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The role of central and peripheral vision in
perceiving the direction of self-motion

WILLIAM H. WARREN and KENNETH J. KURTZ
Brown University, Providence, Rhode Island

Three experiments were performed to examine the role that central and peripheral vision play
in the perception of the direction of translational self-motion, or heading, from optical flow. When
the focus of radial outflow was in central vision, heading accuracy was slightly higher with central
circular displays (10°-25° diameter) than with peripheral annular displays (40° diameter), in
dicating that central vision is somewhat more sensitive to this information. Performance dropped
rapidly as the eccentricity of the focus of outflow increased, indicating that the periphery does
not accurately extract radial flow patterns. Together with recent research on vection and postural
adjustments, these results contradict the peripheral dominance hypothesis that peripheral vision
is specialized for perception of self-motion. We propose a functional sensitivity hypothesis-thai.
self-motion is perceived on the basis of optical information rather than the retinal locus of stimu
lation, but that central and peripheral vision are differentially sensitive to the information charac
teristic of each retinal region.

Research on the role of vision in the perception of self

motion has emphasized three phenomena induced by op

tical flow stimulation: (1) vection, or the subjective ex

perience of self-motion; (2) postural adjustments such as

body sway or tilt during standing; and (3) the perception

of heading, or the direction of self-motion. To some ex

tent, these phenomena are independent of one another,

for vection and heading are commonly perceived with

out postural adjustments, heading can be perceived with

out the sensation of vection, and postural compensation

has been reported with optical velocities too low to in

duce vection (Delorme & Martin, 1986; Lee & Lishman,

1975; Stoffregen, 1986). However, to the extent that vec

tion is experienced in a definite direction and postural ad

justments are directionally specific, the extraction of in

formation about heading is implicated.

On the basis of evidence from the first two domains,

claims have frequently been made for a peripheral domi

nance hypothesis-specifically, that peripheral vision plays

the dominant role in the perception and control of self

motion and that central vision is relatively insensitive to

such information. In their review, Dichgans and Brandt

(1978) concluded that, "The peripheral retina dominates

visually induced vection and spatial orientation, whereas

central vision dominates pattern perception and object mo

tion detection" (p. 777; italics in original). Our purpose

in the present paper is to consider the role ofdifferent retinal

regions in perceiving self-motion and to include a review
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of the evidence on the peripheral dominance hypothesis

and a test of it in the third domain of perceiving heading.

The central problem in perceiving self-motion is to dis

tinguish the patterns of optical flow that are due to self

motion from those that are due to object motion, so that

they can be responded to differentially. A priori consider

ations suggest several possible optical bases for the per

ception of self-motion. First, as Gibson (1950, 1954,

1968) pointed out. movement of the observer tends to

generate a global transformation of the optic array,

whereas object motion tends to produce a local transfor

mation in a bounded region of the array. (Exceptions in

clude self-motion in a vehicle with small windows, and

motion of large nearby objects.) Although there is con

siderable evidence that larger areas of stimulation induce

stronger vection and greater postural sway, small regions

of stimulation ( < 30° in diameter) can still be effective.

This indicates that the area of stimulation by itselfcannot

provide the full story.

Peripheral dominance. first proposed by Brandt, Dich

gans. and Koenig (1973), could derive from similar con

siderations. Because self-motion tends to produce a global
transformation, it is more likely to yield optical flow in

the visual periphery than is local object motion, and thus

the peripheral retina could have become specialized for

detecting self-motion. An obvious problem is that a mov

ing object in peripheral vision, or pursuit tracking of a

moving object against a background, would also produce

optical motion in the periphery. This suggests that the

overall pattern of stimulation, not simply the retinal locus

of motion, must be considered.

Third, both object and self-motion generally take place

within a stationary environmental frame of reference. Ob

ject motion is specified by the displacement of a surface

relative to more distant "background" surfaces of the en-
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vironmental surround, and self-motion by flow of the en

vironmental surround itself (Gibson, 1%8). The order of

surfaces in d~th may 1)e given by texture occlusion and

disocclusion, motion perspective, stereopsis, and so on.

Consistent with this notion is the evidence that both vec

tion and postural adjustments are driven by motion of sur

faces perceived to be in the background, but not by motion

of surfaces perceived to be in the foreground (Brandt, Wist,

& Dichgans, 1975; Ohmi, Howard, & Landolt, 1987).

Finally, the perception of self-motion could be restricted

to optical accelerations or temporal frequencies correlated

with the dynamics of normal postural sway, and higher

rates of optical flow attributed to object motion (Stoffregen

& Riccio, 1990). Thus Berthoz, Lacour, Soechting, and

Vidal (1979) reported that the frequency responses ofvec

tion and postural adjustments are both dominated by the

low frequency range, below 0.2 Hz.

Let us now review the evidence on peripheral dominance.

Vection
The classic example of vection is the "train illusion, "

in which an observer seated in a stationary train feels as

if he or she is moving when a train on the adjacent track

pulls out. Initial research suggested that peripheral stimu

lation was necessary to induce such a sensation of self

motion. In the case of circular vection, or perceived yaw
about the vertical axis in a rotating drum, Brandt et al.

(1973) reported that circular displays 30° or 60° in di

ameter presented from 45° to 75° in the periphery were

sufficient to evoke vection with a subjective intensity and

velocity close to that obtained with full-field stimulation.

On the other hand, a central 60° region had a reduced

effect, and a central 30° region had no effect at all. Simi
lar results were subsequently obtained for roll vection,

or rotation about the line of sight (Held, Dichgans, &

Bauer, 1975), and for linear vection, including transla

tion along the anterior-posterior (A-P) axis (Berthoz,

Pavard, & Young, 1975) and the vertical axis (Johansson,

1977). It quickly came to be accepted that the retinal pe
riphery dominated in the perception of self-motion.

However, more recent results call this conclusion into
question (G. J. Andersen, 1986). G. J. Andersen and

Braunstein (1985), who used radial flow patterns that sim

ulated movement through a three-dimensional cloud of

dots, reported linear vection with central stimulation as
small as 7.5°. In a direct replication of Brandt et al.

