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In Experiment I, blindfolded observers judged (a) the distance of pathways felt by hand and (b) the
straight-line distance between pathway endpoints inferred from such exploration. In Experiment
2, blindfolded observers made corresponding estimates after traversing similar pathways on foot.
Pathways were explored under three different speeds. Under both manipulatory and ambulatory
exploration, there was substantial length distortion of inferred distance: The straight-line distance
was increasingly overestimated with increases in the length of the explored pathway. With manipula-
tory exploration, slower movements increased length distortion, but duration effects proved second-
ary to effects of spatial exienl. For ambulatory exploration, no duration effects were obtained. Ob-
servers used time-independent heuristics, that is, a footstep metric for estimating the pathway actu-
ally travelled and a spatial imaging strategy for estimating the inferred line between pathway
endpoints. The studies establish length distortion as a general phenomenon in movement space and
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identify its major causes as spatial rather than temporal.

Substantial research in visual perception and cognition has
investigated how an observer achieves a representation of the
layout of objects in space and how that representation departs
from veridicality (e.g., Gogel, 1978; Hirtle & Jenides, 1985;
Moar & Bower, 1983; and see later discussion). In contrast, we
know little about the representation of spatial layout by observ-
ers who are denied the use of sight.

Theories of spatial representation frequently distinguish be-
tween large- and small-scale space. Note that size and scale are
not considered synonymous. For example, according to Siegel
{1981), distinctions in size (e.g., large, small) involve compari-
sons of space along some physical metric, for example, centime-
ters or meters. In contrast, distinctions in scale involve compar-
isons of the perceptual and motor mechanisms used.

Acredolo (1981) articulated two major features of a large-
scale environment, based on a discussion by Ittelson (1973).
First, a large-scale space encloses an observer; a small-scale
space does not. Second, a large-scale environment is typically
explored from multiple vantage peints, and to this extent in-
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volves integration of information over time. The first feature is
the more critical because small-scale spaces may also require
viewing from multiple vantage points. This same point has been
emphasized by Gibson (e.g., 1950), who noted that few envi-
ronments, regardless of size, are in fact encoded in a single
glance. Most are actually explored over time by using head or
eye movements or both.

Recognizing the validity of Gibson’s argument, Garling,
Book, and Lindberg (1985) offered a third criterion that is also
based on typical rather than necessary differences in perceptuo-
motor mechanisms. They suggested that the presence of whole-
body locomotion (in addition to head or eye movements, or
both) usually indicates a large-scale environment, and its ab-
sence a small-scale environment. This third criterion thus
differentiates scale on the basis of the sensorimotor systems typ-
ically used.

Note that these distinctions of space are based on the use of
sight. There may be other distinctions that are more critical
when considering movement space. By this term, we mean space
that is explored without vision (e.g., by a blindfelded or blind
observer) and is apprehended haptically, entirely by exploratory
movements of the arm or leg systems. Thus, the primary basis
for differentiating movement spaces is whether the exploring in-
strument is the arm system (i.e., fingers/hands/arms) or the leg
system (i.e., toes/feet/legs). This distinction is related to the
scale distinction in visual space, in that small-scale space would
be explored through movements of the arms, hands, and fingers,
and large-scale space through ambulation. We refer 1o small-
scale layouts explored with the arm system as manipulatory
spaces, and large-scale layouts explored on foot (i.e., with the
leg system) as ambulatory spaces. The present research con-
cerns the processes that are used to encode information from
these two kinds of space.
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An obvious characteristic of these processes, whether in am-
bulatory or manipulatory space, is their duration. Whereas vi-
sual perception can proceed from a single fixation or a quick
scan, the manipulatory and ambulatory systems commonly
gather information by a sequence of relatively slow exploratory
contact movements over surfaces and along contours. Represen-
tation of spatial layout thus imposes heavy demands on mem-
ory and temporal-integration processes. It is not surprising,
then, to discover that comparisons of two-dimensicnal spatial
perception indicate movement to be much poorer than vision,
both for encoding small-scale, manipulatory displays (e.g.,
Cashdan, 1968; Cleaves & Royal, 1979; Dodds, Howarth, &
Carter, 1982; Worchel, 1951) and for cognitive mapping of
large-scale, ambulatory space (Book & Garling, 1981; Casey,
1978; Rieser, Lockman, & Pick, 1980; see also Strelow, 1985,
for a general review).

