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Under normal viewing conditions, adjustments in body posture and involuntary head movements contin-
ually shift the eyes in space. Like all translations, these movements may yield depth information in the
form of motion parallax, the differential motion on the retina of objects at different distances from the
observer. However, studies on depth perception rarely consider the possible contribution of this cue,
as the resulting changes in viewpoint appear too small to be of perceptual significance. Here, we quan-

Keywords: tified the parallax present during fixation in normally standing observers. We measured the trajectories
ﬁ&ig}?emems followed by the eyes in space by means of a high-resolution head-trgcking system and usgd an optical
Fixational instability model of the eye to reconstruct the stimulus on the observer’s retina. We show that, within several
Microsaccade meters from the observer, relatively small changes in depth yield changes in the velocity of the retinal

stimulus that are well above perceivable thresholds. Furthermore, relative velocities are little influenced
by fixation distance, target eccentricity, and the precise oculomotor strategy followed by the observer to
maintain fixation. These results demonstrate that the parallax available during normal head-free fixation

Motion parallax
Postural sway

is a reliable source of depth information, which the visual system may use in a variety of tasks.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Even when we attempt to maintain steady gaze on a single point,
the images on our retinas are never stationary. This physiological
motion of the input stimulus is commonly studied with the head
immobilized, a procedure necessary to measure microscopic eye
movements, such as microsaccades and ocular drift (Ditchburn,
1973; Ratliff & Riggs, 1950; Steinman et al., 1973). When the head
is not restrained, however, fixational eye movements do not occur
in isolation, but are accompanied by continual adjustments in body
posture and small reorientations of the head (Crane & Demer, 1997,
Demer & Viirre, 1996; Ferman et al., 1987; Skavenski et al., 1979).
These movements, which in this study we collectively group under
the term “fixational head movements”, possess translational and
rotational velocities that exceed 1 cm/s and 1 deg/s, respectively,
and contribute to the normal motion of the retinal stimulus (Stein-
man, 2003; Steinman, Cushman, & Martins, 1982).

Do fixational head movements serve visual functions? Although
it is certainly possible that these incessant changes in viewpoint
are simply an involuntary outcome of the motor strategy by which
humans maintain balance and fixation, the visual system could still
benefit in multiple ways from the resulting spatiotemporal modu-
lations in the input signals. A possible beneficial impact of this
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motion is improved visibility. It is a long-standing hypothesis that
the fixational motion of the retinal image is necessary to refresh
neural activity and prevent the perceptual fading that is otherwise
experienced when stimuli are kept stationary on the retina (Riggs
et al., 1953). Although studies of image fading have focused almost
exclusively on microsaccades (Rolfs, 2009)—the most accessible
component of fixational nstability-, it has long been observed that
the high retinal velocities present during normal head-free fixation
should be sufficient for optimal visibility (Collewijn & Kowler,
2008; Skavenski, Hansen, Steinman, & Winterson, 1979).

Furthermore, fixational head movements could also participate
in the encoding of visual information, as suggested by models of
neurons in the early visual system (Rucci, 2008). When the head
is immobilized, microscopic eye movements enhance vision of
high-frequency patterns (Rucci et al., 2007), a phenomenon that
appears to originate from a temporal equalization of the spatial
power of the stimulus on the retina (Kuang et al., 2012). Under
more natural conditions, both head and eye movements cooperate
to yield a specific amount of retinal image motion (Collewijn,
Martins, & Steinman, 1981), and fixational head movements may
therefore contribute to this spatiotemporal reformatting of visual
input signals.

While the previous two hypotheses attribute similar functions
to fixational eye and head movements, there is a more specific
way in which the visual system could benefit from the retinal im-
age motion resulting from head/body instability. Unlike the almost
pure rotations occurring during eye movements (but see Bingham,
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1993; Hadani, Ishai, & Gur, 1980), fixational head movements
translate the eyes in space. As any translational movement, this
change in viewpoint does not merely shift the image on the retina,
but causes relative motion between the retinal projections of ob-
jects at different distances from the observer. Thus, fixational head
movements could, in principle, also provide depth information in
the form of motion parallax.

Motion parallax is a powerful 3D cue, which is usually studied
within the context of much larger movements of the observer
(Rogers, 2009; Rogers & Graham, 1979). The small translations
resulting from fixational head movements may, at first sight, ap-
pear insufficient to yield useful parallax. Several findings, however,
indicate that this intuitive assumption may be inaccurate. The re-
sults of a recent study, in which subjects grasped and placed ob-
jects while standing, suggest that motion parallax resulting from
small head movements contributed to the evaluation of the slant
of a surface (Louw, Smeets, & Brenner, 2007). Furthermore, the
observation that the posture of standing subjects is influenced by
relative motion in the scene indicates that the parallax resulting
from body sway is used in the control of posture (Bronstein &
Buckwell, 1997; Guerraz et al., 2000, 2001).

