of the short head probably shunts tensile
stress from the latter and thereby re-
lieves the proximal osseotendinous junc-
tion of the contracting short head. The
portion of the short head arising from
this tendon consists of long parallel fi-
bers that insert distally with the long
head of the biceps brachii into the bicipi-
tal tuberosity of the radius.

In addition, it is clear that the short:

head has acquired an extensive origin
from the medial intermuscular septum of
the arm. The increase in the number of
muscle fibers implies a necessity for a
larger area of insertion independent of
the bicipital tuberosity. The distal in-
sertion of these added fibers into the in-
terfascicular septa of the flexor digi-
torum superficialis serves to increase the
attachment area at the same time that it
improves the leverage for forearm flex-
ion (/3). The origin of the dorsoepi-
trochlearis from the tendon of insertion
of the latissimus dorsi, and its insertion
into the medial intermuscular septum
and medial epicondyle of the humerus,
are not unique to hylobatid apes, but oc-
cur in various other anthropoid primates
(14). However, due to the origin of the
short head from the medial inter-
muscular septum in gibbon and siamang,
the dorsoepitrochlearis must share this
attachment site. The appearance of a
dorsal chain is merely a by-product.

Since we believe that the unique struc-
ture of the hylobatid forelimb is the di-
rect result of enlargement and other
modification of the short head of the bi-
ceps brachii, we sought to identify be-
haviors in our gibbons that consistently
recruit this muscle at its maximum level
(as determined by periods of greatest
electrical activity). In other words, we
tried to determine when mechanical de-
mands on the short head are at their peak
in normal hylobatid locomotion. Our ex-
periments revealed that such maximum
bursts occur during especially rapid and
forceful hoisting and are frequently asso-
ciated with the initiation of ricocheting
brachiation, at which time a powerful im-
pulse is generated that often propels the
animal above the level of its previous
handhold 2, 3).

We regard these behaviors as uniquely
hylobatid in their frequency and context,
and as the probable selective forces be-
hind (i) the shift in the origin of the
short head of the biceps brachii (elimi-
nating its dynamic action across the
shoulder), (ii) the increase in the num-
ber of its fibers (creating greater flexor
force), and (iii) the new insertion site in-
to the interfascicular septa of the long
digital flexors (providing improved me-
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chanical advantage). Together, these
adaptations led to morphological, not
functional, muscle chains.

WILLIAM L. JUNGERS

JAck T. STERN, JR.

Department of Anatomical Sciences,
Health Sciences Center, State
University of New York at Stony Brook,
Long Island, 11794
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Suprathreshold Processing of Complex Visual Stimuli:

Evidence for Linearity in Contrast Perception

Abstract. Magnitude estimation experiments show that perceived contrast for both
sine and square waves is a linear function of stimulus contrast. The suprathreshold
sine:square ratio required for equal perceived contrast derived from these data was
verified by contrast matching experiments. These findings imply a high degree of
linearity in suprathreshold visual processing of contrast.

The question whether spatial informa-
tion is processed approximately linearly
by the visual system has importance for
the selection of assumptions and tech-
niques used to explain how objects
are perceived. Linear processing allows
the use of well-defined and easily im-
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plemented mathematical techniques,
whereas nonlinear processing increases
analytical complexity.

Campbell and Robson demonstrated
linear processing of spatial vision at
threshold (/). They found that, for spa-
tial frequencies above 1 cycle/deg, the
threshold for a sine-wave grating was
higher than that for a square-wave grat-
ing by a factor of 4/, or 1.27. Since the
fundamental Fourier component is the
largest one in the spectrum of a square
wave, having an amplitude 1.27 times the
peak-to-peak amplitude of the square
wave (2), they hypothesized that it medi-
ates detection of the square wave.

At low spatial frequencies, Campbell
and Robson found that (i) the fundamen-
tal did not mediate detection of the

Fig. 1. Typical magnitude estimation data for
the sine- and square-wave gratings. The con-
trast estimate axis represents the number as-
signed to the stimulus by the subject to esti-
mate its contrast. The contrast axis represents
the physical contrast of the stimulus as de-
fined in the text. The lines through the data
are least-square regressions.
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square wave and (ii) the ratio of sine-
wave to square-wave contrast thresholds
increased monotonically up to at least a
factor of 4 with decreasing spatial fre-
quency. This phenomenon has not yet
been explained, but it has been recently
replicated by Howell and Hess (3).
Whatever the final explanation of this
phenomenon proves to be, it is evident
that their model explains the behavior of
the visual system at threshold over a
wide range of spatial frequencies greater
than about 1 cycle/deg.

