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Reaching measures of monocular distance
perception: Forward versus side-to-side head
movements and haptic feedback

EMILY A. WICKELGREN, DANIEL S. McCCONNELL, and GEOFFREY P. BINGHAM
Indiana University, Bloomington, Indiana

We investigated whether forward or side-to-side head movements yielded more accurate and precise
monocular egocentric distance information, as shown by performance in a reaching task. Observers
wore a head-mounted camera and display to isolate the optic flow generated by their head movements
and had to reach to align a stylus directly under a target surface. Performance in the two head move-
ment conditions was also tested with normal monocular vision. We tested performance in the two head
movement conditions when the observers were given haptic feedback and compared performance
when haptic feedback was removed. Performance was both more accurate and more precise in the for-
ward head movement condition than in the side-to-side head movement condition. Performance in the
side-to-side condition also deteriorated more after the removal of haptic feedback than did perfor-
mance in the forward head movement condition. In the normal monocular condition, performance was
comparable for the two head movement conditions. The implications for enucleated patients are

discussed.

A problem in perceiving definite distances is that spa-
tial metrics are lost in the projection from surfaces into op-
tical patterns (Bingham, 1993b; Bingham & Pagano, 1998)!.
So, how do people obtain information about definite dis-
tances? This problem is especially salient for enucleated
patients (people who have had one eye removed and are
thus permanently monocular), because they cannot use
binocular vision to obtain distance information. Despite
this, monocular people do not appear to have large problems
performing everyday tasks that require perceiving the dis-
tance of objects. We do not normally see people walk into
walls or misguide their reach when they aim to grab a cof-
fee mug. So, definite distance must somehow be perceived.
One possible source of information arises from the pat-
terns of optic flow produced by voluntary self-movement,
which is necessarily accompanied by somatosensory in-
formation about head movement. Such information about
the distance or velocity of head movements could be used
to scale optic flow information about distance (Bingham &
Stassen, 1994; S. Rogers & B. J. Rogers, 1992).

The possibility of using head movements to scale dis-
tance is especially important for monocular observers.
Servos, Goodale, and Jakobson (1992) compared the abil-
ities of monocular and binocular observers to use vision to
guide reaching. They found that in normal lighting, monoc-
ular observers underestimated distance, relative to binoc-
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ular observers. The monocular reaches took longer and had
lower peak velocities, longer deceleration times, and
smaller grip apertures (suggesting that the observers also
underestimated the size of the objects). The reaches were
performed without any prior deliberate head movements.
Marotta, Perrot, Nicolle, Servos, and Goodale (1995) found
that monocular observers spontaneously learned to move
their heads to obtain distance information by which to
guide reaches. However, no clear preference for a given di-
rection of head movement was apparent. A cross-sectional
study with enucleated people revealed that the longer the
time after enucleation, the greater the amount of head nod-
ding and head shaking (up/down and back and forth, re-
spectively) and the smaller the amount of forward head
movement (Marotta, Perrot, Nicolle, & Goodale, 1995).
No studies up to this point, however, have systematically
investigated the differences in distance estimations when
using forward versus side-to-side head movements.

A number of studies have been performed to investigate
distance perception via absolute motion parallax gener-
ated by side-to-side head movements (Eriksson, 1974; Fer-
ris, 1972; Foley, 1977, 1978; Foley & Held, 1972; Gogel &
Tietz, 1973, 1979; Johansson, 1973; B. J. Rogers, 1993), but
few have included measures of definite distance percep-
tion (see Bingham & Pagano, 1998, for a discussion). Gogel
and Tietz (1979) investigated how well monocular ob-
servers could perceive the distance of a single lighted point
in the dark with side-to-side head movements. When mean
judgments were plotted as a function of actual distances,
the slope was less than one (=.7), and nearer targets (30 cm)
were overestimated, whereas far targets (96.4 cm) were
judged accurately.

Bingham and Stassen (1994) showed that radial optic
expansion generated by forward head movement contains
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information about distance. Bingham and Pagano (1998)
found that observers could use information generated by
forward head movements to guide reaches. In this case,
seated observers performed reaches in order to place a
stylus in a target at different distances within reach. The
observers viewed the targets monocularly via a head-
mounted video monitor and camera (called the headcam),
which isolated optic flow. This visual information was cou-
pled with somatosensory information about the head mo-
tion used to generate the optic flow. Observers were also
tested when using normal monocular and binocular vi-
sion. Bingham and Pagano found that observers using
monocular vision with or without the headcam underesti-
mated distances more as the actual distance of the target
increased. Reaches performed using binocular vision were
accurate. Although the use of the headcam isolated optic
flow as information for distance, the authors did not in-
vestigate whether observers could use motion parallax to
obtain distance.

