8 0 0 4 4 0

grf 8 0 0 4 1 3

scs 8 0 0 4 1 3

Table 4: Performance of individual participants showing clear strategies in the con
ict condition. Upper part:
preference for local landmarks, middle part: alternating strategies used at di�erent locations, lower part: prefer-
ence for global landmarks.

local landmarks at location A are three incon-

spicuous buildings, such as the one shown in

Fig. 4. This could lead to a preference for

decisions in agreement with the global land-

marks.

We found that the goal a�ects the type of

landmarks used to make the navigation de-

cisions (as shown in Fig. 6). This could be

explained by the constellation of landmarks.

The participants associate the \home" tar-

get with the skyline of a far city, whereas

for the \o�ce" goal there is no such salient

global landmark. This could explain the pref-

erence for local landmarks when making de-

cisions regarding the \o�ce" navigation task,

and the preference for global landmarks for

the \home" goal.

Another interesting result is that more than

half of the participants did not report any

con
ict. This implies that they did not

consciously combine information about local

landmarks with information about the global

ones. Similar results were shown in scene

recognition (\change blindness", see Simons

and Levin (1997) for review).

The fact that con
ict was mostly not re-

ported, seems to indicate that the informa-

tion associated with global and local land-

mark, is stored and recalled independently of

each other. Changing the landmark con�gu-

ration in the transposition experiment seems

not to interfere with the information conveyed

by each landmark.

The sequence of tasks did not show any

e�ect within the control trials (F (28; 1) =

0:071; p = 0:793). In contrast, a weakly signif-

icant e�ect of sequence was found in the con-


ict condition. The use of strategies seems to

be not only e�ected by the goal and the loca-

tion but also by participants history, e.g., the

sequence of tasks.

We did not �nd any gender e�ects, con-

trary to the results of Waller et al. (1998).

These authors found performance di�erences

between men and women when navigating in

virtual environments, but not in a real world

condition. Waller et al. (1998) assume that

the gender di�erence is due to di�erent famil-

iarity with simulated environments. In our

experiment the interface was very simple, i.e.,

the computer mouse, which might explain the

missing gender e�ect.

The usage of di�erent strategies for the nav-

igation task leads to the question whether

landmark information not used during the

task was still stored in memory. We per-

formed a second experiment to examine this

issue as will be described in the following sec-

tion.
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Figure 7: Experiment II: di�erent lighting conditions. Top Daylight: global and local landmarks (control condi-
tion); middle Night: local landmarks only; bottom Dawn: global landmarks only (no textures).

3 Experiment II: Navigation Using

Partial Information

3.1 Purpose

We wanted to study whether landmark infor-

mation which was not used in the con
ict con-

dition of the �rst experiment was still stored

in memory. We designed a second experiment

where only part of the landmark information

was available in the test phase, i.e., local or

global landmarks only.

3.2 Method

3.2.1 Participants

A total of 36 participants (18 male and 18

female, aged 15-31) took part in the experi-

ment. All but three of them were students.

20 of these participants were the participants

who did not reported the con
ict in the �rst

experiment. The other 16 were naive partici-

pants who had no prior experience with Hex-

atown. The participation in this experiment

was voluntarily and an honorarium was payed.