Although these results are of great in-
terest, the largest part of the human visu-
al world exists above threshold. There-
fore, it is important to determine how
contrast is perceived at suprathreshold
levels. Hamerly, Quick, and Reichert (¢)
and Cannon (5) have demonstrated by
the technique of magnitude estimation
that perceived contrast (or contrast sen-
sation) is a linear function of stimulus
contrast for sine-wave gratings. Al-
though perceived contrast appears to be
linear for these simple stimuli, the ques-
tion of how various spatial frequency
components of a complex stimulus inter-
act above threshold is unknown. We
compared the perceived contrast of
square waves and sine waves at stimulus
contrast (C) as high as 0.5 [C =
(Lmax — Lmin)/(Lmax + Lmin), where L =
luminance].

Two different psychophysical methods
were used to provide a cross-check on
our results: contrast matching (class A)
and magnitude estimation (class B) (6).
Data were collected by both methods
from three subjects at six spatial fre-
quencies.

In the contrast matching experiment,
subjects were required to adjust the con-
trast of a test grating until it appeared to
match that of a 4 cycle/deg sine-wave
reference grating set at one of five con-
trasts from 0.025 to 0.5. The test gratings
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were either sine waves or square waves
of spatial frequencies from 0.25 to 8
cycle/deg. The split-screen display was
presented on a specially designed video
monitor with the mean luminance main-
tained at 3.5 footlamberts (12 cd/m?) (7).

Contrast matches produced by all sub-
jects for both sine and square waves
were plotted to show matching contrast
as a function of reference contrast and
were fitted with linear regression lines.
Values of r (correlation coefficient) for
all regressions were typically .98 or
greater. These data showed that square
waves always required less contrast to
match the reference sine wave than did
sine waves of the same spatial frequency
as the square wave.

The method of magnitude estimation
required subjects to assign a number,
proportional to the perceived contrast,
to each stimulus presentation. Square-
and sine-wave gratings of the same spa-
tial frequency, with ten contrasts evenly
spaced between 0.03 and 0.54, were pre-
sented in random order on the same ap-
paratus and with the same luminance
conditions used for the matching experi-
ment. Stimuli were presented period-
ically for 2 seconds and followed by 8
seconds of uniformly illuminated screen.
Estimated contrast values produced by
one of the three subjects are illustrated in
Fig. 1. Linear regression, used to fit the
lines through the data points, produced r
values of .98 or greater, as with the
matching data.

Linearity of the relationship between
perceived and stimulus contrast was
observed for both sine- and square-
wave gratings at all spatial frequencies
tested. For single component stimuli ¢,
5, 8), this behavior is in agreement with
previously published data. These new
data demonstrate that the perceived con-
trast of a square-wave grating is al-
ways greater than that of a sine wave of

the same spatial frequency and contrast.

Using the regression lines of the mag-
nitude estimation and contrast matching
data of each subject, we calculated the
ratio of sine-wave to square-wave con-
trast required to equate the perceived
contrast of both stimuli. The calculations
were performed at five levels of square-
wave contrast, and the ratios were aver-
aged across subjects at each spatial fre-
quency (Fig. 2). Agreement between the
results of magnitude estimation and con-
trast matching experiments is excellent
for all contrasts and spatial frequencies
studied. This agreement between two
fundamentally different psychophysical
techniques argues well for predominant-
ly linear visual processing (9).

The suprathreshold data demonstrate
that the sine:square ratio remains at ap-
proximately 4/ at all contrasts tested
above 1 cycle/deg, behavior similar to
the results of Campbell and Robson at
threshold. The ratio decreases to near
4/m at contrasts above 0.2 for lower spa-
tial frequencies. The combined results of
both experimental methods indicate that

" perceived contrast of a square wave is

directly proportional to the magnitude of
its fundamental frequency component
and is predominantly linear over a wide
range of spatial frequencies and con-
trasts (/0). Apparently, the higher har-
monics do not contribute greatly to over-
all contrast perception. However, ob-
servers perceive the grating as being a
square wave and having sharp edges.
This perception implies that the visual
system can simultaneously use the high-
er harmonics in parallel to gain informa-
tion about the shape and degree of sharp-
ness of a stimulus. This selection of vari-
ous spatial frequency components for
perception of different properties of the
stimulus supports the filter theory of vi-
sual perception proposed by Ginsburg
(I11-13). The fundamental proposition of
that theory is that visual perception may
be structured from a hierarchy of filtered
images of objects. Each one-to-two-oc-
tave-wide spatial filter (channel) activat-
ed by the spatial properties of an object
provides a portion of the information
about the object that can be attended to
somewhat independently of the other in-
formation. General contrast information
is provided by the filters that pass the
lowest spatial frequency components of
the object. Form detection and identifi-
cation are provided by filters centered on
the frequencies of a small number of low-
frequency components. Fine detail is
provided by filters tuned to higher fre-
quency components. The magnitude es-
timation results and their corroboration
by contrast matching fosters a cautious
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optimism that these spatial frequency fil-
ters behave almost linearly with contrast
over the range studied. Therefore, simu-
lations of a hierarchy of these filters may
provide a good first approximation to
many of the visual cues required for the
perception of complex objects. Further-
more, linear modeling may be as useful
for predictive modeling of suprathresh-
old phenomena as it has been at thresh-
old.
ARTHUR P. GINSBURG
MARK W. CANNON
Aviation Vision Laboratory,
Air Force Aerospace Medical Research
Laboratory, Wright-Patterson
Air Force Base, Ohio 45433
MiICHAEL A. NELSON
Systems Research Laboratory,
Dayton, Ohio 45440
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Saccadic Eye Movements and Body Sway

