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Abs t rac t  Previous studies have generally considered 
heading perception to be a visual task. However, since 
judgments of heading direction are required only during 
self-motion, there are several other relevant senses which 
could provide supplementary and, in some cases, neces- 
sary information to make accurate and precise judgments 
of the direction of self-motion. We assessed the contribu- 
tions of several of these senses using tasks chosen to re- 
flect the reference system used by each sensory modali- 
ty. Head-pointing and rod-pointing tasks were performed 
in which subjects aligned either the head or an unseen 
pointer with the direction of motion during whole body 
linear motion. Passive visual and vestibular stimulation 
was generated by accelerating subjects at sub- or supra- 
vestibular thresholds down a linear track. The motor-kin- 
esthetic system was stimulated by having subjects active- 
ly walk along the track. A helmet-mounted optical sys- 
tem, fixed either on the cart used to provide passive visu- 
al or vestibular information or on the walker used in the 
active walking conditions, provided a stereoscopic dis- 
play of an optical flow field. Subjects could be posi- 
tioned at any orientation relative to the heading, and 
heading judgments were obtained using unimodal visual, 
vestibular, or walking cues, or combined visual-vestibu- 
lar and visual-walking cues. Vision alone resulted in rea- 
sonably precise and accurate head-pointing judgments 
(0.3 ~ constant errors, 2.9 ~ variable errors), but not rod- 
pointing judgments (3.5 ~ constant errors, 5.9 ~ variable 
errors). Concordant visual-walking stimulation slightly 
decreased the variable errors and reduced constant point- 
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ing errors to close to zero, while head-pointing errors 
were unaffected. Concordant visual-vestibular stimula- 
tion did not facilitate either response. Stimulation of the 
vestibular system in the absence of vision produced im- 
precise rod-pointing responses, while variable and con- 
stant pointing errors in the active walking condition were 
comparable to those obtained in the visual condition. 
During active self-motion, subjects made large head- 
pointing undershoots when visual information was not 
available. These results suggest that while vision pro- 
vides sufficient information to identify the heading direc- 
tion, it cannot, in isolation, be used to guide the motor 
response required to point toward or move in the direc- 
tion of self-motion. 

Key words Heading �9 Optical flow �9 Otoliths �9 Sensory 
integration �9 Human 

Introduction 

Most empirical studies of the perception of the direction 
of self-motion have focused on the ability of stationary 
observers to identify the visual heading in an optical flow 
pattern. This is a purely oculocentric task which does not 
require subjects to align either the head or the body with 
the heading. Orienting the head in the direction of visual- 
ly defined self-motion is a headcentric task requiring 
knowledge of the direction of regard of each of the eyes. 
Pointing with an unseen hand to the visually defined 
heading is a bodycentric task that requires, in addition, 
knowledge of where the head is on the body and of the 
position of the arm on the body. In addition, one may 
point in the direction of heading in the dark on the basis 
of information from either the otolith organs or from mo- 
tor-kinesthesis during self-induced motion. Thus, several 
senses process information about headcentric and body- 
centric self-motion, but few studies have examined the 
roles of each in spatial orientation. We will begin by 
briefly reviewing what is known about the directional 
sensitivity of each of the relevant motion senses. 



Visual heading 

The visual system is an ideal heading transducer in that 
it consists of an array of spatially discrete neurons sensi- 
tive to the velocity and direction of flow across the reti- 
na. Gibson (1950) noted that, during locomotion, visual 
heading is specified by the center of radial optical flow 
resulting from the relative motion of stationary objects in 
the environment. However, the 'focus of expansion' is 
useful only when an observer is following a straight path 
and gaze is coincident with the heading (Cutting 1986; 
Koenderink and van Doorn 1981; Regan and Beverley 
1982), conditions which rarely occur during natural mo- 
tion. Retinal flow during natural motion consists not on- 
ly of radial optical flow produced by linear self-motion, 
but also of a translational component resulting from eye 
movements. Heading could be derived by decomposing 
retinal flow into radial and translational components 
(Bruss and Horn 1983; Koenderink and van Doorn 1981; 
Longuet-Higgins and Prazdny 1980; Rieger and Lawton 
1985), or by using extraretinal proprioceptive informa- 
tion or motor efference to monitor and subtract eye 
movements (von Holst 1954; Skavenski 1972; Sperry 
1950). However, such computations are unnecessary 
when motion occurs through a three-dimensional array 
of objects, since heading is specified by the locus of zero 
parallax in the retinal flow field, i.e., by the set of objects 
at different distances which remain visually aligned. This 
cue to heading does not depend on gaze angle, since eye 
rotation produces very little parallax for distant targets. 
When gaze is centered to one side of the heading, retinal 
flow is asymmetrical, with higher flow rates occurring 
on the fixated side of the motion path. The observer 
merely has to make a gaze adjustment in the opposite di- 
rection to counteract the asymmetrical flow and locate 
the locus of zero parallax (Cutting 1986; Cutting et al. 
1992; Richards 1975). 