Additional support for the use of information generated
by forward head movement was provided in a study by
Eriksson (1974), who had monocular observers make ver-
bal judgments of the depths of three objects prior to and
after walking directly toward and away from the objects.
‘Prior to walking, the observers’ judgments were inaccu-
rate (the higher objects was usually seen to be farther away
from the lower objects). Once the observers were allowed
to generate optic flow information from walking forward,
distance judgments were very close to the actual physical
distance of the objects. In an animal study, Ellard, Goodale,
and Timney (1984) found that monocular gerbils trained to
jump over a gap employed larger up-and-down head move-
ments than did binocular gerbils. However, when the mon-
ocular gerbils were allowed to approach the gap so as to gen-
erate optic flow from forward head motion, they did not
make the up-and-down head movements, yet they jumped
with equivalent accuracy. v

The question remains which direction of head move-
ment might best enable observers to perceive egocentric
distance, especially when the information is to be used to
guide an action such as reaching. Forward head move-
ments performed by seated observers (as in the Bingham
and Pagano, 1998, study) generate substantial amounts of
both radial expansion and parallax in optical flow. This is
because the head moves both forward and downward
owing to rotation about the base of the neck or the trunk.
Although some radial expansion is also generated by side-
to-side head movements, the amount is relatively insignif-
icant. Thus, one might expect forward head movements to
be more efficient. Forward head movements are also more
natural in the context of reaching, because one tends to
move the trunk toward an object when reaching for it.

A direct comparison cannot be made with the results of
previous studies, because of differences in response mea-
sures. Studies of motion parallax have used verbal esti-
mates as a response measure. Pagano and Bingham (1998)
compared verbal estimates and reaches and found that the
errors in the two cases were uncorrelated. In addition, they
found, as had Foley (Foley & Held, 1972), that verbal per-

formance was at least twice as variable as manual perfor-
mance. Accordingly, Pagano and Bingham suggested that
reaching must be used as a measure by which to evaluate
the effectiveness of distance perception when used to guide
reaching. Bingham and Pagano (1998) used reaching as a
measure for definite distance perception but only had ob-
servers make forward head movements. In our experi-
ment, we compare forward and side-to-side head move-
ments, to see whether there is a difference in performance.
In the context of reaching, two different types of somato-
sensory information can be used to scale optical informa-
tion about distance. In addition to kinesthetic and vestibu-
lar information about head movement, haptic feedback
from contact with targets is usually available in each suc-
cessive reach. Haptic feedback was available but was not
manipulated in the Bingham and Pagano (1998) studies,
making it impossible to assess how well people do with
just the somatosensory information from head movements.
In the following experiments, we test the importance of
the haptic feedback by removing it and, hence, also test
the effectiveness and stability of the somatosensory infor-
mation from voluntary head movements. Bingham and
Zaal (1997a, 1997b) have found that targeted reaches per-
formed without such haptic feedback are unstable and
eventually inaccurate as a result, with both dynamic binoc-
ular and monocular vision. Bingham and Zaal (1997a,
1997b) have also found that making haptic feedback avail-
able stabilizes the reaches and yields greater accuracy.

EXPERIMENT 1

In the present study, we investigated two related ques-
tions. First, which type of head movement, forward and
back or side-to-side, generates optic flow allowing the
most accurate and precise performance in targeted reach-
ing? Second, how important is haptic feedback from con-
tact with targets for accurate and precise performance?

Observers viewed targets at various distances via the
headcam. Bright target disks were viewed monocularly in
dark surrounds so that optic flow generated by head move-
ment was isolated as information about distance.

Method

Participants. Five observers (3 male and 2 female) associated
with Indiana University participated in this study. All 5 observers
were right-handed. All had normal or corrected-to-normal vision.
Two of the observers were the first two authors, and the remaining 3
were students in the psychology department, who were paid $5 per
hour for their participation and were naive about the experimental
questions.

Apparatus. The observers were seated and reached to position a
cylindrical plastic stylus, under a target disk. The observer held the
stylus firmly in the right hand, so that 4.0 cm extended beyond the
closed fist. The stylus was 18.5 cm in length, 1.0 cm in diameter, and
weighed 23.2 g. The Cartesian coordinates of infrared emitting
diodes (IREDs) were measured, using a two-camera WATSMART
kinematic measurement system (Northern Digital, Waterloo, On-
tario, Canada). Positions were sampled at 100 Hz with a resolution
of 3 mm and stored on a computer hard drive. Three IRED’s were
placed on a helmet, one IRED on the tip of the stylus, and another
on one side of the target. Each trial began with the back end of the
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stylus inserted in a launch platform, which was located next to the
observer’s right hip. The stylus interrupted a beam in the launch plat-
form. Recording was initiated when the stylus was removed. A
WATSCOPE connected to the WATSMART recorded the signals
from the launch platform.