3.2.2 Virtual Environment

The experiment was performed using the

same hardware, software and mouse interface

as in experiment I. We used the same scenery

as in the �rst experiment but with di�erent

lighting conditions (Fig. 7): A \control" light-

ing condition, which was identical to the train-

ing phase, included local and global informa-

tion; a \night" lighting condition (which cre-

ated the e�ect of driving with a spotlight by

night), in which only local information was

available; and a \dawn" lighting condition

where only global information was seen, dis-

played as a silhouette, composed of the moun-

11



m
a
in

e
�
e
c
ts

w
ith

in
su
b
je
c
ts

lo
ca
tio

n
g
o
a
l

a
p
p
ro
a
ch
in
g

lig
h
tin

g

F
(1
;2
8
)
=
7
:9
9

F
(1
;2
8
)
=
1
0
:5

F
(1
;2
8
)
=
2
:5
1

F
(1
;2
8
)
=
8
:8
1

p
=
0
:0
0
9
�
�

p
=
0
:0
0
3
�
�

p
=
0
:1
2
4

p
<
1
0
�
3
�
�
�

m
a
in

e
�
e
c
ts

b
e
tw
e
e
n
su
b
je
c
ts

seq
u
en
ce

g
en
d
er

fa
m
ilia

rity

F
(1
;2
8
)
=
9
:0
4

F
(1
;2
8
)
=
1
:5
0

F
(1
;2
8
)
=
1
:9
5

p
=
0
:0
0
6
�
�

p
=
0
:2
3
1

p
=
0
:1
7
4

T
a
b
le
5
:
M
a
in

e�
ects

o
f
7
-w
a
y
a
n
a
ly
sis

o
f
v
a
ria

n
ce

(A
N
O
V
A
,
2
g
en
d
er
�

2
seq

u
en
ces

�
2
fa
m
ilia

rity
�
2
g
o
a
ls
�

2
lo
ca
tio

n
s
�

2
a
p
p
ro
a
ch

d
irectio

n
s
�

3
co
n
d
itio

n
s)

o
f
d
ecisio

n
s.

ta
in
s,
th
e
city

sk
y
lin

e
a
n
d
th
e
T
V
-tow

er.
In

th
e
d
a
w
n
co
n
d
itio

n
w
e
rem

o
v
ed

th
e
lo
ca
l
la
n
d
-

m
a
rk
s
co
m
p
letely

w
h
ich

lea
d
to
m
in
o
r
ch
a
n
g
es

o
f
th
e
silh

o
u
ette.

3
.2
.3

P
r
o
c
e
d
u
r
e

P
a
rticip

a
n
ts

w
ere

tested
in
d
iv
id
u
a
lly.

T
h
e

ex
p
erim

en
t
h
a
d
th
ree

d
i�
eren

t
p
h
a
ses,

a
s
in

th
e
�
rst

ex
p
erim

en
t:
tw
o
tra

in
in
g
p
h
a
ses,

a
n
d

a
test

p
h
a
se.

T
h
e
p
a
rticip

a
n
ts'

ta
sk

w
a
s
to

lea
rn

th
e
ro
u
te

b
etw

een
\
h
o
m
e"

a
n
d
\
o
�
ce"

(F
ig
.
2
a
).

T
h
e
tra

in
in
g
p
h
a
ses

w
ere

th
e

sa
m
e
a
s
in

ex
p
erim

en
t
I.
T
h
e
ta
sk

in
th
e
test-

p
h
a
se

w
a
s
a
lso

th
e
sa
m
e:

th
e
p
a
rticip

a
n
ts

w
ere

tra
n
sp
o
rted

to
o
n
e
o
f
th
e
d
ecisio

n
p
o
in
ts

(A
o
r
B
),

w
h
ere

th
ey

h
a
d
to

m
a
k
e
a
tu
rn
-

in
g
d
ecisio

n
.
T
h
eir

d
ecisio

n
w
a
s
reco

rd
ed

a
n
d

th
e
tria

l
w
a
s
term

in
a
ted

.
T
h
e
d
i�
eren

ce
b
e-

tw
een

th
e
tw
o
ex
p
erim

en
ts

lies
in

th
e
stim

-

u
lu
s
co
n
d
itio

n
s.

In
th
is

ex
p
erim

en
t
w
e
h
a
d

n
o
tra

n
sp
o
sitio

n
co
n
d
itio

n
(co

n


ict

o
r
co
n
tro

l)

b
u
t
th
ree

lig
h
tin

g
co
n
d
itio

n
s:

\
d
a
y
"
,
\
n
ig
h
t"

a
n
d
\
d
aw

n
"
(F
ig
.
7
).

T
h
e
g
ro
u
p
o
f
p
a
rtici-

p
a
n
ts
w
a
s
d
iv
id
ed

in
tw
o
su
b
g
ro
u
p
s
fo
r
w
h
ich

th
e
seq

u
en
ce

o
f
tria

ls
w
a
s
rev

ersed
.