Empirical studies of visual heading have generally 
used computers to generate two-dimensional optical flow 
fields (Ahumada 1983; Cutting 1986; Cutting et al. 
1992; Warren 1976; Warren et al. 1988). However, two- 
dimensional displays do not optimize the differential 
motion parallax available in the three-dimensional world. 
Further, such displays may not create an impression of 
self-motion through a stationary environment, and head- 
ing, by definition, requires self-motion. Computer-gener- 
ated displays produce a conflict between vision which 
signals motion and other senses which signal stationarity. 

Vestibular heading 

The vestibular otolith organs (utricle and saccule) re- 
spond to the magnitude and direction of linear accelera- 
tion of the head. Head acceleration is encoded by the 
magnitude of displacement of hair cells on the sensory 
epithelium. Direction of linear motion is coded in terms 
of the pattern of activation of arrays of hair cells with 
different directional sensitivities (polarization axes). 
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Thresholds for the detection of linear head motion have 
been reviewed by Guedry (1974) and Gundry (1978). 
None of these studies measured directional thresholds of 
linear motion, although in some cases subjects provided 
verbal reports of their perceived direction of motion. Us- 
ing a see-saw device to provide vertical oscillations, 
Walsh (1964) noted that reports of the direction of verti- 
cal motion were often out-of-phase with the actual mo- 
tion, in that observers frequently reported maximal 
downward motion during the upswing. Benson et al. 
(1986) established thresholds for the detection of linear 
self-motion using a device in which upright or supine 
subjects experienced linear motion along the naso-occip- 
ital, interaural, or dorso-ventral body axes. Detection 
thresholds were significantly higher (0.015 g) for dorso- 
ventral motion than for naso-occipital or interaural linear 
motion (0.006 g). However, thresholds for the discrimi- 
nation of different directions of motion were not ob- 
tained, since motion was restricted to two directions for 
each body axis. 

While the otoliths provide information about the di- 
rection of head motion, they do not provide information 
about the direction of body motion in the absence of 
knowledge about the orientation of the head on the body. 
For example, if the head is aligned with the body and ac- 
celerated forward, the otoliths correctly interpret the for- 
ward acceleration, but if the head is turned laterally to- 
ward the left shoulder while the body is accelerated for- 
ward, the otoliths will signal rightward motion. Correct 
interpretation of the directions of the head and body ac- 
celerations requires inputs from proprioceptors in the 
neck and body. 

Somatosensory heading 

In addition to the signals from neck proprioceptors, dur- 
ing walking, information from other joint proprioceptors, 
foot mechanoreceptors, and sensorimotor feedback from 
the legs and trunk indicate which way the body is mov- 
ing in bodycentric coordinates and enable an observer to 
point in the direction of heading. The role of these inputs 
in heading perception has not been examined. Walsh 
(1961), however, has shown that somatosensory cues 
have little influence on motion detection during passive 
motion. In subjects with high spinal lesions which de- 
stroyed sensory afferents from trunk and limb proprio- 
ceptors, thresholds for the detection of self-motion were 
not elevated relative to those for controls, suggesting that 
such cues add little to the perception of heading during 
passive motion. 