A patch was placed over the observer’s left eye. The observers
wore a helmet, on which a miniature video camera and monitor were
mounted. An eyepiece attached to the helmet and positioned over
the right eye allowed the observers to view a monochrome video dis-
play. A camera lens (the headcam) was attached to the right side of
the helmet, 9.0 cm to the right of the right eye, pointing forward and
aligned with the sagittal and transverse planes of the head. The total
weight of the helmet with viewer, lens, IREDs, and supporting hard-
ware was 1.8 kg. Control switches allowed the experimenter to con-
trol when the head-mounted display was switched on or off. The dis-
play was turned on manually by the experimenter at the beginning
of each trial and was automatically switched off (with a delay of less
than 10 msec) when the stylus was removed from the launch plat-
form at the initiation of a reach.

The targets consisted of 18 flat round disks covered with smooth,
textureless, white retroreflective tape. They were oriented perpen-
dicular to the observer, so that they projected circular images. The
targets were constructed of Plexiglas with great care so that there
would be no features that would allow a given target to be distin-
guished and, thus, potentially used to obtain distance. We also de-
coupled retinal image size from distance, so that the observer could
not identify the distance from a given image size. To do this, we used
five different target sizes (5, 7, 9, 12, and 15 c¢m in diameter) and
constructed three identical targets of each size (to reduce the possi-
bility that a particular target would be recognized and used to scale
distance.). Since the targets were symmetric with respect to the ver-
tical axis, each individual target could be placed at two orientations
to the vertical (one side up or turned over with the opposite side up).
Therefore, effectively, six targets could be used to produce a given
retinal image size at a given distance (three targets of a given size
with two orientations each). In addition, each target was used at
more than one of the five target distances. Target distances were
computed as a proportion of the observer's maximum reach. The
five target distances were .50, .58, .66, .76, and .86 of the maximum
reach. Two target sizes were used at two distances (the 5-cm target
at distances .5 and .58, and the 15-cm target at distances .76 and .86),
whereas the other three target sizes were used at three distances each
(7cmat .5, .58, and .66; 9 cm at .58, .66, and .76; 12 cm at .66, .76,
and .86). Altogether, 78 different target configurations were used (2
target distances X 2 target sizes X 3 targets X 2 orientations + 3 tar-
getdistances X 3 target sizes X 3 targets X 2 orientations ). The ex-
treme number of target configurations was created both so that reti-
nal image size did not systematically vary with distance and so that
a particular target could not be identified and used to judge distance
(see Bingham & Pagano, 1998, for the mean retinal image sizes used
at each of the five distances). There was no correlation between reti-
nal image size and distance (r2 <.01), so retinal image size could not
be used by the observers to predict distance. Retinal image size was
not an experimental factor here; we only wanted to make sure it
could not be a confounding variable.

The targets were illuminated by a fluorescent light with a para-
bolic reflector mounted above and behind the observer’s head. When
brightly illuminated, the target appeared in the head-mounted dis-
play as an isolated shape in a dark field. The brightness and contrast
of the head-mounted display were adjusted to produce patch light
images (Runeson & Frykholm, 1981). The field was dark and struc-
tureless. The visible structure of the target was devoid of internal
texture. Before each trial, one target from the set was placed at eye
level at a given distance along a line extending from the camera lens,
parallel to the sagittal plane of the observer. Target position was con-
trolled by using mounts attached to an optical bench. To mask the
sound of the target being positioned by the experimenter, the ob-
server wore earphones, through which music was played between

trials. Prior to starting the experiment, the observer adjusted the vol-
ume of the music to a comfortable level that masked the noise of the
target positioning. The positioning apparatus was calibrated to the
observer’s eye position before each experimental session.

The target IRED was located 12 cm below and 3 c¢m to the right
of the center of the target disk. The target position was measured by
sampling the target IRED during the first 50 frames immediately
after reach initiation. The coordinates were subsequently translated
from the position of the IRED to the center of the target disk. The
appropriate transformation was determined by measuring an IRED
placed at the center of the target.

To obtain the reach distance of the observer, we omitted the last
25 frames of the stylus diode (the last 250 msec) and then averaged
over the 25 preceding frames. We obtained mean (x-, y-, z-) coordi-
nates and took the largest of the corresponding standard deviations
as an indicator of any extraneous hand movements or IRED reflec-
tion that occurred while the hand was held under the target. Either
of these would cause an inaccurate measurement of reach distance.
No extraordinarily large standard deviations were found, however, so
no trials were omitted from the analysis as a result.