(1973), Post (1988) studied circular vection with a 30°

display and reported no effect of eccentricity on the in

tensity and velocity of vection. Both central and periph

eral effects were 60% of that obtained with a full-field

display, due to the reduced area of stimulation.
In a critical experiment, Howard and Heckmann (1989)

manipulated central and peripheral information for fore

ground and background surfaces in a rotating drum, and

obtained circular vection with central displays as small
as 13.5 0. The results showed no difference between central

and peripheral stimulation when the displays were equated
for area and presented in the background, both yielding

about 50% of full-field intensity. 1 They concluded that vec

tion is primarily controlled by two factors that trade off:

retinal area of stimulation and motion ofthe perceived back

ground surface. Similar results were found by Delorme

and Martin (1986) for linear vection in an oscillating room,

showing persistent vection with both 40° central stimu

lation and full peripheral stimulation (central 80° masked)

as long as the moving surface was in the background; no

vection was obtained for moving foreground surfaces with

a stationary background. Frost and his colleagues (Shaver,

Telford, & Frost, 1991; Telford & Frost, 1991) have also

reported central vection with a moving background sur
face when the order in depth was specified by either tex

ture occlusion and disocclusion or stereopsis.

The previous discrepancies can be explained by these

two factors, for in most of the earlier studies, either reti

nal area was not equated or central stimulation was pre

sented in the foreground (see Howard & Heckmann,
1989). They also account for the "airplane" version of

the train illusion, in which vection is induced by a mov

ing background surface viewed centrally through a small

window. In sum, it is now clear that vection can be in

duced with small areas of central stimulation, contrary

to the predictions of the peripheral dominance hypothesis.

Postural Adjustments
Research on postural adjustments induced by optical

flow followed a similar development, often influenced by

the findings on vection. Initially, investigators reported

that spontaneous standing sway increased with the occlu

sion of peripheral vision but not with the occlusion of
central vision, suggesting that the periphery played the

dominant role (Arnblard & Carblanc, 1980; Begbie, 1966;

Dickinson, 1969; Dickinson & Leonard, 1967). When pos

tural adjustments were actively driven by optical flow dis

plays, Lestienne, Soechting, and Berthoz (1977) found

that the magnitude of A-P body tilt dropped as the loca
tion of a vertical strip of moving texture shifted from the

periphery into 20° central vision. However, these studies

suffered from a number of methodological problems

notably, a failure to equate the area ofcentral and periph

eral stimulation.
In contrast, more recent experiments have yielded sig

nificant postural effects with central stimulation. Paulus,

Straube, and Brandt (1984) found no difference in spon

taneous body sway with 30° central vision and full pe
ripheral vision (central 30° masked). Moreover, when

equated for area, 30° of central vision actually yielded

substantially less sway than did 30° of peripheral vision,
suggesting a greater central sensitivity for postural con

trol. McCarty and Ashmead (1991) found a similar cen

tral advantage with both stationary and moving LED ar

rays. In a similar vein, Delorme and Martin (1986)

reported that A-P sway was induced in a swinging room
both with 40° central vision and with peripheral vision
(central 80° masked), but only when the moving surface

was in the background. De Graaf, van Asten, and Gielen

(1990) found comparable results for lateral sway driven
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Given some error E in determining the direction of local

motions, the heading error 0 of their intersection point

would thus increase with more lamellar flow:

(Warren, Blackwell, Kurtz, Hatsopoulos, & Kalish, 1991;

Warren, Morris, & Kalish, 1988). These results led us

to conclude that the visual system relies on the radial struc

ture of the flow pattern to perceive translational heading,

rather than the local focus ofoutflow. This is at least com

patible with the peripheral dominance hypothesis, for the

radial pattern could in principle be detected over a region

of the periphery, and local dot motions could be "trian

gulated" to locate the heading point. In fact, the eccen

tricity scaling of optimal velocity sensitivity in the periph

ery (van de Grind, van Doom, & Koenderink, 1983)

closely approximates the distribution of retinal velocities

produced by walking over a ground surface while one
looks straight ahead.

As pointed out by Koenderink and van Doom (1987),

as a constant-size patch of the optical flow field is sam

pled farther from the focus of outflow, the flow becomes

increasingly lamellar and triangulation consequently less

precise. Analyzed in the image plane, the angle 2a be

tween two vectors separated by distance 2r decreases with

their distance ..t from the focus of outflow:

As predicted, Crowell, Royden, Banks, Swenson, and

Sekuler (1990) found a significant rise in discrimination

thresholds for heading as a centrally presented patch of

flow was sampled farther from the focus, when observers

judged whether the second of two successive flow fields

was to the right or to the left of the first. Assuming that

E is normally distributed, there should also be an asym

metry in heading error 0, with perceived heading biased

toward the far side of the actual heading point away from

the fixation point, although this could not be determined

with their relative heading task. This might lead one to

expect an increased heading error with peripheral stimu
lation, if it is far from the focus of outflow.

With an annular sample of flow surrounding the focus

of expansion, analogous to peripheral vision, one would

not get such a systematic bias but might expect a decrease

in heading precision, because error in local motion direc

tion would produce a larger scatter of intersection points

as one sampled farther from the focus. However, Warren

et al. (1991; Hatsopoulos & Warren, 1991) found no de

cline in performance with full-screen displays in which

the directions of individual vectors were randomized within

a 45 ° envelope. This indicates that the redundancy in the

global flow field allows the visual system to achieve high
precision despite such local errors. Thus, on this score,

a peripheral annulus of flow should allow accurate per
ception of heading.

However, there is another reason to expect that head

ing accuracy might decline with peripheral stimulation.

A number of visual measures such as the minimum angle

by roll stimulation (80° "windmill" patterns oscillating

about the line of sight), both with peripheral vision (cen

tral 50° masked) and with ~ 3 5 ° central vision. No ef

fects were found with s25° central stimulation, but the

masks were computer-generated and did not specify a

background surface.