Although the previous findings support the notion that the vi-
sual system uses the motion parallax resulting from fixational head
movements, studies of depth perception rarely consider this cue.
This occurs in part because the actual parallax caused by fixational
head movements has never been quantified, and the default
assumption is that relative velocities are too low to be used reliably
in depth judgments. The present study is designed to fill this gap.
We have recorded the head translations and rotations of standing
observers during fixation and reconstructed the spatiotemporal
stimuli on their retinas. This approach allows quantitative analysis
of the parallax experienced by the observer. Our results demon-
strate that, for objects within a few meters from the observer,
the relative velocities resulting from normal fixational head move-
ments are well above perceivable threshold levels.

2. Methods
2.1. Subjects

Three observers (ages: 29, 31, and 37) with normal or corrected-
to-normal vision participated in the experiments. Two subjects
were naive about the purpose of the study. The third one (MA)
was one of the authors. Informed consent was obtained from all
subjects in accordance with the procedures approved by the Bos-
ton University Charles River Campus Institutional Review Board.

2.2. Apparatus

Head movements were measured by means of an optical mo-
tion-capture system with four cameras (Phasespace, Inc.). Each
camera covered a visual angle of 60° and contained two linear
detectors, which provided a resolution equivalent to 3600 x 3600
pixels. The cameras were positioned at the four upper corners of
a cubic workspace (side length: 2.2 m) and were oriented so that
their lines of sight intersected at the center of a horizontal cross-
section 180 cm above the floor. Subjects wore a tightly-fitting hel-
met equipped with 20 active LED markers, each one modulated at
its own frequency. Images of the markers were acquired at a fre-
quency of 480 Hz and converted into estimates of their 3D posi-
tions with a resolution of approximately 0.5 mm. This conversion
was based on an initial calibration, during which 8 LED markers
in a known collinear arrangement were positioned at various loca-
tions within the working area. The markers’ positions recorded
during the experiments were then used off-line, after completion

of the recording session, to estimate the 3D position and orienta-
tion of the head.

2.3. Procedure

Head movements were recorded while observers maintained
fixation on a 13’ high-contrast cross in a normally illuminated
room (Fig. 1a). The fixation marker was presented at eye level, in
front of the subject, at six different distances on the anterior-pos-
terior (Z) axis. Adjacent distances were separated by 50 cm incre-
ments within the 50-300 cm range. Subjects stood comfortably
on a carpeted floor with their feet at about shoulder-length apart
and were instructed to maintain accurate fixation and remain as
immobile as possible. Each trial lasted 17.5s and started with
the subject pressing a button on a keyboard. Following the button
press, the subject had 5 s to assume a stable posture and fixate on
the cross before the recording started. The head position was then
recorded for a period of 12.5 s, until a tone indicated the end of the
trial. Fifteen trials were collected for each distance of the fixation
marker, with breaks in between trials to prevent fatigue. This
yielded a total of 1125 s of recording time for each subject.

2.4. Estimation of head movements

Instantaneous head rotations and translations were estimated
at 480 Hz based on the recorded coordinates of the LED markers.
In a calibration session prior to the experiments, a 3D rigid-body
model of the helmet was developed by placing the helmet on a
manikin head at the center of the workspace. In this position, it
was possible to measure the location of each LED marker very
accurately, so that, for all the 20 markers, the standard deviations
of their recorded Cartesian positions were all smaller than 0.1 mm.
These data enabled precise determination of the position of each
LED relative to the center of mass of the ensemble.

The head position was estimated by computing the sequence of
rigid body transformations that best interpolated, according to
least-squares, the recorded marker traces (Horn, 1987). For each
recorded sample, this algorithm generated a translation vector
and a quaternion. These two elements, together, fully described
the head’s position and orientation in a world-centered frame of
reference with origin at the helmet’s mean centroid position. This
coordinate system was oriented as illustrated in Fig. 1b, with the Z
axis pointing toward the fixation target and the Y axis orthogonal
to the floor. Thus, apart from possible small offsets that may have
occurred because the subject did not perfectly align the body to
face the target, the Z and X axes coincided with the anterior-pos-
terior and mediolateral axes, respectively. Quaternions were suc-
cessively converted into yaw, pitch and roll angles following
Fick’s convention as shown in Fig. 1b (Haslwanter, 1995). This ap-
proach gave three translational (x,y, and z) and three rotational
(yaw, pitch, and roll) variables.