To date, the only experiments on heading have been 
concerned with the visual identification of the locus of 
heading within an oculocentric frame of reference, and 
although it has been established that motion parallax fa- 
cilitates judgments of heading (Cutting et al. 1992), no 
experiments have been done in which observers combine 
sensory information as they move through a 3-D envi- 
ronment. The present experiment examines the contribu- 
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t ions o f  visual ,  vest ibular ,  and p ropr iocep t ive  sensory  
sys tems  to the p rec i s ion  and accuracy  of  j u d g m e n t s  o f  
ac tual  se l f -mot ion  in both  visual  (oculocent r ic )  and 
bodycen t r i c  coord ina te  systems.  We used  two bas ic  
tasks;  a head-po in t ing  task  and a rod-po in t ing  task. In  
the head-po in t ing  task,  subjects  a l igned  the head  with  the 
d i rec t ion  o f  heading .  W h e n  the l ights  were  on, this was 
ach ieved  by  turning the head  unti l  a f ixated,  head- f ixed  
visual  target  was cen te red  on the locus  o f  heading .  This  
s ight ing task  can be  pe r fo rmed  in pure ly  ocu locen t r ic  co- 
ordinates ,  s ince i t  does  not  requi re  k n o w l e d g e  o f  e i ther  
eye  or head  posi t ion.  W h e n  the subjec t  w a l k e d  in the 
dark  the head-po in t ing  task  was pe r fo rmed  in b o d y c e n -  
tr ic coord ina tes  us ing  in format ion  f rom the legs and 
f rom neck  p ropr iocep to r s  s ignal l ing  the pos i t ion  o f  the 
head  on the body.  In the rod-po in t ing  task,  subjects  used  
the hands  to a l ign an unseen  rod  wi th  the d i rec t ion  of  
heading.  Wi th  on ly  visual  in fo rmat ion  about  head ing  
(subjects  m o v e d  pass ive ly  at sub threshold  acce le ra t ions  
in the l ight) ,  the rod-po in t ing  task  requires  k n o w l e d g e  o f  
the  pos i t ion  o f  the eyes  in the head  and o f  the head  on 
the body.  Wi th  only  ves t ibular  in fo rmat ion  about  head ing  
(subjects  acce le ra ted  pass ive ly  in the dark),  the rod-  
po in t ing  task  requi res  k n o w l e d g e  o f  the pos i t ion  o f  the 
head  on the body,  Wi th  only  p ropr iocep t ive  in fo rmat ion  
about  head ing  (walk ing  at sub thresho ld  acce le ra t ions  in 
the dark)  the rod-po in t ing  task  requires  no in format ion  
about  the pos i t ions  o f  the eyes  or  o f  the head.  We pred ic t  
that  head ing  j u d g m e n t s  wi l l  be mos t  p rec i se  and accurate  
when  fewer  in-ser ies  sensory  inputs  are requ i red  com-  
pa red  wi th  when  more  sensory  sys tems are involved.  
Speci f ica l ly ,  pe r fo rmance  should  be  op t ima l  when  the 
task  is to center  a v isua l  target  on the seen head ing  by  
m o v i n g  the head,  and when  moto r  f eedback  assoc ia ted  
with  wa lk ing  is ava i lab le  and the task  is to al ign an un- 
seen po in te r  wi th  the unseen  heading .  A second  pred ic -  
t ion is that  p rec i s ion  and accuracy  should  improve  when  
severa l  in -para l l e l  sensory  sys tems prov ide  in fo rmat ion  
about  heading.  

Materials and methods 

Subjects 

Five adult subjects (two men and three women) between 25 and 36 
years, with normal vision or vision corrected to normal using con- 
tact lenses, participated in the experiment. None of the subjects 
had any known visual, vestibular, or motor abnormalities. The ex- 
periment was performed within the ethical guidelines established 
by York University, and informed consent was obtained from each 
subject prior to the start of the experiment. 

Apparatus 

Subjects were positioned in one of the two devices shown in 
Fig. IA,B inside a hallway lined with mirrors (8.0 m long, 1.4 m 
wide). Diffuse illumination was provided by fluorescent overhead 
lights covered with a translucent Mylar sheet. The visual display 
consisted of approximately 360 white wooden rods (each 36 cm 
long, 5 cm wide) which were suspended vertically fi'om the ceil- 
ing. The floor, the wall space below the mirl-ors, and all equipment 

placed inside the hallway were painted flat black, and subjects 
wore black clothing to minimize reflections in the mirrors. 

In the active motion conditions, subjects stood upright inside 
the walker shown in Fig. 1A. The torso was clamped within a 
frame on a circular bearing which could be rotated with respect to 
an outer frame which ran on a linear bearing down the length of 
the hallway. At the start of each trial, the subject and inner frame 
were rotated on a turntable and brought to rest and clamped at a 
variable angle about the Earth-vertical axis with respect to the mo- 
tion path. Subjects were then instructed to walk at the same rate as 
the walker as it was pulled along rails located just below the mir- 
rors at waist height (85 cm from the floor). They walked in what- 
ever posture they happened to be clamped in the walker. For ex- 
ample, they walked sideways if the body was clamped at 90 ~ to 
the motion path. When walking in the dark at accelerations below 
threshold for vestibular stimulation, subjects received only motor- 
kinesthetic information about the direction of motion. When walk- 
ing with the lights on, they received both motor-kinesthetic and vi- 
sual information, 

The cart shown in Fig. 1B was used to provide passive visual, 
vestibular, or combined visual-vestibular stimulation. The subject 
sat on a padded seat which could be rotated relative to a base 
mounted on four wheels. After several rotations the chair was 
locked into a given direction relative to the motion path. The cart 
moved along a rail on the floor of the hallway. The chair and walk- 
er were pulled by cables running over pulleys driven by DC servo 
motors (EG & G Torque Systems) controlled by a Macintosh SE 
computer. 

Visual stimulation was provided by two television monitors 
(Panasonic WV-5200B; 15 cm wide, 600 lines) housed side by 
side in a frame attached to a helmet fitted on the subject's head. 
The helmet was fan cooled and lined with an individually molded 
foam plastic insert which provided a tight coupling between the 
head and the optical system. The subject viewed the monitors 
through a pair of lenses which magnified each image to give a 
60~ binocular field with accommodation at optical infinity. 
The monitors and helmet were supported on a frame which could 
rotate through _+35 ~ about the mid-vertical axis of the head 
(Fig. 1A,B). The rotatable frame was mounted on an outer frame 
which ran on vertical bearings on vertical supports on either side 
of the subject. The helmet assembly was adjusted to the height of 
the subject's head and then clamped in position. The weight of the 
helmet assembly was carried on either the walker or the cart. In 
some conditions, the helmet assembly was free to rotate with side- 
to-side rotations of the subject's head, and in other conditions it 
and the head were clamped in alignment with the torso. The angu- 
lar position of the helmet was recorded by a potentiometer feeding 
through an A/D converter into the computer. 