This evidence demonstrates that postural adjustments

can be obtained with central vision, contrary to the pre

dictions of the peripheral dominance hypothesis. How

ever, there are indications of a more subtle type of dif

ferential sensitivity, such that retinal locus interacts with

the structure of the optical flow pattern. Stoffregen (1985,

1986) found that 60° displays of lamellar (parallel) flow

induced body sway in both central and peripheral vision,

whereas radial flow patterns had an effect in central vi

sion but not at an eccentricity of90°. This led him to pro

pose that the peripheral retina is specialized to detect

lamellar flow for postural control, whereas the central ret

ina can detect both lamellar and radial flow. G. J. Andersen

and Dyre (1989) confirmed postural effects of both radial

and lamellar flow in 15° central vision.

A similar interaction was reported for rotary flow by

de Graaf et al. (1990), who used 35° and SOo windmill

patterns. When the center of rotation was at the fixation

point, the correlation between body sway and display os

cillation was high, but when the center of rotation was

25 ° in the periphery, it dropped dramatically. Thus, cen

tral vision appears to extract rotary flow for postural con

trol, whereas peripheral vision does not.

In sum, there is consistent evidence that postural ad

justments, like vection, can be induced in both central and

peripheral vision. Both phenomena are influenced by the

area of stimulation and motion of a background surface,
results that are consistent with ecological conditions of self

motion. Significantly, the central retina appears to extract

radial, rotary, and lamellar flow patterns for postural con

trol and vection, whereas the peripheral retina appears

to extract only lamellar flow for these tasks.

Perception of Heading
In the research reported here, the role of peripheral in

formation was investigated in the third domain, that of

perceiving the direction of self-motion. Given the evidence

just reviewed, it is doubtful that the peripheral dominance

hypothesis is likely to hold for heading any more than it

does for vection and postural control. Although it is worth

it to properly test the strong version of the hypothesis in

this domain as well, it is perhaps more important to de

termine the role that different retinal regions play in ex

tracting radial and lamellar flow patterns for the percep

tion of heading.
What might lead us to expect differential retinal sensi

tivity to information for self-motion? In previous studies,

we have found translational heading judgments to be

highly accurate (on the order of 1° of visual angle) with

low-density random-dot displays, with "velocity field"

displays having a two-frame dot lifetime, and with ve

locity fields containing local directional and speed noise

a = tan-I(r/x).

(x+o) = r/tan(a +E).

(I)

(2)
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Figure 1. Velocity field for displays in Experiment 1. (A) Central
condition. (8) Peripheral condition. (Mask diameter = ISO; beading

direction, 1° to right of flXBtion cross; heading angle, 4 ° to left of

target line.)
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of resolution (MAR, the inverse of acuity), motion de

tection thresholds, optimum velocity sensitivity, and rel

ative speed threJholds all.jncrease linearly with eccentric

ity () according to the function

s = m()+ 1, (3)

where s is a scaling factor by which to multiply the fo

veal value to obtain a corresponding value for any eccen

tricity (Levi, Klein, & Aitsebaomo, 1984; McKee &
Nakayama, 1984; Sakitt & Barlow, 1982; van de Grind,

Koenderinck, & van Doom, 1986; van de Grind et al.,

1983). This function can usually be related to the eccen

tricity scaling of neural properties such as receptive field

size or velocity tuning. We might expect sensitivity to

higher order pattern motion to obey the same scaling re

lation. However, Crowell et al. (1990) found no decline

in their relative heading task when a fixed patch of the

flow field was moved into the periphery, whether the
visual angle of the patch was MAR scaled or held con

stant at 7° x 14°.

In the present study, we tested heading judgments while

manipulating the retinal locus of stimulation. In the first

experiment, we compared central and peripheral stimu

lation when the focus of outflow was in the central region.

In the second and third experiments, we examined periph

eral sensitivity to radial flow by varying the eccentricity

of the focus of outflow. The results contradict the periph

eral dominance hypothesis and indicate a greater central

sensitivity to radial flow patterns.

EXPERIMENT 1
Central Versus Peripheral Stimulation

The purpose of the first experiment was to compare

heading accuracy with central and peripheral stimulation.
Radial flow patterns simulating observer translation

through a three-dimensional cloud were created (see Fig

ure 1), in which only a central circular portion was visi

ble (central condition), only the peripheral annulus out

side the circle was visible (peripheral condition), or the

whole 40° screen was visible (combined condition). The
diameter of the inner circle varied from 10° to 25°, with

a fixation cross at its center. The heading direction varied

horizontally within the central 8°, so the complete cir

cumference of the radial pattern was visible in all condi

tions. The resulting retinal flow pattern was comparable

to that obtained when one looks in the approximate direc

tion of self-motion.
Heading information was equated across conditions by

holding the number of dots constant, so that the number

of vectors with which to make a "triangulation" estimate

of the heading point was the same in all conditions. How

ever, there were several remaining differences between
central and peripheral displays. First, dot density was con

sequently higher in central than in peripheral conditions,

so we ran a control condition to equate density. Second,
dot size and central/peripheral area were not eccentricity

scaled in all conditions. However, the 15° and 20° con

ditions did provide appropriate MAR scaling of central

and peripheral area, and we ran a control condition to

make sure that peripheral dot motion was above thresh

old in all conditions. Thus, we attempted to control the

information in the central, peripheral, and combined con

ditions so that any differences in performance could be

ascribed to differential retinal sensitivities.

Method
Observers. Eight graduate students and staff at Brown Univer

sity were paid to participate. Two of these observers were also run

in the control conditions. All had normal or corrected-to-normal

vision and, with the exception of the first author, were participat

ing in an optical flow experiment for the first time and were unin

formed about the purposes of this study.