The precision of head-tracking was assessed by finely control-
ling the helmet’s position by means of a robotic manipulator (Di-
rected Perception Inc.). These tests have shown that the adopted
approach gives very high spatial resolution. The 90th percentile
of the estimation error for translations was 0.47 mm. Rotations
around yaw and pitch axes gave measurement errors with 90th
percentiles equal to 0.3’ and 0.4/, respectively. Thus, this system
is capable of resolving the small head movements that occur dur-
ing visual fixation.

2.5. Estimation of retinal image motion
Retinal image motion was estimated by means of Gullstrand’s

schematic eye model with accommodation (von Helmholtz,
1924; see Fig. 1c). For simplicity, this model assumes that the
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Fig. 1. Experimental procedure. (a) Subjects maintained fixation on a small cue, at variable distance, while wearing a tightly-fitting helmet equipped with 20 active LED
markers. A motion capture system with four high-speed cameras (C; — C,) estimated the position of the markers in space. (b) These data were used to estimate the Cartesian
coordinates (x,y, z) and orientation (yaw, pitch, roll) of the helmet. (c) Retinal image motion was estimated by means of Gullstrand’s schematic eye model. The radius of the
model eye (R) was 11.75 mm. The distances of the first and second nodal point (N; and N;) to the center of rotation (C) were 5.7 mm and 5.4 mm, respectively. F represents
the fixation point and F its projection on the retina. P and Q are two point light sources with coincident retinal projections (P and Q) used to estimate parallax thresholds.

vertical and horizontal axes of rotation intersect at the center of
the eye and that visual and geometric axes coincide. A preliminary
calibration procedure was conducted to locate the center of rota-
tion of both eyes relative to the helmet. This operation was accom-
plished by placing an LED marker on each of the observer’s eyelids
and recording their positions. The coordinates of the rotation cen-
ters were assumed to lie 25.5 mm behind the markers, a displace-
ment given by the sum of the marker’s thickness and the distance
between the surface of the cornea and the center of rotation, which
in Gullstrand’s eye model is estimated at 13.5 mm.

Having estimated the trajectory followed by the eye in space,
we reconstructed the retinal image that would be given by a point
light source, P, at a given spatial location and measured the posi-
tion of its retinal projection P at each time step of the recordings.
As illustrated in Fig. 1c, the vector CP which identifies the position
P on the retina was computed as the sum of CN,, the vector con-
necting C to the second nodal point, and N, P, the vector connecting
N, to the retinal projection P. This latter vector is given by:

Ny, P = HNz — PHU

- <||c — N,|| cos (0p) + \/RZ —||C = N, ||? sin® (Gp)>u (1)
where R is the radius of the eye, and u = ”%H is the unit vector with

direction identical to PN;.

The retinal projection P was then expressed in an eye-centered
coordinate system with origin at the eye’s center of rotation C. Its
velocity vector, which is tangential to the retinal surface, is given
by vp(t) =%L . The corresponding instantaneous angular speed
on the retina is |[va(t)|.

Retinal image motion was estimated for point sources posi-
tioned at evenly spaced locations on the horizontal plane o and
on the vertical plane g (see Fig. 1a). The horizontal plane o was
the plane parallel to the floor at the observer’s average eye level.

The vertical plane g was the plane orthogonal to o at the mean y
position of the head. Since results obtained for the two eyes were
very similar, only data for the left eye are reported here.

2.6. Estimation of parallax

To quantify motion parallax, we examined the differential mo-
tion between the retinal projections of pairs of simulated point
light sources resulting from the head movements recorded in the
experiments. The locations of these simulated targets were sys-
tematically varied in the simulations. Pairs of points projecting
onto the same retinal location were directly compared by calculat-
ing the modulus of the difference between their velocity vectors.

To summarize the depth resolution provided by motion paral-
lax, at each considered spatial location, we estimated the depth
of the region of uncertainty, the region within which retinal veloc-
ity remained below a chosen threshold. Fig. 1c describes the proce-
dure. Given a stimulus P, we determined the minimal change in
depth that would yield a difference in its mean instantaneous
velocity on the retina larger than 1’/s (Ad in Fig. 1c). This velocity
value was selected as a conservative detection threshold for differ-
ential velocity based on the results of previous studies on parallax
and motion perception (Nakayama & Tyler, 1981; Shioiri et al.,
2002; Ujike & Ono, 2001). In practice, as shown in Fig. 1c, depth
thresholds were estimated by placing a second point light source
Q at the same position of P and by moving it closer to the observer
on the projection axis PN; until the difference between its velocity
on the retina, v, and the velocity of P,vy, exceeded 1'[s. The
amplitudes of these two velocity vectors could be easily compared,
as the two points projected at the same retinal location, and the
two vectors were parallel to each other. The resulting separation
Ad can be regarded as a prediction about the minimum depth
detectable at the considered spatial location on the basis of



10 M. Aytekin, M. Rucci/Vision Research 70 (2012) 7-17

fixational parallax. In the following of this paper, we refer to Ad as
the expected (or predicted) depth threshold.