Each monitor received an input from a Panasonic video camera 
(5.5 cm long, focal length 7.5 ram). The cameras were mounted on 
stalks extending from the top of the helmet to 38 cm above the 
subject's head. The cameras were 6.7 cm apart center to center, a 
distance close to the average human interpupillary distance. Since 
the cameras were rigidly attached to the helmet, rotation or linear 
translation of the head resulted in simultaneous rotation or transla- 
tion of the cameras. The roll, pitch, and vergence angles of the 
cameras were routinely adjusted so that calibrated displays viewed 
through the optical system fused into a single stereoscopic image. 
During visual conditions the subject saw a 60~ stereoscopic 
display of vertical rods extending to infinity in all directions. 

Sound localization cues were masked by white noise transmit- 
ted to earphones inside the helmet. 

Experimental conditions 

Each subject was run in all five experimental conditions, three 
passive conditions in the cart and two active conditions in the 
walker. The passive conditions (visual, vestibular, and visual-ves- 
tibular) were run first using the cart. In the visual condition, the 
cart was accelerated (0.004 g) to a peak velocity of 0.2 m/s for 
5.3 s, at which point it was decelerated to zero velocity over a fur- 
ther 5.3 s. These accelerations and decelerations are below the de- 



Fig. 1 A The walker used to 
stimulate the motor-kinesthetic 
inputs involved in locomotion. 
B The cart used to provide pas- 
sive visual or vestibular stimu- 
lation. The helmet-mounted op- 
tical system shown in the upper 
part of the photographs was the 
same for each device. Two 
cameras mounted above the 
subject's head provided video 
signals to two monitors directly 
in front of the head. As the cart 
or walker translated through the 
field of rods suspended from 
the ceiling, subjects viewed a 
60 ~ stereoscopic display con- 
sisting of radial optical flow 
due to the observer's linear mo- 
tion and translational flow due 
to head rotation 
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tection thresholds for the otoliths (Benson 1986; Guedry 1974; 
Gundry 1978). When no visual input was present, subjects detect- 
ed cart vibration, but not linear translation. In the vestibular and 
visual-vestibular conditions, the cart was moved at a constant ac- 
celeration (0.05 g) to a peak velocity of 2.75 m/s for 5.3 s and then 
decelerated to zero over the last 5.3 s, This acceleration was 5-10 
times higher than the detection threshold for the otoliths. In the 
vestibular condition, the lights were off and in the visual-vestibu- 
lar condition the lights were on. In the active walking conditions, 
using the walker, the subthreshold acceleration profile was identi- 
cal to that used in the passive visual condition. Subjects were con- 
strained to walk at the speed of the walker. Walking trials were run 
in the dark, and visual-walking trials were run with lights on. 

For each condition, the locus of heading was set at 0 ~ +5 ~ 
_+10 ~ +15 ~ and ___20 ~ with respect to the median plane of the 
body. These will be referred to as frontal-field trials. In non-visual 
conditions, an additional set of trials was run over the full 360 ~ 
range (0 ~ +5 ~ _+10 ~ _+15 ~ +40 ~ +60 ~ ___100 ~ _+140 ~ 180~ Each 
heading angle was presented three times. The order of presentation 
of heading angles was randomized within a single session, and the 
order in which the different conditions were run was counterbal- 
anced across subjects as much as possible. Cart and walking trials 
were not interspersed, as it was not practical to assemble the walk- 
er until all the cart trials were run. 

For all conditions, subjects aligned an unseen rod with the 
heading. This is the rod-pointing task. In visual conditions, sub- 
jects also aligned a head-fixed fixation point with the visually de- 
fined heading locus by moving the head. This is the sighting task. 
In the walking condition, subjects also aligned the head with the 
heading direction. This is the head-pointing task. 