Displays. Displays depicting self-motion through a three

dimensional cloud of dots were generated on a Raster Technolo

gies Model 00e/38O graphics terminal hosted by a MicroVaxll com

puter. They were presented on a Sony GDM-I901 monitor with

a 6O-Hz refresh rate, a medium-short P22 phosphor, and a pixel

resolution of 1,280 x 1,024, subtending 40° x 32 ° (horizontal x ver

tical). The screen was viewed binocularly at the projectively cor

rect distance of45 cm, using a black viewing box with a rectangular

window at one end and a chinrest at the other. There is little agree

ment in the literature on what is meant by "central" and "periph

eral" vision. Our reading suggests that displays up to 20° in di

ameter are generally considered to be in central vision, whereas

larger displays are said to include peripheral vision. We thus be
lieve our 40° display stimulated a portion of what is typically called

peripheral vision.

Eyeheight units (e) were used as a distance metric, one standing

eyeheight being approximately 1.6 m. The dots were randomly posi-



tioned in a cubic volume with its near surface at a distance of I e

(1.6 m), its far surface at a distance of 20 e (32 m), and its sides

off screen. Dots were single white pixels 1.9' of arc in diameter
with a luminance of 118 cdJm' on a black background of0.2 cdJm' ,

and did not expand with motion. A display consisted of eight im

ages that were cycled 10 times at 22 frames/sec, with an SOA of

45 rnsec. Each individual dot had a lifetime of 4 frames and was

then replaced with another dot at a random position in the field,

and dot lives were interlaced such that one fourth of the dots were

replaced on each frame. This type of display allowed us to com

pute an occluding mask with the capabilities of the graphics sys

tem. The simulated observer speed was 11 elsec (17.4 rnIsec), yield
ing optical velocities ranging between approximately 0°Isec and

42°/sec and interframe displacements of 0° to 2°, depending on

a dot's depth and distance from the focus of outflow.

On each trial, a fixation "X" with a diameter of 1° appeared

at the center of the screen for I sec, followed by dot motion for
3.6 sec. The simulated heading direction varied randomly between

0°, ±I.O°, ±2.0°, ±3.0°, and ±4.0° to the left (-) or right (+)

of the center of the screen. In the last frame of the display, a verti

cal 1.5° target line appeared and remained visible together with

the last frame of dots until the observer responded. To determine

observer accuracy, the heading angle between the heading direc

tion and the target varied randomly between ±0.5°, ±I.O°, ±2.0°,
and ±4.0°. Observers were instructed to push one of two buttons

to indicate whether it looked as if they would pass to the left ( - )

or right ( +) of the target if they continued on their current path.

Chance performance was thus 50% correct.

In the central condition, only dots within a circular border cen

tered at the fixation point were visible, the rest being occluded by

a computer-generated black peripheral mask. In the peripheral con
dition, only dots outside the circle were visible, with a black cen

tral mask. In the combined condition, dots were visible on the full

screen. The diameter of the circular border varied between 10°,
15°,20°, and 25°, within the rectangular 40° x32° screen. In the

peripheral condition, this left an annulus of dots with a horizontal
thickness varying from IS° to 7.5° and a vertical thickness vary

ing from II ° to 3.5°. The areas of central and peripheral flow were,
respectively, 79 and 1,121 deg' with the 10° mask, 177 and

1,023 deg' with the 15° mask, 314 and 886 deg' with the 20° mask,

and 491 and 709 deg' with the 25° mask. Dots were occluded (or

disoccluded) as they crossed the border of the mask.

To equate heading information (number of "triangulation" vec

tors) across conditions, the number ofdots in each frame was held
constant at approximately 90 dots. However, this meant that dot

density was necessarily higher in the central than in the peripheral

condition. We thus ran 2 observers in a density control condition,

in which dot density was held constant at 0.16 dots/deg' with the
20° mask only, yielding approximately 50 dots in the central, 150

dots in the peripheral, and 200 dots in the combined conditions.

They also received a 10° central condition with just 20 dots, for

a density of 0.25 dots/deg' , compared with 1.15 dots/deg' in the
9O-<lot test condition.

Finally, because we did not MAR scale the sizes of individual

dots, we also ran two observers in a translational motion control

condition with peripheral displays, to ensure that this did not im

pair the peripheral detection ofdot motion. Displays presented hor
izontal motion of a cloud of 90 dots at each of the four mask sizes,

and the observer's task was to judge whether dot motion was left
ward or rightward on the screen. These translational displays were

matched with the heading displays by equating optical velocity at

an eccentricity of 15°, so that a comparable range of velocities was

present in the periphery.
Procedure. Trials were blocked by mask size in a counterbalanced

order, and within that, blocked by condition in a randomly chosen
order. Before each mask size block, observers received 15 prac
tice trials with feedback at that mask size (5 in each condition),

followed by 2 I6 test trials without feedback (72 in each condition).
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This made for a total of 864 test trials presented in two 9O-min ses

sions. Density control trials followed in a third session for 2 ob

servers, with 216 trials in the 20° condition and 72 trials in the

10° central condition, and 192 translational motion control trials

in a fourth session for 2 observers.
The data were collapsed across heading direction and positive

negative heading angles for analysis, yielding 18 trials at each un

signed heading angle. As in our previous studies, heading thresholds

were calculated from these values by fitting each observer's data

(percent correct by absolute heading angle) with an ogive, perform

ing a z transformation on percent correct, and computing a linear

regression. The heading angle at which the regression line reached
75% correct was adopted as the threshold. All observers showed

clear thresholds in each condition.

However, this method assumes that performance is symmetrical
for positive and negative heading angles, and that there is no bias

toward one side of the target or the other. In past studies of trans
lational heading with free fixation, we have found no asymmetry,

but with a central fixation point, we were concerned about a possi
ble heading bias. To determine any constant heading error, we

recoded heading angle as positive for "near" trials (actual head

ing on the near side of the target toward the fixation point) and nega

tive for "far" trials (actual heading on the far side of the target

away from the fixation point), plotted the percentage of "near"

responses as a function of this near-far angle, and fit the data with

an ogive as before. The point of subjective equality at which this
curve crosses the 50% chance line is the near-far angle at which

the observer reports heading straight toward the target, and taking

its opposite sign gives the constant error. For example, if the ob

server reports heading straight at the target when the heading is

actually -I ° to the far side of the target, this corresponds to a +1°

(near) heading error. The point at which the curve crosses the 75%
line yields the difference limen, a measure of precision about

the constant error value (see Kling & Riggs, 1971, for details of

this method).