Qualitative differences in the representations achieved with
and without vision are equally important (e.g., Brambring,
1976; Casey, 1978; Kerr, 1983; Millar, 1975, 1981). Lederman,
Klatzky, and Barber (1985) suggested that representations of
space achieved through vision and haptics may differ qualita-
tively because the processes used by the two modalities are to
some extent distinct. They argued that spatial representation
through haptics i1s markedly influenced by cognitive “heuris-
tics,” that 1s, strategic rules that tranform information directly
available through the input modality to parameters of the spa-
tial representation. Cognitive heuristics presumably augment
more direct perception of spatial layout.! The output of a heu-
ristic rule is integrated with the information acquired from
other sources, to determine some composite representation of
the spatial display.

Evidence for a varicty of spatial-encoding heuristics can be
found both with touch and proprioception (Lederman et al.,
1985; Millar, 1975, 1981; Richardson, Wuillemin, & MacKin-
tosh, 1981) and with vision (e.g., Thorndyke, 1981; Tversky,
1981). It seems reasonable to assume that reliance on such heu-
ristics will be greater, the less spatial information is available
from more direct sources. This assumption is supported by the
finding of greater heuristic influence in visual memory than
perception of an explicitly present display (Thorndyke, 1981;
Tversky, 1981), in touch as compared with vision (Lederman &
Taylor, 1969), and in visually inexperienced relative to sighted,
blindfelded observers (Rieser, Guth, & Hill, 1982).

Lederman et al. (1983) identified two types of heuristics used
to determine spatial parameters of small two-dimensional path-
ways that were explored manually. In their experiments, blind-
folded observers moved an index finger along a raised path from
beginning to end, and then evaluated the straight line between
the endpoints {which in most cases, was not the same as the
pathway that had been felt). When asked about the length of
this line, subjects’ estimates tended to increase with the length
ofthe pathway, indicating a mevement-based heuristic for infer-
ring extent. That is, it appears that greater movement along the
pathway tended to increase estimates of the distance between
its endpoints. Another type of heuristic emerged when subjects
were asked about the orientation of the straight line in space
(relative to the table edge). Their estimates tended to err in the
direction of inferred natural axes in the plane, which indicated
that a spatial-referent heuristic had been used.

The present experiments focus on the use of a movement-
based heuristic for estimating distance in movement space. We
us¢ the term length distortion 1o refer to an erroneous increase
in estimates of distance as the extent of movement increases.
From previous experiments, we know that estimates of straight-
line extent increase with the amount of movement between the
line endpoints. However, those studies did not determine the
precise nature of this effect. The length distortion from an irrel-
evant movement could be mediated by the duration of the
movement, by its spatial extent, or by its complexity (In the
Lederman et al., 1985, studies, the pathway direction changed
more often for the longer pathways.) One principal purpose of
the present studies is to test the hypothesis that length distortion
is produced by the duration of movement,

The focus here on the duration hypothesis is motivated by
a variety of findings suggesting there can be strong tempaoral
influences on judgments of spatial extent. One is the rau effect
(e.g., Schiffman, 1982; Scholtz, 1924), which is a tendency for
judgments of the spatial distance between two stimuli to in-
crease with the interstimulus interval. A similar phenomenon
is the radial/tangential effeci (Wong, 1977): Radial movements
from and to the body are judged to be longer than tangential
movements of equal extent, which are executed more rapidly.
More directly relevant to the present study is research by
Wapner, Weinberg, Glick, and Rand (1967), who had subjects
judge the relative length of two lines that were passively traced
by a finger at different speeds. As would be expected if extent
judgments were mediated by movement duration, there was an
inverse relation between speed and judged relative length. Fi-
nally, note that the influence of duration on distance estimates
is O pervasive as to merit common expression in language, as
when we say, “Santa Barbara is 90 minutes from L. A" However,
this generally arises for fairly large spatial extent, which moti-
vates the second principal purpose of these studies.

Our second concern is whether length distortion due to move-
ment will be manifested in large-scale routes explored through
whole-body locomotion, as it does with smail-scale pathways
that are traced by a finger. If so, the effects obtained in both
ambulatory and manipulatory spaces may arise from a com-
mon heuristic.