During head movements, the eyes rotate in their orbits in order
to maintain fixation. Since eye movements were not recorded in
the experiments, unless otherwise indicated, we assumed that
eye movements perfectly compensated for head movements. That
is, in the reconstruction of the retinal stimulus, the model eye ro-
tated so to maintain the point of fixation immobile in the retinal
image. We analyzed the impact of different oculomotor strategies
by means of computer simulations, in which the eye rotations
needed for perfect fixation were scaled by a compensation gain be-
tween 0 and 1 (0 no compensation; 1 full compensation).

3. Results

In agreement with previous reports (Crane & Demer, 1997; Pau-
lus, Straube, & Brandt, 1984; Skavenski et al., 1979), normally
standing observers moved significantly while maintaining fixation.
Fig. 2 shows an example of the head trajectories recorded in our
experiments. In this trial, the head gradually translated backwards
by almost 4 cm on the Z axis, while oscillating by approximately
1cm on the X axis and by a smaller amount along the Y axis
(Fig. 2a). As the subject moved backwards on the Z axis, he also
performed a pitch rotation of approximately 4°, which presumably
resulted from the head moving with the body without compensat-
ing for the translation (Fig. 2b). Oscillatory yaw rotations, which
appeared to compensate for the translational movements on the
mediolateral axis, and smaller roll rotations were also visible. All
these movements occurred even though observers were explicitly
instructed to remain as immobile as possible while maintaining
fixation.

As a first step toward estimating the parallax experienced by
the observers, we examined the characteristics of fixational head
movements. Fig. 3a reports the 75% and 95% confidence intervals
of the probability distributions of head movement along each de-
gree of freedom for the three observers who took part in the study.
For each observer, these distributions were based on data recorded
at 480 Hz for a period of 1125 s. These data show that while the
amplitude of instability varied with each individual observer—a
well established fact in the posture control literature (Black et al.,
1982)—the general characteristics of fixational head movements
were similar across observers. Translations were most pronounced
along the anterior-posterior (Z) axis, on which all three subjects
moved by more than 15 mm. Significant translations also occurred
on the X axis, with an average 95th percentile of 8 mm. In contrast,
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motion was minimal on the vertical (Y) axis, as it should be ex-
pected given that observers stood still with both feet on the
ground. Head rotations were also considerable, with 95th percen-
tiles ranging from approximately 0.5° to more than 3°. Two sub-
jects (MB and MA) performed primarily pitch rotations, with
ranges that were almost the double of those of yaw and roll rota-
tions. Subject XK exhibited more even distributions around the
three rotation axes, with a slight preference for yaw rotations.

Because the head moved little along the Y axis, translational
movements were well described by the probability density func-
tions of the head position on the horizontal (XZ) plane. These func-
tions are shown for each observer in Fig. 3b-d. Given that no
systematic differences were visible in the head trajectories re-
corded during fixation on targets at different distances, these prob-
abilities were estimated over all the available trials for each
individual subject. To better illustrate the movement, trials were
aligned by their starting position (the origin of each graph). Thus,
the value at a given point in each map represents the probability
that the head translated on the anterior-posterior and mediolat-
eral axes by the amounts corresponding to the point’s z and x coor-
dinates. These data show that all three observers moved
considerably while maintaining fixation. In all observers, small
deviations between the axis with the highest dispersion of head
position and the Z axis were also visible. Measured angular offsets
were 4.7° for subject MB, 2.3° for subject MA, and 7.2° for subject
XK. These offsets could have been caused by biases in the mainte-
nance of body balance and/or small postural misalignments during
the recordings (the subject did not perfectly align the body to face
the target).

Together, head translations and rotations determine how the
eyes move in space. As explained in Section 2, before starting each
recording session, we performed a preliminary calibration to local-
ize the centers of rotation of both eyes relative to the optical mark-
ers. This calibration enabled estimation of the 3D trajectories
followed by the eyes in space. Although slightly larger than vertical
head movements, eye translations along the vertical (Y) axis were
relatively small (average 95th percentile: 2.8 mm), and Fig. 4a
shows the distributions of eye displacements on the horizontal
plane. The eyes translated by several millimeters during fixation
following distributions that were similar to those measured for
the head (see Fig. 3). The 95% confidence regions—the regions in
which the eye remained 95% of the time—were only slightly smal-
ler than the corresponding regions for head movements, suggest-
ing that head rotations had a relatively small influence on eye
translations. Indeed, a regression analysis between head and eye
translations in individual trials revealed that head translations

(b) 120
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Fig. 2. An example of recorded head movements in a typical experimental trial. The observer maintained fixation on a target at 1 m distance. Each graph represents the
change in position along one of the six degrees of freedom. Both (a) translations and (b) rotations are shown.