Abstract. Different conditions of moving retinal images show differential influ-
ences on postural stability. A surrounding pattern moved during steady fixation in-
creases body sway, but similar image motions generated by voluntary saccades do
not. Mechanisms for postural control do not respond to visual feedback during sac-
cades. Analogous principles in saccadic suppression and space constancy are dis-

cussed.

Maintaining a steady upright posture
depends on a fine balance between op-
posing muscular actions. This balance is
controlled reflexively in accord with sen-
sory feedback from proprioceptive joint
and muscle afferents, vestibular organs,

“and the visual system. When an imbal-
ﬁn‘ce of forces results in sway of the

ody, the head and eyes move with re-
spect to the surroundings so that optical
images move across the retinas (/).
Feedback for the multiloop control of
posture from this movement of the reti-
nal image is useful for reducing slow
body sways to which the other systems
are not sensitive (2). One’s steadiness
while standing on one foot illustrates the
stabilizing effect of visual feedback.
Steadiness improves when surrounding
objects are visible and is diminished by
closing the eyes.

Although vision normally stabilizes
posture, in restricted circumstances it
provides ‘‘false’’ feedback. Motion of
the retinal image analogous to that in-
duced by sway can be imposed experi-
mentally, as by coherent movement of
the whole visual surroundings, and the
false signal can evoke inappropriate
countersway. We noted that similar mo-
tions of optical images across the retinas
accompanied lateral sways or small hori-
zontal saccadic eye movements. Can the
eye movements cause a false feedback
signal?

The processing of visual information
during a saccadic eye movement is a
classic question of perception. In the
course of a saccade, the rapid motion of
optical images across the retina should
appear blurred as a result of temporal
summation, yet the blur is seldom seen.
Nor does one get the impression that the
world moves when the gaze is redirected
voluntarily (Raumkonstanz or space
constancy). In terms of visual informa-
tion transfer, the perception of blur and
of motion is thought to be reduced signif-
icantly by loss of visual sensitivity (sac-
cadic suppression) during the course of
an eye movement. Studies of visual de-
tection or acuity find reduced sensitivity
accompanying saccades, and other visu-
al functions such as target localization
may be altered around the times of eye
movements (3). To our knowledge, how-
ever, prior studies have not investigated
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postural stability—a context of spatial
orientation that may interact with volun-
tary eye movements.

We reasoned that investigating body
sway could contribute to our under-
standing of visual information processing
during a saccade since the mechanisms
that control sway are behaviorally and
neurologically different from those gov-
erning the perceptual functions pre-
viously studied @). We explored the pos-
sibility that visual aspects of body sway
control are different in the presence of (i)
the voluntarily produced motion of the
retinal image accompanying a saccadic
eye movement and (ii) an otherwise sim-
ilar motion produced in the stationary
eye by moving the visual surroundings.

Each subject viewed a large (180° hori-
zontal by 120° vertical) grating pattern
(0.08 cycle/deg) of gray and white verti-
cal stripes. Near the center were two fix-
ation lights separated horizontally by 4°
of arc. The subject was instructed to fix-
ate whichever light was illuminated. Vol-
untary saccades were directed by illumi-
nating the lights alternately. Externally
produced motions of the retinal image
were generated while the subject fixated
one light. For these, the grating pattern
was moved horizontally through 4° of arc
in 33 msec, closely approximating the
average speed and duration of 4° sac-
cades. Subjects stood on a rigid plate
mounted on strain gages (stabilimeter).
As the body’s center of gravity shifted,
forces exerted on each strain gage
changed correspondingly. Subjects were
instructed to stand on one foot to en-
hance lateral body sway (5).

Figure 1 presents the results, normal-
ized with respect to individual dif-
ferences. For normalizing, we took Fou-
rier transforms of the lateral sways dur-
ing 2-second sampling intervals and
averaged the power spectra measured
successively during each 16- or 32-sec-
ond recording period (N = 8 or 16).
These recording periods were either
baselines, during which both the pattern
and the eyes remained stationary, or
tests, during which the conditions of in-
terest were included. Our dependent
measure was the ratio of test to baseline
power spectra, namely, the gain in sway
induced by a test condition. If the test
conditions were without effect, the ratio
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