Procedure. The observers were instructed to move their heads
either forward and back or side to side through four complete oscil-
lations while observing the target. Note that the side-to-side move-
ment is not a rotation of the head. The observers moved at the hip
while holding the head level and oriented straight ahead and look-
ing at the target. The observers then reached to place the stylus tip
(at shoulder level) directly under the target disk (at eye level) with-
out touching it. Initiation of the reach caused the display to be
switched off. Thus, reaches were performed blindly. Once the ob-
server had positioned the stylus under the target, he or she signaled
the experimenter by saying “O.K.” The experimenter then termi-
nated WATSMART recording. Each observer’s reaching perfor-
mance was tested under four conditions: forward head movement
with feedback, side-to-side head movement with feedback, forward
head movement without feedback, side-to-side head movement
without feedback. Feedback conditions were always performed be-
fore conditions without feedback. The order in which the observers
experienced the head movement conditions was counterbalanced
across the 5 observers. In the feedback conditions, the feedback was
provided after the reach position had been recorded. The observer
was allowed to move the stylus upward to place it in a plastic bottle
cap (2 cm in diameter).that had been affixed directly below the tar-
get disk. If the observér could not then find the bottle cap after an
incorrect reach (since the hand would not be positioned at the cor-
rect distance directly below the cap), the experimenter directed the
observer’s hand to the bottle cap. The observers were not limited in
the amount of time spent feeling the correct distance of the target
(via the bottle cap). The observers were not permitted to view the
hand relative to-the target; so-haptic contact was the only source of
feedback. The no-feedback conditions (both forward and side to
side) were run on the day following the feedback conditions. Each
experimental session consisted of 25 experimental trials (5 target
distances X 5 target sizes) preceded by 12 practice trials. Therefore,
the total number of trials run across the entire 2-day experiment was
148.

In all the conditions, the camera was turned off, and the head-
phones were turned on between trials, while the experimenter ad-
justed the size and distance of the target. The five target distances
were presented in random order. A different random ordering of tar-
gets and distances was used in each condition for each observer. Sev-
cral days before the experiment, each observer sat in the apparatus,
with his or her back against the chair, and his or her maximum reach
distance was measured. These distances were 82.5, 86.1,79.3,79.3,
and 89.2 cm for Observers 1-5, respectively. As was mentioned pre-
viously, the target distances presented to the observer during the ex-
periment were determined as a proportion of the maximum reach
distance. The five target distances were .50, .58, .66, .76, and .86 of
the observer’s maximum reach.
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Results

The results for each observer in each head movement
and feedback condition are shown in Figure 1, where mean
reach distances (with standard error bars) are plotted against
target distances. The results are presented and analyzed in
units proportional to maximum reach distances so that
comparisons can be made across observers. First, we per-
formed a multiple regression in which we regressed seven
vectors on reach distances (Pedhazur, 1982). The first vec-
tor contained actual target distances. The second vector
coded type of head movement (as +1/—1). The third vec-
tor coded presence of feedback (as +1/—1). These two vec-
tors (second and third) tested the intercept difference in
the relation between actual and reach distances. The
fourth and fifth vectors tested the interactions or possible
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slope differences in the head movement and feedback con-
ditions, respectively. The sixth vector tested the head
movement X feedback interaction, and the final vector
tested the three-way interaction. Nonsignificant factors
were eliminated from the multiple regression until only
significant factors remained (Pedhazur, 1982).

After removing two nonsignificant factors, the overall
multiple regression was significant [r2 = .46, F(5,485) =
80.9, p < .001]. There were significant main effects for
both the head movement and the feedback conditions. Al-
though performance in the side-to-side condition resulted
in a significantly higher mean intercept (.26) than in the
forward condition (.13; partial F=7.26, p <.01), this dif-
ference was accompanied by a nonsignificant trend for
difference in slopes (partial F = 3.62, p = .06). The side-
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Figure 1. Mean reach distances (and standard error bars) for each observer in each head
movement and feedback condition as a function of actual target distances. The distance judg-
ments are in units proportional to the maximum reach distances for each observer. The
closed circle and plus sign symbols represent the first and second authors (Observers 1 and
5) respectively, and the open triangle, square, and diamound symbols refer to naive Observers
2, 3 and 4, respectively.
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to-side condition had a mean slope of (.61), and the for-
ward condition had a mean slope of (.75). Generally, in the
two head movement conditions, the observers overesti-
mated the distance of the near targets but underestimated
the distance of the far targets. However, the over- and under-
estimations of distance in the side-to-side condition, ac-
companied by the higher intercept, yielded poorer overall
accuracy than in the forward head movement condition.
Further measures to test this accuracy will be discussed
momentarily. These results indicate that, overall, the ob-
servers’ distance judgments were better when using for-
ward head movements than when using side-to-side head
movements. The intercept difference for the feedback
(.21) versus no-feedback (.17) conditions was significant
(partial F=4.5, p <.05), and no significant difference in
slopes was found. Finally, there was a significant interac-
tion between the head movement and the feedback condi-
tions (partial F = 5.4, p <.05). Both head movement con-
ditions yielded better performance with feedback than
without, indicating that removal of feedback resulted in
some loss of stability in reaching performance. Neverthe-
less, the forward head movement condition was better
overall and had a smaller decrement in performance than
did the side-to-side condition. This was revealed by sim-
ple regressions on each viewing and feedback condition
(see Table | for mean slopes and reach values at distances
.5 and .9 of maximum reach).2 The r2 value decreased
from .66 to .5 from the forward with feedback to the for-
ward without feedback conditions. The r2 values in the
side-to-side conditions also decreased from .44 (side-to-
side with feedback) to .27 (side-to-side without feedback).
The variance accounted for by the regressions in the side-
to-side conditions was low.