M. Aytekin, M. Rucci/Vision Research 70 (2012) 7-17 11

(a)

Translation
Z (mm) X (mm) Y (mm)
75% 95% 75% 95% 75% 95%
MB 17 33 7 13 1.0 3
MA 8 13 2 4 0.3 0.6
XK 9 17 4 6 0.6 1
Rotation

Roll (arcmin) Pitch (arcmin) Yaw (arcmin)

75% 95% 75% 95% 75% 95%
MB 43 84 88 185 48 97
MA 15 29 27 52 18 35
XK 34 58 30 57 40 71
C
© , . . . .
155 mm? MA

X displacement (mm)

-10 -5 0 5 10 15
Z displacement (mm)

® o

15} 1332 mm?

X displacement (mm)
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Fig. 3. Characteristics of fixational head movements. (a) 75% and 95% confidence intervals of head translations and rotations along each degree of freedom. Different rows
report data from different observers. (b-d) Probability distributions of head displacement on the horizontal plane. Contours represent confidence regions with different
probabilities. Dashed lines represent the axes with maximum dispersion which deviated slightly from the Z axis. Data from different subjects are shown in different panels.

The numbers in each panel represent the 95% confidence areas.

accounted for 99% of the variance of eye translation on the Z axis
and for 97% of the variance on the X axis.

Fig. 4b shows the distributions of the velocity components of
eye displacement on the Z and X axes for the three observers.
Not surprisingly, the eye moved slightly faster on the Z axis than
on the X axis. But velocities of several millimeters per second were
observed in both directions. Note that for stationary objects up to
3 m from the observer even a translation of 1 mm/s may provide a
useful parallax, as it yields retinal speeds of several arcmins per
second. It has been reported that, during head translations slower
than a few centimeters per second, perceptual thresholds for mo-
tion parallax only depend on relative speed (Ujike & Ono, 2001).
These data show that translational velocities measured during nor-
mal fixation were well within this range. Thus, the visual conse-
quences of these movements can be evaluated by examining the
differential motion they yield in the retinal image.

Fig. 5a shows the mean instantaneous retinal speed (the abso-
lute value of the instantaneous velocity vector on the retina) mea-
sured for targets positioned at various distances on the Z axis when
the fixation marker was located at 50 cm. Even though the head
moved by small amounts and at low speed, objects at distances dif-
ferent from the fixation marker moved on the retina with relatively
high speed. With the exception of targets located within a very
small range of distances around the fixation point, targets at all
other distances yielded mean instantaneous speeds sufficiently
large to be visible. The extent of the regions around the fixation

point for which target speed fell below 1’/s—a value close to the
thresholds for differential motion—were only 3 cm for subjects
MB, 7 cm for subject MA, and 5 cm for subject XK. Thus, these data
show that, during fixation on an object at 50 cm, the retinal speed
resulting from fixational head movement may enable discrimina-
tion of targets that are only a few centimeters away from the point
of fixation.

The data in Fig. 5a can be regarded as the motion parallax of ob-
jects at different distances on the Z axis (0° azimuth) relative to the
point of fixation, which was assumed to remain stationary on the
retina. More in general, Fig. 5b shows the parallax between any
pair of points on this axis. A point in each of the maps of Fig. 5b
represents the mean modulus of the difference in the instanta-
neous retinal speeds of two points at distance d; and d, from the
observer (d; < d,). Since all these pairs of points project on the ret-
ina at very nearby locations within the fovea, one may expect the
visual system to be capable of detecting very small velocity differ-
ences. As expected from the geometry of the parallax, speed differ-
ences increased monotonically with the depth d, —d;, an
increment that became less pronounced as the distance d; be-
tween the closer point and the observer increased. Yet, most pairs
of points within 3 m from the observer yielded mean differences in
instantaneous retinal speed above 1'/s (92% of pairs for subject MB,
78% for subject MA, and 80% for subject XK). Thus, the parallax
resulting from fixational head movements was significant even in
the most stable observer.
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Fig. 4. Eye translations caused by fixational head movements. (a) Probability distributions of the eye location on the horizontal plane. (b) Probability density functions of
translational speeds on the anterior-posterior (Z) and mediolateral (X) axes. In both (a and b), different panels show data from different subjects. Data refer to the trajectories
followed by the center of rotation of the left eye. Virtually identical data were obtained for the right eye. Numbers in each panel represent 95th percentiles.