There are few direct comparisons of movement-based encod-
ing of manipulatory and ambulatory spaces. However, compari-
sons between small- and large-scale spatial encoding are rele-
vant, and these can be found in the broader literature on mental
mapping. There appear to be both commonalities and differ-
ences in cognitive representation of large- and small-scale dis-
plays with any of the foregoing scale criteria. The common ele-
ments include (a) the use of landmarks to encode spatial posi-
tion (Lederman & Taylor, 1969; Nelson & Chaiklin, 1980;
Sadalla, Staplin, & Burroughs, 1979), (b) hierarchical organiza-
tion of spatial units (Allen & Kirasic, 1985; Maki, 1981; Stevens

! It is difficult to differentiate between heuristics that are imposed on
the output of perception and mechanisms that are intrinsic to percep-
tion itself. In fact, the degree to which mediating processes of any kind
occur may best be considered as defining a continuum. Because this
article considers strategies that appear relatively late and that are often
conscious, it scemns reasonable to consider these heuristics as secondary
to more direct perceptual processes.
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& Coupe, 1978), and (¢) basing length judgments on the number
of distinct locations in a space (Byrne, 1979; Thorndyke, 1981},
As for differences, several studies indicate that the representa-
tion of space learned from a map display {one type of small-
scale stimulus) is orientation-specific {Evans & Pezdek, 1980;
Levine, Jankovic, & Palij, 1982), whereas when observers learn
about space by navigating through it, judgments appear to be
less tied to a particular orientation (Evans & Pezdek, 1980;
Thorndyke & Hayes-Roth, 1982). The latter effect holds even
for blindfolded explorers who consistently navigate a pathway
from the same direction throughout learning {Presson & Hazel-
rigg, 1984).

The present studies consider similarities in encoding ambula-
tory and manipulatory routes within the domain of movement
space. The experiments factorially vary the speed and extent of
movement along a pathway while holding the complexity of the
path constant. This design allows us to evaluate several issues,
First, if compiexity is the mediator of length estimates that pro-
duces length distortion, the effect should vanish when simple
paths that do not confound complexity and length are used.
Second, if spatial extent judgments are not mediated by dura-
tion, there should be no effect of speed. But if movement dura-
tion is critical, then the estimate of extent should increase as
movement speed decreases. In this latter case, the contributions
of movement duration and distance can be compared.

Experiment 1: Heuristics for Encoding
Manipulatory Space

Method

Subjects. A total of 30 students (15 of each sex) volunteered to par-
ticipate as observers. All were normally sighted undergraduate students
at Queen’s University between ages 19 and 24 years.

Apparaius and sifmuli.  The stimuli were raised-dol pathways en-
graved on Brailon plastic {28 X 29 cm) with a stylus, creating dots ap-
preximately 2 mm in diameter and 3 mm apart. Small sandpaper
squares marked the endpoints of the path. The distances between path-
way endpoints were the same as four used in Lederman et al. (1985):
2.5,4.1,6.7, and 11.0 cm. These will be called the “euclidean™ distance
{recognizing that the pathway distance is also a euclidean measure, but
along an indirect route). For each euclidean distance, three pathways
were created, with pathway distance a factor of 1, 3, or 5 times the eu-
clidean distance. When the multiple was 1, the pathway was a straight
line. When the multiple was 3, the pathway had a 23° turn at a point 3/
8 along its length. When the multiple was 5, the pathway had a 23" turn
at its midpoint. (These values were constrained by the euclidean and
pathway lengths. The shapes of the paths can be seen in Figure 3, which
shows their large-scale counterparts as they were faid out in a room.)
The pathways were presented to the subjects with the (implicit) line
between endpoints randomly oriented horizontally, vertically, or at an
obligue angle relative to the horizontal table edge.

Procedure.  All observers were blindfolded. Practice trials prior to
the experimental trials, using both straight and angled paths, initially
familiarized the observers with the nature of the pathways and trained
them to move their preferred index finger at three distinct speeds. Ob-
servers were asked 10 move across a training pathway at the fastest and
stowest speeds with which they were comfortable, and at one speed mid-
way between the two. Several trials were performed at each speed, and
feedback about the consistency and distinctiveness of the movement was
provided, until the observer established three reasonably distinct ranges
of speed. Once observers demonstrated that they could maintain this

Table 1
Actual Durations (in Seconds) Used by Subjects
in Experiments I and 2

Speed instruction

Condition Slow Medium Fast
Experiment |

M 20.68 .78 1.46

SD 17.79 8.38 £.13
Experiment 2

A 20.06 14.00 7.82

D 17.09 11,18 6.00

consistency across a series of randomly presented speeds (minimum of
nine trials per speed) and pathways, they began the experimental trials.