Results and Discussion

The percentage of correct responses in each condition

appears in Figure 2. Perfonnance remained high in the

central condition even with a very small area of stimula

tion, but declined in the peripheral condition with increas

ing mask size. A repeated measures analysis of variance

(ANOVA) revealed a large effect of condition [F(2,14)

= 100.63, P < .001], accounting for 54% of the total

sum ofsquares, and no overall effect of mask size [F(3,2 I)

= 2.47, n.s.], but there was a significant interaction

[F(6,42) = 3.00, p < .05], accounting for 6% of the sum

of squares. A separate ANOVA on the peripheral condi

tion alone confirmed a mask size effect [F(3,2 I) = 4.20,

P < .05], accounting for 38% of the sum of squares.

Post hoc Tukey tests on individual cell means within a

column or a row (Cicchetti, 1972) showed no differences

between the central and combined conditions, but signif

icant differences between both of them and the periph

eral condition at mask diameters of 15°, 20°, and 25°
(p < .01). Within the peripheral condition, there were

significant differences between the 10° and 20° masks

(p < .05), and between the 10° and 25° masks (p < .01).

In practical terms, this significant difference for the pe

ripheral condition translates into a rather small decline

in heading accuracy. The mean heading threshold was

0.5° in the central condi\ion and 0.6° in the combined

condition, and in the peripheral condition it rose from 0.8°
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Mask Diameter (deg)

ditions, which is meaningful given that the focus of out

flow only varied within ±4° from the fixation point. An

ANOVA revealed a main effect of condition [F(2,14) =
9.68, p < .002], accounting for 16% of the total sum of

squares, and no effect of mask size [F(3,21) = 0.97, n.s.],

but there was a significant interaction [F(6,42) = 6.53,

p < .001], accounting for 25% of the sum of squares.
Tukey tests showed that the constant error was greater

in the peripheral condition than in the central and com

bined conditions for 20° and 25° masks (p < .05); within

the central condition, the 25° mask also had a significantly

different error than did the 10° and 15° masks (p < .05).

Finally, the difference limen was higher in the periph

eral than in the central and combined conditions as well,

with a main effect of condition [F(2,14) = 55.57, P <
.001], accounting for 30% of the total sum of squares,

no effect of mask size [F(3,21) = 1.73, n.s.], and an inter

action [F(6,42) = 3.14, p < .02], accounting for 13%

of the sum of squares. Although these results are small

and variable, we think that they suggest that the overall

drop in performance was due to greater uncertainty about

heading in the peripheral condition, which led to a slight

bias toward the fixation point.

Before we can attribute these effects to differences in

retinal sensitivity, several alternative explanations must

be considered. First, it is possible that the difference be

tween the central and peripheral conditions was due to

higher dot densities in central displays. However, when

we equated dot density in the 20° density control condi

tion, the difference remained: 91% correct in the com

bined condition, 92% correct in the central condition, but
only 82% correct in the peripheral condition. Further,

when the number of central dots was reduced from 90
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Figure 2. Mean percentage of correct responses as a function of
mask size in the central, peripheral, and combined conditions (Ex

periment 1). Error bars indicate the standard error.

with a 10° mask to 1.4° with a 25° mask. Thus, heading

can be perceived quite well when central vision is ob

structed. But contrary to predictions of the peripheral

dominance hypothesis, heading accuracy is actually higher

in central than in peripheral vision, and it declines with

progressively larger central masks.
The error analysis suggested that the overall decline in

peripheral performance is due both to a constant error and

to a variable error (Figure 3). A small but significant con

stant "near" heading error of over 0.5° toward the

fixation point occurred in the 20° and 25° peripheral con-
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Figure 3. Mean constant heading error as a function of mask size (Experi
ment 1). A "near" error occurs when perceived heading is biased toward the

fixatiOll point. Error bars indicate the difference limen about the constant

error value.



to just 20 in the 10° density control condition, perfor

mance remained at 95% correct, exactly where it was for

these 2 observers with a high density. Thus, the central

peripheral difference cannot be attributed to differences

in dot number or dot density.

Second, peripheral vision may have been at a disad

vantage because the dots were not MAR scaled, making

their motion more difficult to detect in the peripheral con

dition. However, performance in the translational motion

control condition was 100% correct for both observers

at all mask sizes. Thus, motion was well above threshold

in all peripheral conditions, and the central-peripheral dif

ference cannot be ascribed to a peripheral disadvantage

in detecting dot motion per se. This also demonstrates that

peripheral vision was not impaired by the use of short

lifetime dot motion.

Third, the central-peripheral difference as well as the

decline in peripheral performance with mask size might be

due to the retinal area of stimulation. To equate for this,

central and peripheral display areas should be related by the

scaling factor s2 = (.338+1)2, where 8 is one half the radius

in the central condition or the eccentricity of the midpoint

of the annular ring in the peripheral condition (McKee &

Nakayama, 1984). This criterion was met by the 15° condi

tion, in which peripheral area was six times the central

area, as required, and roughly by the 20° condition, where

peripheral area was three times the central area, compared

to the required five times. In both cases, performance was

still significantly higher in the central than in the peripheral

condition, so the difference between central and peripheral

stimulation is not due to retinal area. We also interpret the

decline in peripheral performance with increasing mask

size to be due to a loss of information in central vision rather

than a loss of area in peripheral vision, although we can

not rule out an area effect without using a larger display.

Fourth, as noted in the introduction, we doubt that the

central-peripheral difference is due to increased triangula

tion error with vectors far from the focus of outflow. Be

cause the complete circumference of the pattern was visi

ble, there is no reason to expect that heading error would

increase, given the redundancy in the flow pattern and

the visual system's tolerance of directional noise (Warren

et al., 1991).