Procedure 

Subjects were secured in one of the two devices, and the height of 
the optical system was adjusted so that a black dot (0.5 ~ on the 
face of each monitor was centered on each eye. The dots could be 
binocularly fused to provide a fixation point at optical infinity. 
This minimized linear vestibulo-ocular eye movements, since eye 
movements are not necessary to maintain retinal image stability 
of objects at large viewing distances (Paige and Tomko 1991). 
Rubber flanges were positioned snugly against the face so that 

light could not enter around the lenses. Black cloth was draped 
around the goggles to ensure that subjects could not pull away 
from the goggles to obtain visual orientation cues from the hall- 
way. 
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At the start of each trial, the helmet assembly was locked at 0 ~ 
(head aligned with body), and subjects were rotated about the mid- 
body axis at subthreshold angular accelerations for approximately 
40 s to ensure complete disorientation. During trials in which head 
rotation was allowed, subjects released a locking device on the 
head assembly and were thus free to move the head from side to 
side. In all visual conditions, subjects aligned the fixation point 
and the locus of zero parallax (sighting task) and then relocked the 
head in this position. In the walking condition, subjects aligned 
the head with the direction of self-motion in the dark (head-point- 
ing task). In all of the head-free conditions, subjects performed the 
head-pointing task during the linear translation prior to performing 
the rod-pointing task. In the vestibular condition, the head was 
locked in line with the body to ensure that the otoliths received a 
linear acceleration stimulus in only one direction. In all condi- 
tions, subjects were then instructed to use both hands to align an 
unseen horizontal pointer with the heading direction (rod-pointing 
task) during the linear motion. The pointer was a rod 1 cm wide 
and 15 cm long mounted on a vertical shaft at waist level on the 
front of the cart or walker. The pointer was connected to a potenti- 
ometer calibrated with reference to the median plane of the body 
in the same manner as the head potentiometer. In non-visual con- 
ditions (walking and vestibular), run over the full 360 ~ range of 
heading, the head was locked in line with the body (0 ~ and sub- 
jects made only rod-pointing responses. 

In the frontal-field trials (_+20~ subjects provided a verbal re- 
port of their heading direction once the cart or walker stopped 
moving. Three choices were given: straight ahead, forward to the 
right, and forward to the left. No feedback was provided during or 
after a trial, and subjects were asked not to pull away from the 
monitors to look at the hallway during or between trials. Subjects 
were given as many practice sessions with feedback as required to 
reach a criterion of three consecutive correct responses. 

Measures and statistical analysis 

At the end of each trial the angular head and pointer deviations 
from the true heading were recorded. Standard deviations of the 
three settings for each heading direction in each of the experimen- 
tal conditions were used to determine head-pointing and rod- 
pointing variable errors (precision). The mean of the signed devia- 
tions of each of the settings from the true heading was used to cal- 
culate head-pointing and rod-pointing constant errors (accuracy). 
Values to the right of the true heading were assigned positive. Ver- 
bal heading reports were classified in terms of percentage correct. 
Constant and variable errors were subjected to within-subject anal- 
ysis of variance. When a significant F-test result was obtained, 
post hoc analysis was performed using Tukey HSD tests. 

Fig. 2 Mean variable errors 
(n=5) for each of the sensory 
stimulation conditions for both 
the head-pointing (sighting and 
head-pointing) and rod-point- 
ing tasks collapsed across the 
nine heading directions 
(0~176 Note that the head- 
pointing task was not per- 
formed in the vestibular condi- 
tion. Error bars represent 
1 Standard deviation 
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Precision 

As shown in Fig. 2, sighting judgments were more pre- 
cise (F1,4=38.72, P<0.005) than rod-pointing judgments 
in the three conditions in which visual heading informa- 
tion was available (visual, visual-vestibular, and visual- 
walking). The variability of rod-pointing was twice as 
large as that of the sighting judgments (4.62 ~ vs 2.31~ 
Analysis of variance of variable errors yielded a signifi- 
cant effect of conditions in which either the sighting or 
head-pointing task was performed (F3,12=5.17, P<0.05). 
Post hoc comparisons revealed that the precision of 
sighting did not differ between conditions, but the preci- 
sion of sighting in each of the visual conditions differed 
significantly from the precision of head-pointing per- 
formed in the walking condition (P<0.05). There was 
also a significant effect of conditions for the rod-pointing 
task which was performed in all conditions (F4,16=5.30, 
P<0.01). Post hoc comparisons revealed that the three vi- 
sual conditions and the walking condition were signifi- 
cantly different from the vestibular condition (P<0.05). 
There was no significant effect of heading angle for ei- 
ther the head-pointing or rod-pointing tasks over the 
frontal 40 ~ range of heading. However, as shown in 
Fig. 3, in the non-visual conditions in which the experi- 
ment was run over the entire 360 ~ range, rod-pointing 
precision did vary as a function of heading angle (F17 ' 
68=2.51, P<0.005).  There was no overall difference in 
precision between the vestibular and walking conditions, 
but there was a difference in precision as a function of 
heading angle. Data from leftward and rightward head- 
ings did not differ and were pooled. In the vestibular 
condition, rod-pointing became less precise as the angle 
between the median plane of the body and the heading 
direction increased to 90 ~ , but precision improved as the 
body angle approached the position in which the subject 
was moving straight back. In the walking condition, rod- 
pointing precision was similar for headings up to 20 ~ 

head pointing 1 
rod pointing U 

visual visual- visual- walking vestibular 
vestibular walking 



Fig. 3 Mean variable pointing 
errors (n=5) for the walking 
and vestibular conditions for 
each heading angle. Variable 
errors represent the mean of the 
standard deviations of the three 
settings for each sensory condi- 
tion and heading angle. Left- 
and rightward pointer settings 
did not differ significantly and 
have been pooled 
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r ~  