During each experimental trial, the observer’s index finger was first
placed at the start of a pathway. Two passes of the stimulus were then
performed at an assigned speed. On the first, the observer was to famil-
iarize himself or herself with the pathway at the designated speed. On
the second, movement duration was recoerded by stopwatch. lmmedi-
ately after the second pass, ohservers were asked 1o estimate either the
straight-hne distance between the endpoints or the length of the pathway
actually explored.

The estimates were made relative to a straight-line standard stimulus
of 5.7 cm, fashioned in the same way as the pathways. (This value was
chosen to avoid the extremes of the judged values, in keeping with stan-
dard psychophysical practice.} Observers felt the standard with their in-
dex fingers prior 1o the experimental irials as much as they deemed
necessary for familiarity. Subsequently, the standard was reinstated ev-
ery five trials. Using whole numbers or fractions, participanis made
their estimates in terms of the number of standards contained within
the judged distance. If the speed on a trial noticeably departed from
instruction, the observer was informed, and the trial was presented
again later.

The factorial combination of 12 stimuli (4 eucliiean distances, 3
pathway lengths in multiples of the euclidean lengths, 3 speed instruc-
tions, and 2 judgments) resulted in a total of 72 trials, which were pre-
sented in random order in a session lasting approximately 1.5 hr. Upon
completion of the trials, subjects were asked about the strategies they
had used 1o perform the task,

Results

Movement speeds. The instructions to move at different
speeds resulted in three different durations that differed sig-
nificantly from one another in an analysis of variance (ANOVA)
having one within-subjects factor, /{2, 56} = 240.87, p < .0001.
A Newman-Keuls test of the means indicated that they were all
significantly different from one another (all ps < .01). The
means and standard deviations of the durations, averaged over
all stimuli and both estimates, are shown 1n Table 1, as are the
results of a similar manipulation in Experiment 2.

Pathway estimates. Estimates of the length of the pathway
actually traversed are shown by actual pathway length and
speed in Figure 1. These estimates were analyzed in an ANOVA
with three factors: actual pathway iength, speed instruction, and
gender. There were no effects involving gender in this or any
analysis; thus, no further discussion is merited. There were
main effects of pathway length, F(11, 308) = 170.2, and speed,
F(2, 56) = 23.1, and a significant Length X Speed Instruction



EXPLORING MOVEMENT SPACE 609

80
70} 0O sLow
'-E‘ O MED!UM
] A& FAST
w (0] o
(6]
=
<
w50k
(]
>.
3
2 40k
g
& 30F
172 ]
i
< -
< 20
=
g
1of
| L L 1 1
0 20 40 60

ACTUAL PATHWAY DISTANCE
{cm)

Figure {. Manipulatory space: mean estimates of actual pathway dis-
tance {in centimeters) as a function of actual pathway distance (in centi-
meters) for three speed instructions.

interaction, 5{22, 616) = 4.8, all ps < .001. As Figure 1 shows,
pathway estimates increased directly with the actual value 1o be
estimated, with the rate of increase greatest for the slow move-
ment and least for the fast. [n general, estimates were quite accu-
rate: the correlation between pathway estimate and actual value
was .98, and the slope was 1.17. Thus, overestimation was the
rule, which contrasts with the underestimation that predomi-
nated in ¢arlier research of Lederman et al. (1985, but with a
different response).

Euclidean estimates. The euclidean estimates were sub-
jected to an ANOVA with four factors: gender, pathway distance,
true euclidean distance, and speed instruction. All the effects
except these involving gender were significant: for pathway,
£12, 56) = 51.5; for enclidean, 53, 84) = 179.2; for speed, F(2,
56) = 16.4; for Pathway X Euclidean, F(5, 168) = 9.4; for
Pathway X Speed, F{4, 112) = 6.9; for Euclidean X Speed, F(6,
168) = 8.2; and for the three-way interaction, (12, 336) = 1.3;
all ps < .001.

The data are shown in Figure 2, which clearly reveals the na-
ture of the effects. There was a general tendency to overestimate
the euclidean extent as the pathway factor increased {length dis-
tortion). This increased with the euclidean extent being esti-
mated. When the pathway was straight, thus coinciding with
the euclidean line, the euclidean estimate was about what would
be expected from the slope of the pathway-estimation function

{i.e., about 1.17 times the actual distance). There was also an
effect of movement speed, such that length distortion was mini-
mal for fast rates of movement and greatest for slow rates. The
sum of squares for the euclidean factor was 74.4% of the tota!
sum of squares attributed to treatment factors. The correspond-
ing values for pathway and speed were 11.1% and 2,5%.