We computed mean absolute errors and mean coeffi-
cients of variation (CVs) to compare accuracy and preci-
sion of reaches, respectively. Absolute errors for each ob-
server, condition (head movement and: feedback), and
target distance were computed as the absolute difference
of mean reach distance and target distance. We report mean
absolute errors (with SDs), in centimeters, as follows: for-
ward with feedback, 2.6 (2.1); side to side with feedback,
4.1 (3.1); forward without feedback, 5.1 (3.6); and side to
side without feedback, 5.4 (4.1). A one-tailed paired ¢ test
showed that the feedback conditions were significantly
different in the forward head movement condition [£(24) =
3.4, p < .01, with a 2.5-cm mean difference]. They were
also significantly different in the side-to-side condition
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[t(24) = 1.7, p < .05, with a 1.3-cm mean difference].
Reaches performed with haptic feedback in both of the
head movement conditions were more accurate than
reaches performed without haptic feedback. We then com-
pared the forward with feedback condition with the side to
side with feedback condition and found a significant dif-
ference [1(24) = 2.4, p <.05], but no significant difference
was found between the forward and the side-to-side con-
ditions without feedback. This indicates that forward head
movements allowed greater reduction of error with feed-
back than did the side-to-side head movements.

+ We also computed CVs (SDs of reaches/mean reach)
for each observer and target distance in each of the four
conditions. The mean CVs (with SDs) for each condition
were as follows: forward with feedback, 8.6% (4.0%);
side-to-side with feedback, 9.2% (2.9%); forward without
feedback, 10.4% (4.2%); and side to side without feed-
back, 13.3% (5.7%). A comparison of individual condi-
tions with ¢ tests revealed a significant difference between
the forward and the side-to-side conditions without feed-
back, where the forward condition had better precision
[£(24) = 2.4, p < .05]. There was not, however, a signifi-
cant difference between the forward and the lateral head
movement conditions in the presence of feedback, indi-
cating that reaches were equally precise for the two types
of head movement when feedback was given [#(24) =
0.46, p > .05]. We also computed ¢ tests comparing feed-
back conditions and found that the forward with feedback
condition was more precise than the forward without
feedback condition [#(24) = 1.9, p < .05] and that the side-
to-side with feedback condition was more precise than the
side-to-side without feedback condition [#(24) = 3.2, p <
.01].

In addition to analyses on the reaches performed in the
task, we also examined the kinematics of the observers’
head movements. We analyzed the first five and the last
five trials for each observer in the forward and side-to-side
without feedback conditions. Table 2 shows the mean
head amplitudes (with SDs) in centimeters and the periods
of movement in seconds for each individual observer in
both of the head movement conditions. We conducted a2 X
2 X 5 repeated measures analysis of variance (ANOVA)
on amplitudes, comparing head movement conditions
(forward or side to side), era (beginning or end of session),
and trial (five at beginning and end of session). The only
significant result was a main effect for direction of head
movement. The forward head movements had signifi-

Table 1
Mean Slope, Standard Deviation, and Mean Reach Distances (asa
Proportion of Maximum Reach) at Target Distances .5 and .9 of
Maximum Reach for Each Viewing Condition in Experiment 1

Mean Reach Judgments

_ Slope Target at .5 of Target at .9 of
Viewing Condition M SD Maximum Reach  Maximum Reach
Forward with feedback 70 .24 .53 81
Side to side with feedback 61 .25 .56 81
Forward with no feedback 80 .28 48 .80
Side to side with no feedback .62 .23 .57 .82
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Table 2
Mean and Standard Deviation Head Movement Amplitudes
and Periods in Centimeters and Seconds, Respectively,
for Each Observer in the Forward and Side-to-Side
Without Feedback Conditions

Amplitude Period
Observer Condition M SD M SD
1. Forward 27.7 24 23 0.08
Side to Side 31.0 2.0 3.0 0.10
2 Forward 14.3 22 2.2 0.16
Side to Side 234 1.9 2.4 0.11
3 Forward 12.7 1.5 1.9 0.13
Side to Side 27.8 29 22 0.08
4 Forward 215 4.5 2.6 0.26
Side to Side 49.0 24 34 0.14
5 Forward 16.5 1.8 1.5 0.08
Side to Side 322 2.0 1.9 0.07
QOverall Forward 18.5 6.1 2.1 0.40
Side to Side 32.7 9.7 2.6 0.60

cantly smaller amplitudes (mean = 18.5 cm, SD = 6.1)
than did the side-to-side head movements [mean =32.7 cm,
SD=9.1; F(1,4)=12.4, p < .05]. We also conducted a2 X
2 X 5 repeated measures ANOVA on the periods of head
movement, using the same factors. Again, the only signif-
icant result was for direction of head movement. The for-
ward head movements had significantly shorter periods
(mean = 2.1 sec, SD = 0.4) than did the side-to-side head
movements [mean = 2.6 sec, SD =0.6; F(1,4)=102.9,p <
.001].