The results in Fig. 5 were obtained for points on the Z axis (0°
azimuth). Fig. 6 shows results for targets located in a broader re-
gion (+15° azimuth) on the horizontal plane at eye level (plane o
in Fig. 1). As before, also in this case the fixation marker was at
50 cm from the observer. Maps of the instantaneous speed of reti-
nal image motion for simulated point sources at various locations
in front of the observer are given in Fig. 6a. As shown by these
graphs, the speed of the stimulus on the retina increased not only
with the distance of the target relative to the fixation point, but
also with the target’s eccentricity, yielding a complex motion pat-
tern on the retina. This occurred because as the eccentricity of the
target increased, the anterior-posterior component of fixational
head movements contributed more significantly to retinal veloci-
ties. However, this change in speed had little influence on the ac-
tual parallax. Fig. 6b shows that depth thresholds—the minimum
depth change necessary to yield a 1'/s change on the retina—were
virtually identical for targets located at +15° and 0° azimuth. These
thresholds varied across subjects depending on the amplitude of
fixational head movements, but enabled good spatial resolution
within nearby space in all three observers. For a target at 1 m, they
were only 6 cm for subject MB, 11 cm for subject MA, and 10 cm
for subject XK.

Similar results were also obtained at different elevations. Fig. 7a
shows the mean retinal speeds of simulated point light sources at
various locations on the vertical plane at 0° azimuth (plane B in
Fig. 1). In all subjects, speed distributions were not symmetrical,
but increased faster in a direction with average angular offset of
7° relative to the Z axis. This asymmetry was caused by the way
the eye moved on the vertical plane, which was similar to an in-
verted pendulum with correlated z and y components, yielding a
stronger effect in the lower portion of the visual field. Depth
thresholds were also influenced by this coupling (Fig. 7b) and were
slightly lower for targets at —15° elevation than for targets at +15°.

However, this modulation was modest, and changes in depth
thresholds across the 30° elevation range were only 5 cm, 9 cm,
and 11 cm for subjects MB, MA and XK, respectively. These data,
together with those in Fig. 6, show that the motion parallax result-
ing from fixational head movements provides good depth resolu-
tion in the space nearby the observer.

The results of Figs. 5-7 were obtained while subjects main-
tained fixation at a distance of 0.5 m. We also examined the effect
of changing the distance of the fixation marker. Since subjects per-
formed head movements with similar characteristics while fixating
on markers at different distances, fixation distance may be ex-
pected to only have a marginal effect on the parallax. Fig. 8 con-
firms this expectation; depth thresholds on the zero azimuth axis
obtained during fixation on markers at 1.5 m and 3 m were similar
to those measured during fixation on a marker at 0.5 m. The minor
changes visible in Fig. 8 were primarily caused by differences in the
velocities of head movements recorded during fixation at different
distances. In subjects MB and XK, these changes led to an improve-
ment in depth resolution. This effect was, however, small, and
across the three observers, the depth threshold for a target at
3 m was only 5 cm smaller when the target was fixated than when
fixation was maintained on a marker at 0.5 m. Thus, the depth res-
olution resulting from this cue was little influenced by both the
azimuth of the target and the distance of the fixated object.

In our experiments, we did not measure eye movements, and
the results presented so far are based on the assumption that sub-
jects maintained perfect fixation on the marker. That is, in the sim-
ulations that reconstructed retinal image motion, the eyes rotated
so as to maintain the fixation point immobile on the fovea. Pure
rotations do not cause parallax. However, because in the eye the
optical nodal points are not coincident with the center of rotation
(see Fig. 1c), small translations of the nodal points do occur during
eye movements (Bingham, 1993; Hadani, Ishai, & Gur, 1980). It is
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also known that fixation is not perfect, and the gain of oculomotor
compensation is lower than 1 during head-free fixation on nearby
targets (Crane & Demer, 1997; Skavenski et al., 1979). Therefore, in
additional simulations, we varied the compensation gain of eye
movements to examine the impact of an imperfect fixation.

Fig. 9 summarizes the results of these simulations. Data points
represent percent changes in the depth thresholds on the zero azi-
muth axis measured with three compensation gains (0, 0.5, and
0.8) relative to the case of perfect compensation (gain of 1). As
shown by these data, the parallax introduced by eye rotations
party counteracted the parallax resulting from head translations.
That is, as the oculomotor compensation gain decreased, the nodal
points moved farther away from the fixation axis, an effect that
slightly reduced depth thresholds. However, this modulation was
minimal and never exceeded 4% even in the case of no oculomotor
compensation at all. In the more realistic case of gains above 0.5,
changes in depth thresholds were smaller than 2% at all the consid-
ered distances. Thus, the reconstructions of retinal stimulation ob-
tained under the assumption of perfect fixation in Figs. 5-8 provide
accurate characterization of the parallax present during fixation
irrespective of the particular oculomotor strategy adopted by the
observer.