15 

r,. 
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> 

Fig. 4 Mean left-right constant 
errors (n=5) for the head-point- 
ing and rod-pointing tasks in 
each of the sensory conditions. 
Constant errors were calculated 
by taking the mean of the 
signed deviations from the true 
heading for the settings made 
for each heading 

r~ 
2 

0 

- 2 -  

- 4 -  

- 6 -  

- 8  - -  

from straight-ahead, but performance declined after 
about 40 ~ . 

Accuracy 

Two types of constant error occurred in this experiment. 
In all but one of the sensory stimulation conditions, sub- 
jects judged their heading to be to the left or to the right 
of the actual heading for both leftward and rightward di- 
rections. These left-right constant errors are shown in 
Fig. 4, collapsed over heading direction for each sensory 
stimulation condition. In the walking condition, in which 
the task was to align the head in the direction of motion 
in the absence of visual feedback, subjects underestimat- 
ed their heading angle for both leftward and rightward 
headings, i.e., they set the pointer to the left of  rightward 
headings and to the right of leftward headings (mean for 
all subjects and headings was 3.9~ These midline errors 
(pointing or sighting under or overshoots relative to 
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�9 vestibular 
�9 walking 

I I [ [ I I 

30 60 90 120 150 180 

8 -~ head pointing 1 
rod pointing t 

6 

4 

Heading Angle 

I I 
visual visual- visual- walking vestibular 

vestibular walking 

the body midline) were very small for all other condi- 
tions. 

The main effect of conditions was significant for both 
the combined sighting (visual cues available) and head- 
pointing (no vision) tasks (/73,12=3.85, P<0.05) and for 
rod-pointing (F4,16=3.95, P<0.05) tasks. The accuracy of 
sighting in the visual-vestibular condition was signifi- 
candy different from the accuracy of head-pointing in 
the walking condition (P<0.05). There was a significant 
difference in the accuracy of rod-pointing between the 
vestibular and walking conditions and between the visual 
condition and the visual-walking and vestibular condi- 
tions (P<0.05). While left-right head-pointing errors 
were significantly larger in the visual-vestibular condi- 
tion than in the walking condition, a larger response bias 
was actually observed in the head-pointing task in the 
condition in which subjects walked in the dark. Subjects 
underestimated the extent of their head turn for both 
rightward and leftward headings. This produced errors of 
opposite signs for each direction which effectively can- 
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celled each other. If the undershoots obtained for each 
direction are signed consistently, the constant head- 
pointing errors were actually larger (3.9 ~ ) in the walking 
condition than the left-right head-pointing errors ob- 
tained in the visual-vestibular condition. The direction of 
left-right errors was to the right (positive values) of the 
heading in all but the vestibular rod-pointing task and the 
walking head-pointing task, in which the errors were to 
the left of the heading. 

There was a significant interaction between heading 
angle and conditions for the head-pointing task 
(F24,96=2.34, P<0.005). The head-pointing constant er- 
rors varied as a function of heading angle (P<0.05) only 
in the walking condition. In this condition, subjects did 
not make larger head movements as the heading angle 
increased, and hence errors became progressively larger. 

Percent correct verbal responses 

The percentage of correct verbal responses is shown in 
Fig. 5. A response was correct if the subject correctly in- 
dicated whether the heading direction was to the right or 
left or straight-ahead relative to the mid-body axis. In all 
stimulus conditions, the percentage of correct responses 
was higher for the straight-ahead position than for the 5 ~ 
heading angle and increased at larger heading angles. 
Performance was near perfect for all but the vestibular 
condition at 15 ~ . Heading thresholds were determined 
using a curve fitting procedure to estimate the smallest 
angle for which verbal heading judgments were correct 
on 75% of the trials. Performance was above threshold 
for the straight-ahead position only for the visual condi- 
tion, but remained above chance in all conditions. At 5 ~ , 
performance dropped to near chance levels (33%) in the 
two non-visual conditions. The 75% thresholds were as 
follows: visual 5.5 ~ visual-vestibular 5.7 ~ visual-walk- 
ing 7.2 ~ walking 8.7 ~ and vestibular 11.4 ~ 

F i g .  5 Percentage  o f  correct  
verbal heading reports  in each 
sensory condit ion.  The  75% 
correct  level is indicated by  the 
dashed horizontal line. Chance  
per formance  is 33% 
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Discussion 