Discussion

These results indicate that for monocular depth percep-
tion in a reaching task, forward head movements are more
accurate than side-to-side head movements. Furthermore,
when haptic feedback was removed, reaches in both of the
head movement conditions became less accurate and less
precise, but less so when using forward head movements
than when using side-to-side head movements. The con-
dition with the poorest performance in all respects was the
side-to-side without feedback condition. The best perfor-
mance was observed in the forward with feedback condi-
tion. The mean slope (.70) was comparable with that found
by Bingham and Pagano (1998) for forward head move-
ments with the headcam and haptic feedback. As is shown
in Table I, the low slope reflected underestimation of dis-
tances. This is also consistent with the Bingham and Pagano
finding.

Bingham and Pagano (1998) found comparable perfor-
mances in terms of accuracy and slope with either head-
cam viewing or normal (unmediated) monocular viewing,
although the level of precision was poorer with the head-
cam. In that study, both conditions were performed with
haptic feedback.

Since the observers controlled their own head move-
ments in each condition, it is possible that any differences
in performance found between the forward and the side-
to-side head movement conditions could be a function of
the differences between the head movements. The results
of the head motion analysis revealed that head movement

WICKELGREN, McCONNELL, & BINGHAM

amplitudes were significantly smaller in the forward head
movement condition than in the side-to-side head movement
condition. This shows that the superior performance in the
forward head movement condition cannot be attributed to
larger head movements. This difference in amplitude sup-
ports our inference that forward head movements yield
better distance estimates. Smaller movements yield more
accurate reaching. A difference in the period of head move-
ments between the head movement conditions was also
found. The forward head movements were found to take
less time than the side-to-side head movements. This would
be expected, given the smaller amplitudes of movement.
We next investigated reaching and normal unmediated
monocular distance perception without haptic feedback in
order to compare performances with both forward and
side-to-side head movements and to determine whether
the level of imprecision found in Experiment 1 without
feedback was specific to viewing through the headcam.

EXPERIMENT 2

In the previous experiment, the observers wore the
headcam in order to isolate the optic flow generated by
their head movements. Although the headcam was re-
quired to ensure that optic flow was the only source of dis-
tance information, it was not representative of normal
monocular viewing. The camera restricted the field of
view to approximately 45° and eliminated accommoda-
tion as well as vision of stable surface texture (Bingham
& Pagano, 1998). Bingham and Pagano found that per-
formance with the headcam was more variable than that
without the headcam, even with haptic feedback. In Ex-
periment 2, we compared reaching performances with for-
ward versus side-to-side head movements. Normal un-
mediated monocular vision without haptic feedback was
used to determine whether the level of precision would re-
main as poor as that found in Experiment 1 and whether,
accordingly, the differences in the level of accuracy would
be the same.

Method

Participants. Five people participated in this study. Three of the
observers had also participated in Experiment 1 (Observers 1, 4, and
5), including the first two authors and one graduate student naive as
to the purposes of the study. The remaining 2 observers were stu-
dents, who were also naive as to the purpose of the study. All three
students were paid $5 an hour.

Procedure. Reaching performance in the forward and side-to-
side head movement conditions was tested with monocular viewing.
Unlike the patch light conditions that obtained during the first ex-
periment, normal lighting conditions were used, so that the observers
could clearly see the entire target apparatus. Thus, all of the monoc-
ular cues to distance that are present in normal monocular vision
were available for use in this condition: accommodation, surface tex-
ture, occlusion, and so forth. No feedback was given after a reach
was performed. The observer’s task was identical to that of Experi-
ment 1, with one difference. In Experiment I, the headcam display
was blacked out (eliminating vision) once the observer initiated the
reach. In the monocular condition used in Experiment 2, the ob-
server closed his/her eye before starting the reach. Both conditions
consisted of 25 experimental trials (5 target distances X 5 target
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sizes), préceded by 12 practice trials. Therefore, the total number of
trials run across both conditions was 74.