4. Discussion

Visual fixation is an active process. Continual adjustments in
body posture and small movements of the head incessantly alter

the observer’s viewpoint. These displacements do not simply shift
the entire image on the retina, but move the retinal projections of
objects at different distances from the observer relative to each
other. Our data show that this differential motion is larger than
it may be intuitively assumed and that the resulting relative veloc-
ities are well above perceivable thresholds for a broad range of
depths. These findings support the proposal that the parallax
caused by fixational head movements is a reliable source of depth
information, which humans may use in a variety of visual and vis-
uomotor tasks.

Motion parallax is commonly studied within the context of ma-
jor changes in the observer’s viewpoint, like, for example, those
caused by large voluntary head movements (Rogers, 2009). Fix-
ational head movements appear too small to yield a parallax that
is perceptually relevant. However, studies on the visual control of
posture have provided evidence that this assumption is not correct.
It was first observed by Bronstein and Buckwell (1997) that body
sway is influenced by motion in the scene simulating the parallax
an observer would experience in a stable three-dimensional envi-
ronment. These visuomotor responses continue to be present dur-
ing monocular viewing, but do not occur when the point of fixation
moves with the observer (Guerraz et al., 2001). Furthermore, pos-
tural stability improves during viewing of two visual references at
different distances from the observer relative to presentation of
only one reference or two references at the same distance (Guerraz
et al., 2000). All these observations are consistent with a role of
motion parallax in the control of body sway. More recently, Louw,
Smeets, and Brenner (2007), quantified the relative contributions
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of different visual cues to depth judgments. These authors ob-
served a consistent contribution from the motion parallax caused
by small head movements. Our results join these previous findings
in supporting a perceptual role for fixational head movements.
They show that even under the conservative conditions of our
experiments, in which observers were specifically instructed not
to move while maintaining fixation, small changes in depth yield
differences in retinal velocities that should be clearly detectable.
Differential motion on the retina may be even more pronounced
when subjects are not explicitly required to remain immobile
and can explore the scene normally.

The results reported in this study are very robust. Head trajec-
tories were measured at high resolution using a custom-developed
tracking system. The position and orientation of the head in space
were estimated by means of an optimization procedure on the ba-
sis of the positions of 20 LED markers. Control experiments, in
which a robotic manipulator finely adjusted the position of a man-
ikin head, have shown that this system possesses the linear and
angular resolutions necessary to measure the small head move-
ments that occur during fixation. Retinal image motion was esti-
mated on the basis of two models: a geometrical model of head/
eye kinematics and an optical model of the eye. The geometrical
model was calibrated for each subject in a preliminary experimen-
tal session in which we estimated the location of each eye’s center
relative to the head’s centroid. Given the little influence of head
rotations on eye displacements (see Figs. 3 and 4), possible errors
in the localization of the eye center would only marginally influ-
ence our estimates of differential velocity. The optical model is a

standard model of the eye (von Helmholtz, 1924). Although the
parameters of the model could vary with each individual eye and
with accommodation, these changes would have little impact on
our measurements. For example, changing the model parameters
from the accommodated to the unaccommodated state only in-
creased depth thresholds by less than 3% on the 0° eccentricity
axis.

Our conclusions are also little affected by the specific oculomo-
tor strategy that an observer may follow during fixation. If one ne-
glects the offsets between the center of rotation of the eye and the
positions of the optical nodal points, eye movements can be mod-
eled as pure rotations; they shift the entire image on the retina
without causing differential motion. However, because the optical
nodal points of the eye do not coincide with the center of rotation,
eye movements may contribute to differential motion on the retina
(Bingham, 1993; Hadani, Ishai, & Gur, 1980). Since eye movements
were not recorded in the experiments, we used computer simula-
tions to examine their possible influence. With a compensation
factor of 80%, the average gain measured during fixation in stand-
ing observers (Crane & Demer, 1997), the effect of eye movements
was negligible. Thus, our estimates of retinal image motion ob-
tained under the assumption of perfect fixation provide excellent
approximation of the parallax present during different types of
eye movements.