Finally, it might be argued that the use of feedback

could have influenced the results by training observers

to respond to extraneous cues. Feedback was provided

only during five practice trials for each condition to orient

observers to unfamiliar, minimal displays, and it is doubt

ful that they could have learned and tested a cue-based

strategy in so few trials. Usually, such strategies depend

on the presence of confounding cues whose validity de

grades in such a way as to explain the pattern of perfor

mance, and our displays were carefully constructed to

eliminate confounding cues; no observer mentioned such

a strategy during debriefing. In addition, the observers

in this experiment were naive, which helps to avoid cue

based responses (Braunstein & Todd, 1990).

Two main results can be drawn from the present pat

tern of data. First, contrary to the predictions of the pe-
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ripheral dominance hypothesis, peripheral vision yields

a heading accuracy that is actually somewhat worse than

that obtained with central vision. Second, 10° central vi

sion provides heading judgments as accurate as those ob

tained with a full screen, indicating that radial flow pat

terns can be detected in central vision. The first result

contrasts with that of Crowell et al. (1990), who found

no decline in performance when a fixed patch of the flow

field was moved into the periphery.

These results suggest that central vision may be some

what more accurate than peripheral vision in determin

ing heading. We examined this issue further in the next

experiment, by testing how well locally radial flow could

be detected in the periphery.

EXPERIMENT 2
Eccentricity of the Focus of Outflow

In Experiment I, perception of heading was slightly

more accurate with central than with peripheral vision.

However, in those displays, the focus of outflow was al

ways located in the central region, so that locally radial

flow was present centrally but not peripherally. It is pos

sible that peripheral vision would exhibit equal heading

accuracy with radial flow centered in the periphery.

In Experiment 2, we compared central and peripheral

sensitivity to radial flow by varying the eccentricity of

the focus of outflow in full-screen displays. If peripheral

vision can extract locally radial flow, performance should

be unaffected by eccentricity. On the other hand, if there

is peripheral insensitivity to radial pattern motion, per

formance should deteriorate with eccentricity.

Method
Observers. Six of the observers from Experiment 1 were paid

to participate. All were thus experienced with this type of display.

Displays. The apparatus and viewing conditions were the same
as before. Full-screen displays of a random-dot cloud were the same

as those in Experiment 1, with the following exceptions. To dis

courage shifts in fixation, each display consisted of eight frames

that were cycled twice at 22 frames/sec, for a display duration of
682 msec. Previous research had found no decrement in perfor

mance with short displays down to 300 msec (Crowell et al., 1990;

Warren, Blackwell, & Kurtz, 1992). The simulated heading direc

tion varied in eccentricity between 0°, ±1°, ±2°, ±5°, ±100
, and

±IS° to the left ( - ) or right (+) of the fixation point at the center

of the screen. As before, the heading angle between this direction

and the target varied between ±0.5°, ±I.O°. ±2.0°, and ±4.0°,
and observers pressed a button to indicate whether it looked as if

they would pass to the left or the right of the target.

Procedure. Observers received 10 practice trials with feedback

and then 192 test trials without feedback in a random order, in one

30-min session. The data were collapsed across positive and nega

tive eccentricities, and the constant heading error and difference
limen were calculated as in Experiment 1. There were four trials
at each near-far heading angle in each eccentricity condition.

Results and Discussion
The percentage of correct responses at each eccentric

ity appears in Figure 4. As the focus of outflow moves

farther from the fixation point, performance drops stead

ily [F(5,25) = 13.06, P <: .001], accounting for 72% of
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Figure 4. Mean percentage of correct responses as a function of
the eccentricity of the focus of outflow with a tbree-dimension cloud
of dots (Experiment 2) and a ground plane of dots (Experiment 3).
Error bars indicate the standard error.

the total sum of squares, until at 15 0 eccentricity observers

were only 66% correct. This decline is accounted for by

a bias toward the fixatioo point and an increase in vari

able error (Figure 5). The constant "near" error in

creased to 2.3 0 at 15 0 eccentricity [F(5,25) = 4.74,

P < .005], accounting for 49% of the total sum of

squares. In 5 out of6 observers, the difference limen about

this constant error also increased from 0.04 0 at 0 0 ec

centricity to 0.14
0

at 15 0 [F(5,20) = 4.75, P < .005],

accounting for 54% of the total sum of squares. We in

terpret these results to mean that the ability to localize

the focus of radial outflow deteriorates with eccentricity

and is compensated for by a bias toward the fixation point

as in Experiment 1.

What might account for the increasing error with ec

centricity? First, because the eccentricity of the target was

correlated with that of the focus (r = 0.96), it could be

an artifact of a declining ability to localize the target in

the periphery. However, to explain our results, such a

target localization error would have to be quite large

on the order of 2.3
0

at 15 0 eccentricity. Vernier acuity

with two line segments or two dots also declines with ec

centricity, but only from about 6" of arc at 0 0 to l' of

arc at 20 0 eccentricity (Westheimer, 1982). We thus do

not believe that our results can be explained by periph

eral error in target localization.

Another possibility is that heading estimates are made

by triangulation from central vision, which would lead

to larger error as central flow becomes more lamellar.

The predicted function for constant heading error is given

in Equation 2, where r is the radius of central vision and

f is error in local vector direction. Assuming that the error

in vector direction is normally distributed with f = 1 SD,

we can calculate the asymmetrical distribution of head-
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ing errors at each eccentricity, with ±0 = ±1 SD. This

model predicts, first, that heading errors should be skewed

toward the far side of the heading point, biasing judgments

toward the edge of the screen. In contrast, we found a

center-screen bias, with constant errors on the near side

of the heading point. Second, the shape of the theoretical

curve provides a poor fit to the data. Figure 4 plots the

predicted constant error (mean of signed 0) as a function

of eccentricity, with radius of central vision r = 50 and

error in vector direction f = 50. Ignoring the sign of the

constant error, these parameter values produced one of

the best fits to our data, r 1 = .85, but a simple linear re

gression accounted for more of the variance, r 1 = .91

(slope = 0.144, intercept = -0.009). Thus, we do not

believe that our observers were estimating heading by tri

angulating from central vision.