Results

The results for each observer in each head movement
condition are shown in Figure 2, where mean reach dis-
tances (and standard error bars) are plotted against target
distances. We performed a multiple regression, as in Ex-
periment 1, to compare the performance in the forward
head movement condition with that in the side-to-side head
movement condition. The regression was significant [r2 =
.70, F(3,244) = 187.5, p < .001]. There was a significant
difference in the intercept (partial £ = 14.92, p < .001),
and the slope difference was not significant. The mean
slope was .85, and the separation between the two curves
was 2.2 cm. Separate simple regressions in each condition
yielded an 2 of .70 and a slope of .89 in the forward head
movement condition and an 2 of .69 and a slope of .81 in
the side-to-side head movement condition. This was re-
vealed by simple regressions on each viewing and feed-
back condition (see Table 3 for mean slopes and reach val-
ues at distances .5 and .9 of maximum reach).

As in Experiment 1, we calculated both the mean ab-
solute error and the mean CV for both conditions. The mean
absolute errors (with SDs), in centimeters, were 4.2 (2.7)
for the forward condition and 3.6 (2.9) for the side-to-side
condition. No significant difference was found between
the mean error values, indicating that performances in the
two conditions were equally accurate [#(24) = 0.94, p >
.05]. The mean CVs (with SDs) were 3.7% (1.6%) for the
forward monocular condition and 4.3% (2.6%) for the
side-to-side monocular condition. A paired one-tailed
t test yielded no significant difference between the two con-
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ditions [#(24) = 1.12, p > .05]. Performances were equally
precise in the two conditions.

We also performed comparisons between the normal
monocular conditions of Experiment 2 and the headcam
monocular without feedback conditions of Experiment 1
(since no feedback was given during Experiment 2). First,
we conducted a multiple regression to compare perfor-
mance in the forward normal monocular condition with
that in the forward headcam condition. The multiple re-
gression was significant {r2 = .31, F(3,240) = 36.6, p <
.001]. There was a significant difference in the slopes of
the two lines (partial F=90.9, p < .001). Separate simple
regressions had yielded a siope of .89 for the normal
monocular data and a slope of .80 for the headcam data.
As would be expected, performance in the normal monoc-
ular condition was better than that in the headcam condi-
tion. We conducted a similar multiple regression compar-
ing the side-to-side normal monocular condition with the
side-to-side headcam condition. The regression was also
significant [r2 =17, F(3,244) = 16.3, p < .001}, although
the r2 was lower. There was a significant slope difference
between the side-to-side conditions (partial F = 35.6, p <
.001). Simple regressions had yielded a slope of .81 for
the side-to-side normal condition and a slope of .62 for
the headcam condition. Performance was considerably
better in the side-to-side normal monocular condition than
in the side-to-side headcam condition.

We compared the mean CVs and absolute errors for
each condition. The mean CVs (with SD) for each condi-
tion were as follows: forward monocular, 3.7% (1.6%);
forward headcam, 10.4% (4.2%); side-to-side monocular,
4.3% (2.6%); side-to-side headcam, 13.3% (5.7%). One-
tailed ¢ tests revealed significant differences in the CVs
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Figure 2. Mean reach distances (and standard error bars) for each observer in both of the nor-
mal monocular conditions as a function of actual target distances. The distance judgments are in
units proportional to the maximum reach distances for each observer in Experiment 2. The 3 ob-
servers from Experiment 1 are represented by the same symbols as in Figure 1: closed circle and
plus sign for the first and second authors (Observers 1 and 5) and open diamond for 1 naive ob-
server (Observer 4), respectively. The upside-down triangle and the half-filled circle represent the
2 naive observers, who participated only in Experiment 2.
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Table 3

Mean Slope, Standard Deviation,
Proportion of Maximum Reach) at

and Mean Reach Distances (as a

Distances .5 and .9 of Maximum

Reach for Each Viewing Condition in Experiment 2

Slope
Viewing Condition M SD
Forward monocular 89 .08
Side-to-side monocular .81 .10

Mean Reach Judgments

Targetat .5 of Target at .9 of
Maximum Reach  Maximum Reach

54 .90
.52 .84

between the two forward conditions [#(48)=7.5,p < .001],
and between the two side-to-side conditions [¢(48) = 7.2,
p < .001]. Performance in both the monocular conditions
had much greater precision than did performance in both
the headcam conditions. The mean absolute errors (with
SDs) for each condition, in centimeters, were as follows:
forward monocular, 4.2 (2.7); forward headcam, 5.2(3.6);
side-to-side monocular, 3.6 (2.9); side-to-side headcam,
5.4 (4.1). A pairwise ¢ test revealed a significant differ-
ence between the two side-to-side head movement condi-
tions [1(48) = 1.8, p <.05], where the side-to-side monoc-
ular condition had better accuracy. There was no
significant difference in accuracy, however, between the
forward monocular and the forward headcam conditions.