To further determine the contributions of movement extent
and movement duration, correlations were computed between
euclidean errors (i.e., estimate minus actual in modulus uaits)
and pathway estimate, and between errors and movement dura-
tion, (Note that these factors were not included in the ANOVA,
which used actual pathway value in multiple units, and speed
instruction.) These correiations were n(235) = 9(} for error/path-
way estimate and .84 for error/duration {with alpha sct at .05,
critical value = .32). With duration partialed out, the error/
pathway correlation was .77; with pathway estimate partialed
out, the errer/duration correlation was .59,

Strategy reports. The reported strateges differed for the
two types of estimates. The most commonly reported strategy
for euclidean judgments was forming a visual image of the miss-
ing leg of the triangle formed by the pathway. For estimating
the pathway extent, bolh visual and temporal strategies were
reported. Some subjects estimated the traversal time for the
standard at each speed and then divided the pathway movement
into corresponding duration units. Alternatively, some subjects
reported visualizing the pathway and dividing it into spatial
units of the standard’s length. Some subyects reported a combi-
natien of visual imagery and temporal strategies, resorting 1o
the latter when the pathway became too long to imagine. In gen-
eral, subjects did not try 1o use the dots in the pathways as a

261

ESTIMATES OF EUCLIDEAN DISTANCE {cm)
=
T

ACTUAL PATHWAY DISTANCE
{ in mulliples of euclidean distance )
Figure 2. Manipulatory space: mean estimates of euclidean distance (in

centimelters) as a function of actual pathway distance in multiples of
euchidean distance by actual euclidean distance and speed instruction.
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distance measure, which suggests that they were difficult to re-
solve and count with a moving finger.

Discussion

The results of this experiment clearly implicate movement
duraticn as a contributor to manipulatory judgments of extent
bul secondary 1o sources of spatial information that do not vary
with movement time. The estimates of pathway extent were
very strongly related to the actual value, with some contribution
from movement time. Similarly, estimates of the inferred eu-
clidean distance between pathway endpeints were directly re-
lated to the actual judged value, However, the euchidean esti-
mates were also substantially subject 1o influences other than
the actual distance being estimated; specifically, the pathway ex-
tent and movement duration. Of these two influences, the path-
way extent was the more potent. In fact, with estimates of the
shortest euclidean distances, there was little effect of movement
speed, but still an effect of pathway distance.

On the whole, the data suggest that the influences of pathway
distance and movemnent duration were greatest when explora-
tion was extended in time or space. Short, rapid movements led
1o fairly accurate estimates of distance, whereas long and slow
movements produced overestimation errors similar in magni-
tude to those obtained hy Lederman et al. {1983; Note that the
previously mentioned underestimation in Lederman et al. was
of pmhway distances, not euctidean.) This finding supports the
general idea that heuristics are used more often when direct
spatial apprehensicn becomes more difficult.

Experiment 2: Heuristics for Encoding
Ambulatory Space

We turn now 1o the parallel experiment in large-scale, ambu-
latory space, by which we mean space that surrounds the indi-
vidual and that must be apprehended through whole-body loco-
moetion (rather than with the hand). In this study, we again var-
ied the speed of a movement as well as its length, and had
subjects estimate the extent of either the pathway that was tra-
versed, or the euclidean line between endpaints. The principal
questions were, first, whether the length distortion effect would
be observed in ambulatory space, and second, wheather it wouid
he affected by pathway distance and movement duration as in
the case of manually explored pathways.

Method

Subjects. A total of 28 students (14 of each sex) from Queen’s Uni-
versity, aged 22-35 years, took part. All were normally sighted with ne
previous experience in the experimental procedure.

Apparatus and stimufi.  Fack stimelus was 3 pathway marked by a
nandrail of 2.5-cm square metal tubing, mounted %5 cm in height. The
ends of the pathway were expanded with tape as markers. There were a
total of nine different pathways, representing three euclidean-distance
values (1, 2, and 4 m) crossed with three pathway iengths (1, 3, and 5
times euclidean distance). With pathway length of Level 1, the pathway
was the euclidear: line. The other pathways changed direction once with

an angle of 23°, as in Experiment 1, The pathways were arranged in a
room of 12 m X & m, as is shewn in Figure 3.