A third possibility is that heading accuracy obeys the

same eccentricity scaling as many other visual sensitivity

measures. In the present experiment, constant error and

variable error both increased approximately linearly with

the eccentricity of the focus of outflow (r 1 = .81, slope

= 0.009, intercept = 0.039, for the difference limen).

We believe that the constant error is due to greater

uncertainty about the location of heading due to lower sen

sitivity to radial flow in the periphery. Such a pattern of

results might in principle be accounted for by eccentric

ity scaling of neural units sensitive to radial outflow pat

terns, and we will return to this possibility in the General

Discussion.

We conclude that the heading system is most accurate

with radial flow patterns that are centered on the fovea,

and that peripheral vision beyond 50 eccentricity is sig

nificantly less accurate. This is consistent with Stoffregen's

(1985, 1986) finding that peripheral vision is less sensi-

near 3

Figure 5. Mean constant beading error as a function of the eccen
tricity of the focus of outRow (Experiment 2). Upper curve is the
linear regression best-fit line; lower curve is predicted from Equa
tion 2 with r = 5·, E = 5·. Error bars indicate the difference limen
about the constant error value.
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tive to locally radial flow for the task of postural control.

We should note that it does not imply the somewhat para

doxical conclusion that observers must look in the direc

tion of self-motion to perceive heading, for we have previ

ously found thresholds of 1.5° when tracking a moving

fixation point at some distance from the heading direc

tion, based on more complex retinal patterns than simple

radial flow (Warren & Hannon, 1990).

EXPERIMENT 3
Eccentricity of the Focus

Under Locomotion Conditions

Experiment 2 indicated that peripheral vision is less sen

sitive to radial flow patterns, using clouds of short-lifetime

dots and a high observer speed. This finding was repli

cated in Experiment 3, under conditions that more closely

approximated those for human locomotion, using a run

ning speed and a ground plane with dots that persisted

through the display.

Method
Observers. Six graduate students and staff at Brown University,

with normal or corrected-to-normal vision, were paid to partici

pate. All were experienced observers, having previously partici

pated in other optical flow experiments, but only I (the first author)

participated in the other experiments reported here.

Displays. The apparatus and viewing conditions were the same

as before, but this time the displays depicted self-motion parallel

to a random-dot ground surface at a running speed of 2.4 e/sec

(3.8 m/sec), similar to those used by Warren, Morris, and Kalish

(1988). To prohibit shifts in fixation, each display consisted of only

six frames that were presented once at 15 frarnes/sec, for a display

duration of 333 msec. The ground plane extended to a pseudohorizon

at a distance of23.3 e (37.3 m, 2.4° below the true horizon) and

contained approximately 62 dots. The dots were single white pixels

(118 cd/m2
) on a blue background (90 cd/m2

).

On each trial, the first frame of dots appeared for 1 sec together

with a fixation point at the center of the screen (a 0.5° circle with

a dot at the center), followed by dot motion; a vertical 1.5° target

line appeared in the last frame of dots, which remained visible until

a response was made. As in Experiment 2, the simulated heading

direction varied in eccentricity between 0°, ±I o
, ±2", ±5°, ±lOc

,

and ± 15 ° to the left (-) or right (+) of the fixation point, and

the heading angle between this direction and the target varied be

tween ±0.5°, ±I.O°, ±2.0°, and ±4.0°. Observers pressed a button

to indicate whether it looked as if they would pass to the left or

to the right of the target.

Procedure. Observers received 10 practice trials with feedback

and then 192 test trials without feedback in a random order, in one

30-min session. The data were collapsed across positive and nega

tive eccentricities.

Results and Discussion
The percentage of correct responses at each eccentric

ity appears in Figure 4. As eccentricity increases, per

formance drops sharply until it asymptotes at around 60%

correct with an eccentricity of 5° [F(5,25) = 15.()4,

p < .001], accounting for 75% of the total sum ofsquares.

These results agree with those of Experiment 2, as head

ing judgments deteriorate rapidly with eccentricity. An

ANOVA comparing percentage correct for the two ex-
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periments yielded a main effect of experiment [F( I , 10) =
5.80, p < .05), but no experiment x eccentricity inter

action [F(5,50) = 1.67, n.s.). The main effect could be

due to several differences in the displays for Experiment 3,
including an observer speed less than one fourth that in

Experiment 2, a shorter display duration of 333 msec com

pared with 682 msee, and only the bottom half of the

radial flow pattern visible with a ground surface. Previous

experiments on translational heading have shown no ef

fects of display duration above 300 rnsec (Crowell et al.,

1990; Warren et al., 1992) and no differences in head

ing accuracy between ground surfaces and clouds (Warren

et al., 1991), but a significant effect of speed (Warren

et al., 1988). This suggests that the difference may be due

to lower optical velocities in Experiment 3.

In sum, Experiments 2 and 3 both indicate that the head

ing system is most accurate with radial flow patterns that

are centered on the fovea, whereas the periphery is less

sensitive to locally radial flow.

GENERAL DISCUSSION

The present experiments extend recent findings on vec

tion and postural control to the perception of heading. The

results are consistent with previous work in which it has

been shown that information about self-motion can be suc

cessfully extracted in central vision, and they indicate that

central vision actually yields somewhat more accurate

heading judgments than peripheral vision does. They are

also consistent with Stoffregen's (1985, 1986) finding that

radial flow elicits postural adjustments in central vision,

but not in the periphery. Given the poor performance that

we found at just 15° eccentricity, this lack of response

at 90° is not surprising.

Summarizing the findings on perception of self-motion,

it appears that central vision accurately extracts radial,

rotary, and lamellar flow, whereas peripheral vision ex

tracts lamellar flow but is less sensitive to radial and ro

tary flow. We can think of three possible explanations for

this pattern of results. First and foremost, the peripheral

dominance hypothesis is clearly inadequate. The literature

repeatedly demonstrates that central stimulation is suffi

cient for perception of self-motion, and that central and

peripheral stimulation yield comparable effects when they

are equated for retinal area and specify a background sur

face. There is no retinally based "dominance" relation

we hope that the present results will put the final nail in

the coffin of this enduring hypothesis.