The present experiment was performed to elucidate the 
relative contributions of multisensory inputs to the per- 
ception of heading direction. Our measures of perfor- 
mance were chosen to reflect the reference system used 
by each sensory modality. In the head-pointing task with 
lights on (sighting task), subjects rotated the head to 
align a fixation point with the locus of zero parallax in 
the optical flow field. In the head-pointing task with 
lights out, subjects aligned the median plane of the head 
with the heading perceived non-visually. In the rod- 
pointing task, subjects aligned an unseen pointer with the 
heading, perceived either visually or non-visually. The 
accuracy and precision of performance were quantified 
by measures of constant and variable errors, respectively. 
Our results indicate that during passive motion in which 
only visual cues were available, sighting was superior to 
rod-pointing. However, rod-pointing was more accurate 
than sighting when combined visual-walking informa- 
tion was available in the active-motion condition. 

These results reinforce the fact that each sensory sys- 
tem codes information about the direction of self-motion 
with reference to an independent coordinate system. For 
example, the locus of zero parallax in the optical flow 
specifies heading in retinal coordinates. If the locus of 
heading happens to be imaged in the visual periphery, 
subjects should have no difficulty turning the eyes to fo- 
veate the image of the zero-parallax locus. In our sight- 
ing task, subjects fixated a target spot fixed to the head 
and simply rotated the head until the spot was superim- 
posed on the locus of zero parallax. Information about 
the position of the eyes was not needed because subjects 
fixated a target attached to the head. With well-defined 
visual stimuli, this task should be performed as precisely 
as a vernier acuity task. When only visual information 
was available, sighting judgments were accurate to with- 
in 18' of arc, and precision was within 3 ~ . Thus, accura- 
cy in the sighting task was much better than the 3.7 ~ 
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which Cutting et al. (1992) calculated would be required 
to avoid collisions with objects when moving at a speed 
of 2 m/s, a speed considerably higher than the 0.2 m/s in 
the visual condition of the present experiment. Sighting 
precision was well below the level of vernier acuity, but 
performance was limited by the low resolution of the 
monitors, by the variability of alignment of rods with the 
heading direction, and by confusion between a number 
of overlapping rods in the neighborhood of the locus of 
zero parallax (crowding, see Westheimer and Hauske 
1975). In a vernier task, there are only two well-defined 
and spatially separated lines. Cutting (1986) has reported 
that errors in judging heading decline when visual field 
elements are arranged regularly, rather than randomly, as 
in the present experiment. 

Pointing with an unseen arm to a visually defined 
heading and sighting are very different tasks. Since the 
arms that adjust the rod are attached to the torso, subjects 
must be aware of the orientation of the eyes in the head 
and of the head on the torso. In the visual condition, 
variable pointing errors were twice as large as variable 
sighting errors, and constant pointing errors were 12 
times larger than constant sighting errors. The motor- 
kinesthetic system stimulated by walking is capable of 
directly encoding the orientation of the body relative to 
the motion path, and the positions of the eyes or the head 
need not be known. Our results, however, show only 
slight, non-significant improvements in rod-pointing ac- 
curacy and precision in the walking condition in the dark 
relative to the visual condition. If subjects were allowed 
to view the heading while walking, pointing accuracy 
was significantly better than that in the visual condition 
(0.23 ~ vs 3.5~ Thus, combined visual and motor inputs 
facilitate pointing judgments relative to unimodal stimu- 
lation. We expected that motor-kinesthetic input from 
walking would alone provide enough information to al- 
low subjects to point in the direction of motion. Howev- 
er, this input does not provide the requisite resolution for 
highly accurate pointing. Body orientation had to be de- 
viated almost 9 ~ from the motion path before subjects 
could consistently report their direction of motion. Head- 
ing thresholds were 60% lower in the visual condition. 
Thus, the visual system is a higher resolution system and 
allows the most accurate guidance of self-motion. 