Procedure.  All observers were blindfolded prior to entering the ex-
perimental Toom. Practice trials prior to the experimentat trials were
conducted as in Experiment |. To establish movement speed, observers
first practiced on a 10-m portion of the longest pathway (with angular
change) at a siow speed, a fast speed, and one halfway in between, Ad-
Jjustrnents were made as necessary 1o establish a difference between fast
and slow that allowed for a distinct medium speed and to establish 1the
latter at appraximately the midpoint of the extreme speeds. Once three
distinct speeds were established on a roungh ratio of 1:2:3, subjects prac-
ticed each until they were consistent within 2 s on three consecutive
atternpts. Transfer toa straight, 5-m path was then tested until subjects
succeeded in two passes at each speed within the 2-5 limit. Subjects then
traversed the standard 10 be used as the unit of measurement, a 1.5-m
path,

During each experimental trial, the cbserver first traversed a pathway
i one direction at a target speed and was then given feedback about the
actual speed. The observer was then timed as he or she returned along
the pathway, and responded on the basis of this second pass. (On switch-
ing direction, the observer switched the hand used for self-guidance
along the rail.) The experimenter indicated which response was re-
quired, a pathway or euclidean estimate, immediately following this sec-
ond pass.

The estimates were rade relative o the §{.5-m standard, which was
traversed prior to the first trial as welf as after Trials 5, 10, 20, 35, and
45, and upon request. The trials presented the nine pathways, each at
three speeds and with each type of estimate, for a 1otal of 54 randomly
ordered trials lasting about 2 hr. Each pathway was explored beginning
at both ends equally often, over conditions and subjects. After comple-
tion of the last trial, ohservers deseribed their estimation strategies ver-
baly.

k em

-+

INFERRED EUCLIDEAN
DISTANCE ——-—

P e
B =3e

Figure j. Ambulatory space: experimental [ayout of the stimulus path-
ways.
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Results

Movement speeds. The instructions to move at different
speeds resulied in three different durations, the means and stan-
dard deviations of which are shown in Table 1, averaged over
stimuli and required response. An ANCGVA an this within-sub-
Jects factor indicated that the speed manipulation was effective
K2, 32) = 19487, p < .000L. A Newman-Keuls test of the
differences between the means indicated that all comparisons
were statistically significant (all ps < .01).

Pathway estimares.  These estimates were analyzed with an
ANOVA on the factors of pathway distance, speed instruction,
and gender. The only significant effect was that of pathway
length, F(8, 208) = 275.7, p < .00L. No other effect even ap-
proached significance. The correlation between pathway esti-
mate and actual pathway distance, 7{25), was .996, with a slope
of .963. Thus, these estimates were extremely accurate, as is
indicated in Figure 4, which shows the relation between the dis-
tance actually moved and the response estimate. The speed
instruction factor is not shown here because the functions lie
almost on top of one another; the means of the magnitude
estimates were 4.66 (SD = 4.27), 4.94 (SD = 4.33), and 4.74
(SD = 3.90) for the low-, medium-, and high-speed instructions,
respectively.

FEuclidean estimates. An ANOVA on factors actual euclid-
ean value, pathway distance, gender, and speed instruction re-
vealed significant effects of pathway, F(2, 52) = 18.7, and eu-
clidean, F(2, 52) = 122.5, ps < .001. No other effects ap-
proached significance. The sum of squares for the euclidean fac-
1or was 73.2% of the total sum of squares for treaiment effects.
The corresponding value for the pathway factor was 19.2%, and
for speed, 0%. The euclidean estimates by actual euclidean
value and pathway distance are shown in Figure 5. For reasons
given earlier, the effect of speed instruction is not shown; the
means of the magnitude estimates of euclidean distance were
213(8D=1.95),2.16 (5D = 1.88),and 2.13(SD = 1.71), for
the low-, medium-, and high-speed instructions, respectively.

The length distortion effect was clearly evident: with euclid-
ean distance constant, estimates increased with pathway length.
The magnitude of the effect is comparable to that gbtained ear-

ESTIMATES OF PATHWAY DISTANCE (m)
=3
T

24 6 8 0B ee 20
ACTUAL PATHWAY DISTANCE (m)

Figure 4. Ambulatory space: Mean estimates of actual pathway distance
{in meters) as a function of actual pathway distance in meters,
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Figure 5. Ambulatory space: Mean estimates of euclidean distance (in
meters) as a function of actual pathway distance in multiples of euclid-
ean distance by actual euclidean distance.

Her by Lederman et al. (1985) and that in the present Experi-
ment 1. There is one difference, however: overestimation of the
straight-line pathways was greater in Experiment 1. As in that
study, the euclidean judgmenis of straight paths produced an
estimate that was about what would be expected from the slope
of the function for the pathway judgments, that is, error was
minimal. Thus, subjects appeared to have treated this condition
like a pathway judgment.