P
a
rticip

a
n
ts

w
h
o
h
a
d

p
rev

io
u
sly

p
a
rtici-

p
a
ted

in
E
x
p
t.
I
co
m
p
leted

th
e
tra

in
in
g
a
n
d

th
e
test

p
h
a
se

in
a
p
p
ro
x
im

a
tely

4
0
m
in
u
tes,

w
h
erea

s
it
to
o
k
th
e
n
a
iv
e
p
a
rticip

a
n
ts
a
p
p
ro
x
-

im
a
tely

o
n
e
h
o
u
r
fo
r
th
e
sa
m
e
ta
sk
.

3
.3

R
e
su
lts

W
e
m
ea
su
red

th
e
p
a
rticip

a
n
ts'

p
erfo

rm
a
n
ce

b
y

th
e
p
ercen

ta
g
e
o
f
co
rrect

tu
rn
in
g
d
eci-

sio
n
s
in

th
e
test

p
h
a
se.

T
h
e
p
erfo

rm
a
n
ce

o
f

th
e
p
a
rticip

a
n
ts

w
a
s
a
g
a
in

v
ery

g
o
o
d
.

A
v
-

era
g
ed

o
v
er

a
ll
p
a
rticip

a
n
ts

a
n
d
a
ll
lig
h
tin

g

 
 

0 20 40 60 80

100

percent correct

 
 

 
 

 
 

 
 

all information

local information only

global information only

exp
.

n
aive

exp
.

n
aive

exp
.

n
aive

d
ay

n
igh

t
d

aw
n

F
ig
u
re

8
:
R
esu

lts
o
f
E
x
p
t.
II.

C
o
rrect

d
ecisio

n
s
o
v
er

lig
h
tin

g
co
n
d
itio

n
s
(left

co
lu
m
n
s:

ex
p
erien

ced
p
a
r-

ticip
a
n
ts

(N
=
2
0
),

rig
h
t
co
lu
m
n
s
n
a
iv
e
p
a
rticip

a
n
ts

(N
=
1
6
)).

co
n
d
itio

n
s
9
0
:2
%
co
rrect

d
ecisio

n
s
w
ere

fo
u
n
d
.

T
h
ere

w
a
s
n
o
sig

n
i�
ca
n
t
d
i�
eren

ce
b
etw

een

th
e
p
a
rticip

a
n
ts

w
h
o
ru
n
b
o
th

ex
p
erim

en
ts,

a
n
d
th
o
se

w
h
o
h
a
d
n
o
p
rio

r
ex
p
erien

ce
w
ith

H
ex
a
tow

n
.
T
h
is
w
a
s
sh
ow

n
b
y
a
7
-w
ay

a
n
a
l-

y
sis

o
f
v
a
ria

n
ce

(A
N
O
V
A
,
2
g
en
d
er
�

2
se-

q
u
en
ces

�
2
fa
m
ilia

rity
�

2
g
o
a
ls
�

2
lo
ca
-

tio
n
s
�

2
a
p
p
ro
a
ch

d
irectio

n
s
�

3
lig
h
tin

g
),

see
T
a
b
.
5
.

T
h
e
resu

lt
sh
ow

s
sig

n
i�
ca
n
t
m
a
in

e�
ects

in
lo
ca
tio

n
,
g
o
a
l,
lig
h
tin

g
co
n
d
itio

n
a
n
d
se-

q
u
en
ce.

T
h
e
d
i�
eren

ce
b
etw

een
th
e
lig
h
tin

g

co
n
d
itio

n
ca
n
b
e
seen

in
F
ig
.
8
.
T
h
e
co
rrect

d
ecisio

n
s
av
era

g
ed

ov
er

a
ll
p
a
rticip

a
n
ts

w
a
s

9
6
:5
%
�
1
:9
%

fo
r
th
e
d
ay

co
n
d
itio

n
(a
ll
in
-

fo
rm

a
tio

n
),
8
6
:1
%
�
2
:0
%

fo
r
th
e
n
ig
h
t
co
n
d
i-

tio
n
(o
n
ly
lo
ca
l
in
fo
rm

a
tio

n
)
a
n
d
8
7
:9
%
�
1
:9
%

fo
r
th
e
d
aw

n
(o
n
ly

g
lo
b
a
l
in
fo
rm

a
tio

n
).