Discussion

Overall, the results of Experiment 2 indicate that in nor-
mal monocular conditions, performance when using side-
to-side head movements is as accurate and precise as when
using forward head movements. Performance in the head-
cam conditions of Experiment 1 was less accurate in the
side-to-side head movement conditions and more variable
overall. The presence of additional monocular visual infor-
mation, such as accommodation, surface texture, dynamic
occlusion, and size, in Experiment 2 improved performance.
The poorer performance in the headcam conditions could
be due to the additional weight added by the headcam ap-
paratus, which could cause minor perturbations in kines-
thetic information, as well as in basic movements. How-
ever, we would predict the additional weight would yield
a consistent trend of either over- or underestimation in
reaches. Neither particular trend was observed, however.
We found mostly individual differences, a trend that Bing-
ham, Zaal, Robin, & Shull (in press) observed in a condi-
tion without the headcam. Therefore, we do not attribute
the increase in performance seen in the normal monocu-
lar condition to the removal of the weight added by the
headcam apparatus but, rather, to the presence of addi-
tional monocular information.

GENERAL DISCUSSION

The first purpose of the experiments described here was
to investigate which type of head movement yielded bet-
ter distance judgments in a monocular reaching task. The
results of the experiments indicated that performance was
both more accurate and more precise when using forward
head movements to generate optic flow information in the

absence of other visual information. The mean absolute
error values and mean CVs indicated that the observers
were more accurate and more precise in their reaches. On
the other hand, Marotta, Perrot, Nicolle, et. al. (1995)
found that monocular people tended, over time, to prefer
to rotate the head sideways to obtain depth information
from motion parallax and stopped using forward head
movements. They argued that recently enucleated patients
should be trained to use these types of head movements,
on the basis of the assumption that the people switched to
this type of head movement because the information they
obtained from motion parallax was more informative to
them. In Experiment 1, we isolated these types of optic
flow and found that reaching performance was actually
worse in the side-to-side conditions that generated motion
parallax than in the forward conditions that generated ra-
dial flow patterns in addition to some parallax. The pres-
ence of both types of information when the forward head
movement was employed could allow for more accurate
perception of distance. The side-to-side head movements
yielded a poorer performance, even though observers used
significantly larger head movements and took more time
than in the forward direction.

The second purpose of these experiments was to inves-
tigate how stable the observers’ reaching performance was
after the removal of haptic feedback. The headcam appa-
ratus was used to isolate optic flow as information, but it
introduced a large perturbation to vision. it eliminated all
other possible sources of information, such as ocular par-
allax (Bingham, 1993a), convergence, binocular disparity,
and accommodation. Bingham and Pagano (1998) used
the headcam to investigate performance in a similar reach-
ing task with haptic feedback, but they did not address the
stability of performance after the removal of feedback.
Our experiment showed that for both of the head move-
ment conditions, accuracy and precision deteriorated
when feedback was removed. The deterioration in perfor-
mance was greater, however, for the side-to-side head
movement condition, indicating greater instability than with
forward head movements. '

Nevertheless, when performance was compared under
normal unmediated monocular viewing conditions, per-
formance with side-to-side head movements was virtually
equal to that with forward head movements. This implies
that the parallax can be used equally well to scale other
stable sources of information about relative distance, such
as visible surface texture, so that they might act as infor-
mation about definite distance. Accordingly, we suggest
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that the enucleated patients in Marotta, Perrot, Nicolle, &
Goodale’s (1995) study did not learn to perform sideways
movements because the information from motion paral-
lax was more useful, but because the action itself was
more efficient and easier to perform, while allowing equal
performance. However, sideways movements may not be
more efficient in other situations. For example, when
reaching for an object just out of arm’s reach, people nat-
urally produce forward head movement. It would be un-
natural and inconvenient to employ a side-to-side type of
head movement in this situation. Also, forward head move-
ment accompanies locomotor movements in walking or
running, where scaling information could be provided in
terms of stride length. Both of these examples indicate that
people might be more adept or practiced at using egocen-
tric distance information generated by forward head
movements.
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NOTES

1. We refer to definite as opposed to absolute distance, to acknowledge
the noise inherent to actual measurements. The term absolute implies
absolute precision and accuracy. This issue is discussed at length in
Bingham (1993b) and Bingham and Pagano (1998). Also note that, di-
mensionally, optical patterns are angular (and temporal), so lengths are
not preserved when mapped onto optical patterns, as is demonstrated by
the inability to describe optical pattern in terms of meters, inches, or any
metric length unit.

2. Note that the slope alone does not determine accuracy of perfor-
mance. The placement of the curve is also important. It is possible to ob-
serve better accuracy for some curves with lower slopes than for curves
for higher slopes (see forward with feedback vs. forward no feedback).
The slope is used in specific cases to describe the trend that produced in-
accuracy. Low slope, for instance, could reflect either overestimation of
near targets and underestimation of far targets or progressively greater
underestimation of increasingly far targets. The former trend would yield
greater overall accuracy.

(Manuscript received July 21, 1998;
revision accepted for publication August 9, 1999.)