The correlation between the euclidean error (estimate minus
actual) and the pathway estimale was, #(25), .72 (critical
value = .32}, With duration partialed out, the correlation was
.36. The error/duration correlation was .68, dropping to .17
with pathway partialed out.

Strategy reports.  The post hoc reports revealed two strate-
gies that were used by more than 3/4 of the observers and that
depended on the type of estimate. For pathway estimates, ob-
servers reported counting steps in the standard and the experi-
mental path and dividing 1o determine the number of modulus
units in the path. Most of the subjects actually determined a
step count for the standard at each speed, which would effec-
tively eliminate speed effects. All but one of the observers wha
did not use this strategy indicated that they thought of it but
decided it would be “cheating;” the remaining subject indicated
that he attempted to count time, For the euclidean estimates,
the dominant strategy, used by all but one observer, was forma-
tion of a mental image of the triangle formed by the pathway
and then estimation aof the third leg (the euclidean path). Most
subjects tried 10 take the angle of the turn into account. Some
even kept track of the ratio between the lengths of the two sides
{in foolsteps) ang increased the estimate if the two sides were
not equal in length. The one observer who did not report an
image strategy said that the estimates were “just guessed.”

Discussion

The results of this study are straightforward: The estimates
of pathway extent were very closely related to the actual extent,
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independent of movement duration. The estimates of euclidean
extent were strongly affected both by the actual euclidean extent
and by the perceived extent of movement along the path (as con-
trasted with the duration of that movement). That is, length
distortion—an increase in the estimate of the inferred euclid-
ean line as the actual pathway length increased—was observed.

General Discussion

These experiments have considered length distortzon in both
manipulatory and ambulatory spaces. To repeat, length distor-
tion refers to an erroneous increase in the judged length of spa-
tial extent, as exploratory movement increases. The present
studies were concerned wilh two types of length estimate: that
of an actually explored pathway and that of the inferred
straight-line distance between its endpoinis. In Experiment 1,
the pathways were felt by hand; in Experiment 2, they were ex-
plored by whole body locomotion. These studies also investi-
gated the role of the duraton of movement exploration in
length distortion. Specifically, we questioned whether this dis-
tortion occurs because of the duration of movements along the
path, the spatial extent of those movements, or both. This ques-
tion was addressed by simuBtaneously varying the speed of
maovement as well as its extent.

The results of the two studies are very similar with respect
to finding clear evidence of length distortion. In judgments of
inferred straight-tine distance, movemenits along the pathway
produced comparable magnitudes of distortion in both studies,
Such oversstimation was primarily restricied fo the inferred
Judgments. The estimates of actual pathway length were quite
accurate, although some averestimation was observed in Exper-
iment |.

The two studies differ markedly, however, with respect to the
effects of movement duration, For maniputatory space {Experi-
ment 1), pathway distance and euclidean estimates were
affected by duration. But for ambulatory space {(Experiment 2},
no speed or duration effects were obtained.

The reason for this difference seems clear when we consider
the subjects’ strategy reports. Subjects in Experiment 2 re-
ported using time-independent heuristics, a footstep metric for
estimating the pathway actually traveled and spatial imagery for
estimating the inferred line between pathway endpoints. Their
reports indicated computing the standard in step units at each
speed, counting steps in the pathway, and dividing to compute
the pathway estimate in standard units. The pathway-estima-
tion function indicates that this heuristic resulted in highly ac-
curate performance for all three movement speeds. For the en-
clidear judgments, where a spatial-imagery strategy was re-
ported, the length-distortion effect indicates than any such
imagery was erroneously influenced by the pathway extent.

The subjects in Experiment | indicated similar strategies.
However, by some reports their estimate of the standard was in
duration units; in other cases, they reported using more direct
spatial estimates. To estimate pathway extent, they could esti-
mate total movement duration or total distance moved, respec-
tively, and divide by standard units. (Alternatively, they could
segment the pathway into standard units while traversing it.)
Overestimation of pathway extent could reflect underestimat-
ing the standard, overestimating the pathway total, or both. Like

the ambulatory-space subjects, those in manipulatory space re-
poried using spatial imagery to estimate the euclidean line. It
might be though, therefore, that their stratggies were duration
independent. In this case, any effects of movement duration on
euclidean judgments would be indirect: duration wosld affect
pathway estimates, which would affect the spatial image. How-
ever, when the pathway estimate is partialed out, duration still
contributes to errors in euclidean judgments. Thus, movement
time appears to have a more direct influence on inferred dis-
tance estimates than is indicated by the reports.