It is clear from the present experiment that vestibular 
inputs are not necessary for accurate judgments of head- 
ing, since rod-pointing and sighting judgments were rea- 
sonably accurate and precise during combined visual- 
kinesthetic stimulation when subjects moved at sub- 
threshold accelerations. If otolithic contributions were 
necessary for heading judgments, we would be lost at 
subthreshold accelerations and during constant velocity 
motion. The otoliths may, however, contribute to the per- 
ception of the direction of body motion during the accel- 
erative phases of self-motion, or when either visual or 
motor cues are absent. However, the significantly higher 
constant and variable rod-pointing errors in the vestibu- 
lar condition in the dark indicate that the vestibular sys- 
tem is significantly inferior to both the visual and motor- 
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kinesthetic systems in specifying the direction of motion. 
A possible criticism of this experiment is that pointing 
does not adequately assess vestibular performance, since 
the vestibular system senses the direction of head, not of 
body acceleration. In the absence of head-on-body infor- 
mation, subjects should not be able to make accurate 
rod-pointing responses. Subjects were not allowed to 
move their heads in the vestibular condition, as this 
would have stimulated the semicircular canals and oto- 
liths and changed the otolithic stimulus. However, we ar- 
gue that the pointing task is a useful measure of the di- 
rectionality of the vestibular system if the orientation of 
the head on the body is known, because knowing the di- 
rection of head motion can then be used to derive the di- 
rection of body motion and thus support an accurate 
pointing response. Since a major function of the vestibu- 
lar system is to maintain postural stability, it must have 
access to information about the orientation of the head 
on the body with respect to gravity. If this were not the 
case, the vestibular system would not be able to maintain 
posture when the head is turned. Since postural stability 
is maintained in the presence of horizontal head turns 
(Fox and Paige 1991) and during head tilt (Diener et al. 
1986), vestibular signals must be interpreted with refer- 
ence to the orientation of the head on the body. We also 
obtained similar results from analysis of the verbal re- 
ports of heading. In the vestibular condition, subjects 
could consistently report heading direction only when 
the head and body were turned more than 11 o relative to 
the heading, and perfect performance was obtained only 
when the angle between the subject's median plane and 
the heading exceeded 100 ~ . This heading threshold was 
twice that obtained in the visual condition. 

Vestibular inputs also did not augment heading judg- 
ments when vision was available. While subjects showed 
a slight, non-significant improvement in sighting and 
rod-pointing precision and in rod-pointing accuracy in 
the visual-vestibular condition relative to the visual con- 
dition, the percentage of correct verbal responses was 
unchanged. Sighting accuracy was actually worse in the 
visual-vestibular condition than in the visual condition, 
even though the rate of optical flow was higher in the vi- 
sual-vestibular condition, since the visual condition was 
run at accelerations below vestibular threshold. Increased 
rates of optical flow have been shown to facilitate judg- 
ments of heading (Warren et al. 1989). In fact, subjects 
in our experiment did report that the locus of zero paral- 
lax was easier to identify in the visual-vestibular condi- 
tion than in the visual condition. Ahumada (1983) con- 
ducted a study in which subjects identified the instanta- 
neous aimpoint of an aircraft landing on a runway and 
similarly found that faster optic flow reduces accuracy, 
despite improved discriminability. The reason for this bi- 
as is unclear. Perhaps the more noticeable flow asymme- 
try that occurs when the head is not aligned with the lo- 
cus of zero parallax was heightened in the faster visual- 
vestibular condition, resulting in a sighting bias. Even if 
the faster visual flow did not facilitate sighting, the pres- 
ence of vestibular stimulation should have enabled sub- 
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jects to move the head in the direction of motion, even 
when visual stimulation was absent. 

These results suggest that vestibular inputs cannot, by 
themselves, be used to determine the direction of self- 
motion. However, vestibular inputs may still play a role 
in heading perception under some circumstances. Vestib- 
ular inputs may be critical in conditions of  high spatial 
uncertainty. For example, if observers become complete- 
ly disorientated, vestibular cues could at least enable 
them to distinguish between forward, backward, and 
sideways trajectories. This may be sufficient to drive the 
appropriate gaze adjustments to bring vision into its opti- 
mal operating range in order to make an accurate final 
judgment.  Physical limitations of  the apparatus prevent- 
ed us f rom using linear accelerations over 0.1 g. Perhaps 
the vestibular system operates with greater precision and 
accuracy at higher levels of  acceleration, although this 
seems unlikely in view of the fact that we normally do 
not accelerate at levels higher than 0.1 g. 

These findings emphasize the importance of  the de- 
pendent measure used to assess performance. Several 
studies of  visual heading have reported that humans can- 
not use information in the optical flow field to accurately 
determine their heading direction (Ahumada 1983; John- 
ston et al. 1973; Llewellyn 1971). A major reason for 
poor performance may be that, in these experiments, 
subjects used a hidden pointer or one positioned only af- 
ter the display stopped moving, so direct visual feedback 
was absent. Since pointing is not accurate without visual 
feedback, it is not surprising that performance was rela- 
tively poor in these studies. Warren et al. (1988) and 
Cutting (1986) have shown that humans can verbally re- 
port heading direction with an accuracy of 1 ~ 

During self-motion, several sensory systems work in 
concert to signal the magnitude and direction of self-mo- 
tion. We have assessed the basic sensitivity of each. Our 
results suggest that each of  the senses plays a different 
role in identifying and guiding locomotion. Vision can 
be used to accurately identify the heading in oculocentric 
coordinates, but in order to point or walk toward that 
heading, additional information is required f rom proprio- 
ceptors in the eyes, neck, and legs. Motor-kinesthetic in- 
formation from the legs during walking in the dark at 
subthreshold accelerations or at constant velocity allows 
us to point in the direction of heading with slightly less 
accuracy and precision than the visual system. Vestibular 
information during passive acceleration in the dark al- 
lows for the least precise and accurate performance. 
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