A second explanation might be based on MAR scaling

of simple velocity sensitivity, as shown by psychophysical

studies of motion detection and relative speed thresholds.

Greater sensitivity to radial and rotary flow in central than
in peripheral vision would thus be ascribed to differen

tial sensitivity to the local velocities that make up these

flow patterns. However, the critical variable for distin

guishing suprathreshold optical flow patterns is the direc

tion of local velocities, and we know of no data on eccen

tricity scaling for direction discrimination. It is known



452 WARREN AND KURTZ

that adding speed or directional noise to local dot motions

does not greatly impair the visual system's ability to dis

criminate flo~ patterns ~e Bruyn & Orban, 1990; Warren

et aI., 1991; Watanamiuk, Sekuler, & Williams, 1989).

This is contrary to an explanation in terms of decreasing

velocity sensitivity, because precise velocity measure
ments appear unnecessary.

A third possibility is that self-motion is determined on

the basis of optical information rather than the retinal 10
cus of stimulation (Gibson, 1968), but that central and

peripheral vision are differentially sensitive to the type

of information that is normally prevalent in that region.

Such differential sensitivity could be due to eccentricity

scaling of units selective for higher order patterns of mo

tion. Let us consider this functional sensitivity hypothe

sis in more detail.

According to the hypothesis, central and peripheral vi

sion are differentially sensitive to the information for ob

ject and self-motion that is characteristic of each retinal

region. Consideration of the ecology of retinal flow dur

ing self-motion reveals that central flow can have a vari

ety of patterns, whereas peripheral flow is nearly always

locally lamellar. Described on a spherical projection sur

face, translation of the observer generates flow along lon
gitudinallines, so that it is locally radial near the axis of

translation and lamellar near the "equator." Such pat

terns occur during locomotion and linear vection. In con

trast, rotation of the observer generates flow along latitu

dinal lines, so that it is rotary near the axis of rotation

and lamellar near the equator. These patterns occur dur

ing eye movements, head rotation, and circular and roll

vection.

The consequences for central and peripheral vision have

not been fully appreciated. If the observer looks in the

direction of translation, central flow will be radial and

peripheral flow will be lamellar. However, given the facts
of optokinetic nystagmus and pursuit eye movements, if

the observer looks anywhere else there will be an addi

tional eye rotation. This yields retinal flow that is zero

at the fovea, a complex central flow pattern that depends

on environmental structure, and peripheral flow that is

predominantly lamellar (Warren & Hannon, 1990). In con

trast, peripheral flow is radial only when the horizon off
to the side is fixated during locomotion, and rotary only

during head roll when a point off to the side that is rotat

ing with the head is fixated; both are rare instances. Other

wise, peripheral flow is nearly always locally lamellar.

Consequently, it might be expected that the visual sys
tem would be maximally sensitive to radial flow when the

focus was centered on the fovea and that central vision

would extract a variety of other flow patterns as well, but

that the periphery would be less sensitive to radial and

rotary flow.
One mechanism that could provide this differential sen

sitivity is eccentricity scaling of cortical units selective

to pattern motion. Recent evidence for large-field units

in area MST of the macaque that are selective for trans
lation, expansion, contraction, rotation, and spiral mo-

tion is suggestive in this regard (R. Andersen, Graziano,

& Snowden, 1991; Saito et aI., 1986; Tanaka & Saito,

1989). The physiological data indicate a linear decrease

in the number of expansion/contraction, rotation, and

translation units with eccentricity, which could yield lower

resolution for radial and rotary flow patterns in periph

eral vision. In contrast, a lower number of translation units

in the periphery should not be critical for extracting lamel

lar flow, because such flow is consistent over a larger ret

inal area. This architecture could account for our finding

in Experiment 1 that performance declined with central

masks, due to decreasing activation of large-field expan

sion units centered on the fovea. It could also explain our

result in Experiments 2 and 3 that heading accuracy

declined linearly with eccentricity, due to a decreasing

density of such units in the periphery.

To these considerations we must add the problem of

distinguishing self-motion from object motion. In contrast

to self-motion, information that specifies object motion

may appear anywhere on the retina. Indeed, Stoffregen

and Riccio (1990) recently found that the timing of head

dodging responses to an approaching object is highly ac

curate in both central vision and 90° in the periphery. This

could still be achieved with a lower density of expansion

selective units in the periphery.

It is not yet clear what role MST units actually play
in the analysis of object and self-motion. There is some

evidence to suggest that expansion units are position

invariant (Saito et al., 1986), which would make them in

effective for locating the center of outflow, although they

may just be broadly tuned (Hatsopoulos & Warren, 1991).

The fact that expansion units are both size and speed selec
tive (Tanaka & Saito, 1989) would make them useful in

extracting information for the time to contact of an ap
proaching object, which is specified by the ratio of the

object's visual angle to its rate ofexpansion (Lee, 1974).

In either case, such motion mechanisms must distinguish
radial flow due to self-motion from radial flow due to ob

ject motion, based on the area of stimulation and the order
of surfaces in depth.

In sum, we suggest that the existing pattern of results

can be accounted for by a functional sensitivity hypothesis.

Self-motion is distinguished from object motion on the
basis of optical information rather than the retinal locus

of stimulation, but particular retinal regions appear more

sensitive to the characteristic information. Further study

of peripheral sensitivity to optical patterns specifying self

and object motion are necessary to test the hypothesis.
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NOTE

I. There is still a slight asymmetry favoring peripheral motion:

(l) Peripheral motion has an equivalent effect in the foreground and

in the background, whereas central motion does not. (2) With simulta-

neous central and peripheral motion in opposite directions, peripheral

motion in the background dominates central motion in the foreground,

but central motion in the background only cancels the effect of periph

eral motion in the foreground.
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