Had subjects in ambulatory space been prevented from using
the footstep strategy, for example, by using instructed vocaliza-
tion to suppress counting, it seems likely that they would have
resembled the manipulatory-space subjects 1o a greater degree.
Under these circumstances, a duration-based strategy would
presumably be more compelling, and effects of duration would
then be observed. Whether such effects would be greater than
the influence of spatial extent is uncertain, but the present data
suggest they would not be.

On the whole, these studies make several points regarding the
length distortion phenomenon, the role of duration, and the use
of heuristics in mapping movement space. They can be summa-
rized as follows.

First, we note that the lepgth distortion effect initially ob-
served with more complex pathways (Lederman et al., 1985}
appears to be very robust and general. It 15 extended here 1o
simple pathways both in manipulatory space explored by the
hand and in ambulatory space, where pathways are traversed
by foot. The magnitude of the distortion effect was very sub-
stantial at both scales, despite the simplicity of the pathways. In
fact, the present effect here, with pathways five times the euclid-
ean length, was similar to the increase found by Lederman ¢t
al. (1985}, where the pathways reached eight times the euclidean
length. Thus, there is no indication that complexity is critical
to producing length distortion.

As a second point, when the contributions to length distor-
tion of (a) spatial extent and (b) temporal duration of move-
ment are contrasted, our results indicate that spatial extent, in-
dependent of movement, is the principal effector. In the study
of ambulatory pathways, there were no duration effects, but still
there was substantial length distortion. With the manually ex-
plored pathyways, there were effects of movement duration, on
judgments of both pathway extent and inferred straight-ine dis-
tances. Movements at slower speeds tended to increase overesti-
mation errors, but length distortion was found ¢ven when speed
effects were minimal, and euclidean judgments were more
strongly related to spatial extent than to duration. We can sum-
marize the duration effect by saying that it can (but may not)
enhance other, spatially determined, sources of error.

Another contribution of these studies is to underline the use
of heuristics in judgments of movement space. [n our present
and previous studies of manipulatory and ambulatory encoding
(Lederman et al., 1985}, we have seen evidence for & variety of
heuristics: the use of implicit spatial axes as referents, estimates
of mferred pathways from spatial extent of actual movement,
extent estimates based on duration of movement, the use of
knowledge about the geometry of the path, and a footstep miet-
ric. One can also infer a variety of representations for spatial
mformation, inchiding imaginal, temporal, and numerical {as
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in the footstep metric). Haptic spatial processing is not unique
in the use of heuristics and multiple representations, of course,
However, it is arguably more dependent on such devices than
the visual modality.

In addition to the theoretical implications of these studies,
there are a number of applied issues 1o which the results are
pertinent. We have previously considered one application, tan-
gible graphics for the blind (Lederman et al., 1985). We have
argued that to effectively design such displays, we must under-
stand the methods by which they are read. For example, the
spatial-referent heuristic suggests adding explicit and nonarbi-
trary referents to spatial displays. The present Andings suggest
that even simple displays are subject to inferential processing,
which must be considered when materials are constructed for
some applications.

A new area of application for this research is in mobility in-
struction for navigation of ambulatory space by the blind. It is
commonly observed that blind persons tend to use a footstep
metric; we find here that naive sighted observers gravitate ic
such a process as well. This suggests that spatial metrics, or tem-
poral metrics adapted to each individual’s rate of movement,
might be a useful adjunct to navigational displays for the blind.
However, it is likely that a footstep metric would prove most
useful in cognitively bounded environments, such as a room or
building, that require a relatively small number of footsieps to
traverse.

Another heuristic that appears to have been used here, read-
ing from a generated image, may not be so directly transferabie
to a blind population, however, especially those lacking visual
experience. That is because the spatial imagery of congenitally
blind and sighted, blindfolded observers can be substantially
different (Wake, Shimuzu, and Wake, 1980). In 4 sense, cogni-
tive mapping of movement space is an attempt to create,
through movement of body limbs, spatial images that can be
translated into action. The lack of success in this area suggests
caution in extrapolating the use of images bevond our current
subject population.

These reservations aside, we have demonstrated a general
phenomenan of length distortion and have traced its underlying
causes. In doing so, we have been able to suggest some of the
heuristics by which movement space 1s encoded. These insights
may potentially be extended into areas of useful apphication.
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