In

th
e
tw
o
co
n
d
itio

n
s
in

w
h
ich

o
n
e
ty
p
e
o
f
lo
ca
l

o
r
g
lo
b
a
l
in
fo
rm

a
tio

n
is
red

u
ced

,
th
e
p
erfo

r-

1
2



mance is still very good.

3.4 Discussion

The primary objective of this experiment was

to determine whether participants, who prefer

one landmark type or the other in the con-


ict experiment, also have knowledge about

the other type of landmark, which was not

preferred. Although there is a highly signi�-

cant di�erence between the three lighting con-

ditions, the overall performance even with re-

duced information was still very good. This

could be a result of the repeated training in

the experienced group, so we examined a sec-

ond group of participants who had no prior

knowledge about the city. There was no dif-

ference between these two groups.

We therefore conclude that both types of

landmarks are stored in memory. For the con-


ict condition of Expt. I, were some partici-

pants used clear strategies, this result means

that one landmark type was ignored.

The discussion of Expt. I applies for the

other main e�ects of location, goal and se-

quence.

4 General Discussion and

Conclusion

From the data presented in this paper, two

major conclusions can be drawn: Both lo-

cal and global landmarks are used in the de-

cisions for the way-�nding task, and di�er-

ent participants rely on di�erent strategies to

make navigation decisions. Some of the par-

ticipants used only local landmarks for deci-

sions in the navigation task, others only global

landmarks, and further participants used lo-

cal landmarks at one location and global land-

marks at the other location. Aginsky et al.

(1997) also found the usage of di�erent strate-

gies in learning a route at the same compe-

tence level. Rather than a distinction between

local and global strategies they found a dif-

ference between a more \visually" dominated

and a more \spatially" dominated strategy.

In the second experiment landmark infor-

mation was reduced by removing global or lo-

cal landmarks in the test phase. Neverthe-

less both types of landmark information were

stored in memory, which is shown by the good

performance of participants in Expt. II. Even

though some participants used just one type

of landmark in the con
ict experiment, they

were able to perform both single landmark

tasks in Expt. II.

These �ndings described for individual par-

ticipants also hold when the data from all par-

ticipants is considered together. Parts of the

decisions in the test phase were in agreement

with either landmark type. The salience of a

landmark in
uenced the response type; for ex-

ample the local strategy was preferred at the

gas station. The movement decisions based

on local landmarks and neglecting the com-

pass information provided by the global land-

marks can be interpreted as view{recognition{

triggered responses.

Other participants referred to the informa-

tion of global landmarks, independent from

their viewing direction and the local land-

marks. The global landmarks could be used

in two di�erent ways, as a compass for place{

recognition{triggered response or as a beacon.

Note that no compass is required in view{

recognition{triggered response. A beacon is

a landmark which is approached to reach a

goal, e.g. \go towards the hilltop". However,

this function of the global landmarks was not

possible in all tasks. Decisions in agreement

with the global landmarks, taken in the tri-

als where \o�ce" was the goal, can be taken

as evidence for place{recognition{triggered re-

sponse where global landmarks act as a com-

pass.

In our experiments the participants showed

more than just route knowledge (i.e., proce-

dural knowledge), they showed also map{like

knowledge. Route knowledge is information

about the sequence of actions required to fol-

low a particular route (to �nd a certain goal).

Route knowledge is built by connecting iso-

lated bits of knowledge about landmarks into

chains. Map like knowledge is more than just

a sequence of actions to follow a particular

route. Rather, at a certain decision point

one needs to know which action will lead to

13



one goal and which action to another goal.

For a discussion of route and map knowledge

see O'Keefe and Nadel (1978). In the side

street approach, the participants had to de-

cide to go either towards \home" or towards

\o�ce". The participants were able to learn

this side street approaches and we found no

di�erence between the main route approach

and the side street approach in the test phase

of Expt. I. Both �ndings indicate that more

than route knowledge, i.e., map like knowl-

edge was present.

References

Aginsky, V., Harris, C., Rensink, R., &

Beusmans, J. (1997). Two Strategies for

Learning a Route in a Driving Simulator.

Journal of Environmental Psychology, 17,

317{331.

Collett, T. S., & Baron, J. (1995). Learnt

sensori{motor mappings in honeybees: in-

terpolation and its possible relevance to

navigation. Journal of Comparative Phys-

iology A, 177, 287{298.

Distler, H. K., Veen, H. V., Braun, S. J.,

Heinz, W., Franz, M. O., & B�ultho�, H. H.

(1998). Navigation in Real and Virtual

Environments: Judging Orientation and

Distance in a Large-Scale Landscape. In

M. G�obel, J. Landauer, M. Wapler, & U.

Lang (Eds.), Virtual Environment '98:

Proceedings of the Eurographics Workshop

in Stuttgart, Germany, June 16-18, 1998.

Springer, Wien.

Geiger, S., Gillner, S., & Mallot, H. A. (1997).

Global versus local cues for route �nd-

ing in virtual environments. Perception,

26(Suppl.), 56b.

Gillner, S., & Mallot, H. A. (1998). Navigation

and Acquisition of Spatial Knowledge in a

Virtual Maze. Journal of Cognitive Neuro-

science, 10, 445{463.

Kuipers, B. (1978). Modeling spatial knowl-

edge.. Cognitive Science, 2, 129{153.

Maguire, E. A., Frith, C., Burgess, N., Don-

nett, J. G., & O'Keefe, J. (1998). Know-

ing where things are: Parahippocampal in-

volvement in encoding object locations in

virtual large-scale space.. Journal of Cog-

nitive Neuroscience, 10(1), 61{76.

O'Keefe, J., & Nadel, L. (1978). The hip-

pocampus as a cognitive map. Oxford,

England: Clarendon.

P�eruch, P., & Gaunet, F. (1998). Virtual en-

vironments as a promising tool for inves-

tigating human spatial cognition. Current

Psychology of Cognition, 17(4{5), 881{

899.

Poucet, B. (1993). Spatial cognitive maps in

animals: New hypotheses on their struc-

ture and neural mechanisms.. Psychologi-

cal Review, 100, 163{182.

Ruddle, R. A., Payne, S. J., & Jones, D. M.

(1997). Navigating Buildings in 'Desk-

Top' Virtual Environments: Experimen-

tal Investigations Using Extended Naviga-

tional Experience. Journal of Experimen-

tal Psychology: Applied, 3(2), 143{159.

Sch�olkopf, B., & Mallot, H. (1995). View{

based cognitive mapping and path plan-

ning. Adaptive Behavior, 3, 311{348.

Simons, D. J., & Levin, D. T. (1997). Change

blindness. Trends in Cognitive Science, 1,

261{267.

Thorndyke, P. W., & Hayes-Roth, B. (1982).

Di�erences in Spatial Knowledge Acquired

from Maps and Navigation. Cognitive Psy-

chology, 14, 560{589.

Tlauka, M., & Wilson, P. N. (1994). The

e�ect of landmarks on route-learning in

a computer-simulated environment.. Jour-

nal of Environmental Psychology, 14(4),

305{313.

Trullier, O., Wiener, S. I., Berthoz, A., &

Meyer, J.-A. (1997). Biologically based ar-

ti�cial navigation systems: Review and

14



Prospects. Progress in Neurobiology, 51,

483{544.

Veen, H. A. H. C. v., Distler, H. K., Braun,

S. J., & B�ultho�, H. H. (1998). Navigating

through a virtual city: Using virtual real-

ity technology to study human action and

perception.. Future Generation Computer

Systems, 14, 231{242.

Waller, D., Hunt, E., & Knapp, D. (1998).

The Transfer of Spatial Knowledge in

Virtual Environment Training. Presence:

Teleoperator & Virtual Environments,

7(2), 129{143.

Witmer, B. G., Bailey, J. H., Knerr, B. W., &

Parsons, K. C. (1996). Virtual spaces and

real world places: Transfer of route knowl-

edge. International Journal of Human-

Computer Studies, 45(4), 413{428.

15