To summarize how accurately the parallax resulting from head
displacements can be used for evaluating depth, we assumed a
velocity sensitivity threshold of 1'/s. Previous studies have shown
that, for slow head movements, thresholds for parallax only
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depend on relative speed. Ujike and Ono (2001) reported detection
thresholds around 0.26’/s when the head moved slower than
13 cm/s, a range that includes the movements considered in this
study. These threshold values are similar to those measured for
detection of relative linear motion (Shioiri, Ito, Sakurai, & Yaguchi,
2002; Snowden, 1992) and sinusoidal motion (Nakayama & Tyler,
1981). Based on these previous findings, we conservatively as-
sumed the value of 1’/s as the minimum detectable relative speed
and determined the minimum change in depth that would over-
come this threshold. Our results show that, up to 4 meters from
the observer, most of the central region of the visual field yields
signals that well exceed 1’[s. Thresholds for relative velocity will
increase with eccentricity (McKee & Nakayama, 1984), but values
of a few arcmin per second have been measured even at eccentric-

ities as large as 30° (Lappin et al., 2009). Thus, the parallax result-
ing from fixational head movement may provide a reliable source
of depth information in a large portion of the visual field.

A considerable body of evidence indicates that extraretinal sig-
nals are essential for properly interpreting parallax (Domini & Cau-
dek, 1999; Freeman & Fowler, 2000; Naji & Freeman, 2004;
Nawrot, 2003; Ono & Ujike, 1994). Early studies on head transla-
tions (e.g., Ono & Steinbach, 1990; Rogers & Graham, 1979) led
to the assumption that a vestibular contribution may be necessary.
However, more recent studies have shown that extraretinal signals
related to eye movements are critical (Freeman & Fowler, 2000;
Naji & Freeman, 2004; Nawrot, 2003). Vestibular signals are cer-
tainly present during small fixational head movements, as they
contribute to the maintenance of balance (Jessop & McFadyen,
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2008; Paulus, Straube, & Brandt, 1987) together with a variety of
proprioceptive signals (Fitzpatrick & McCloskey, 1994; Roll, Vedel,
& Roll, 1989). Compensatory eye movements that maintain the
stimulus on the preferred retinal locus are also expected to occur,
as reliable pursuit is elicited by very low velocities (Mack, Fend-
rich, & Pleune, 1979; Poletti, Listorti, & Rucci, 2010). Thus, all the
sensory signals necessary for properly interpreting parallax appear
to be present during normal head-free fixation.

While the focus of this study is on parallax, it is important to
note that fixational head movements may also serve other visual
functions besides contributing depth information. Images tend to
fade and may even disappear completely under retinal stabiliza-
tion, an artificial laboratory condition that eliminates retinal image
motion (Ditchburn & Ginsborg, 1952; Riggs, Ratliff, Cornsweet, &
Cornsweet, 1953; Yarbus, 1967). It has long been proposed that
normal head movements could help preventing image fading dur-
ing natural viewing (Kowler & Steinman, 1980). Indeed, the retinal
velocities resulting from uncompensated head and body move-
ments seem sufficient to preserve visibility (Skavenski et al.,
1979) and elicit strong responses in cortical neurons (Kagan, Gur,
& Snodderly, 2008; Sanseverino et al., 1979). Our results provide
support to this proposal. They show that retinal velocities higher
than 20’/s—the limit to maintain full visibility (Ditchburn, Fender,
& Mayne, 1959)—occur just because of parallax, even under the
unrealistic assumption of perfect oculomotor compensation.

Fixational head movements may also contribute to properly
structuring the input stimulus on the retina into a format that
facilitates neuronal processing. We have recently shown that when
images of natural scenes are examined with the head immobilized,
microscopic eye movements equalize the spatial power of the
stimulus on the retina over a broad range of spatial frequencies
(Kuang et al., 2012). This transformation removes predictable cor-
relations in natural scenes (Attneave, 1954; Barlow, 1961) and ap-
pears to be part of a scheme of neural encoding that converts
spatial luminance discontinuities into synchronous firing events.
When the head is not restrained, eye and head movements adap-
tively cooperate to maintain a specific amount of image motion
on the retina (Collewijn, Martins, & Steinman, 1981). Simultaneous
high-precision recordings of both head and eye movements are
needed to investigate the frequency characteristics of the retinal
stimulus under normal viewing conditions.

In sum, the retinal image motion resulting from continually
occurring adjustments in posture and head movements may con-
tribute to multiple visual functions. Our results show that even ob-
jects at small depth separations within the space nearby the
observer yield significant differential velocities on the retina. These
motion signals are likely to be accompanied by extraretinal eye
and head movement signals, thus enabling effective use of

parallax. Further work is needed to investigate how the visual sys-
tem uses this information.

Acknowledgments

This work was supported by National Institutes of Health grant
EY18363 and National Science Foundation Grants BCS-0719849
and 10S-0843304.

References

Attneave, F. (1954). Some informational aspects of visual perception. Psychological
Review, 61(3), 183-193.

Barlow, H. B. (1961). Possible principles underlying the transformations of sensory
messages. In W. A. Rosenblith (Ed.), Sensory communication (pp. 217-234).
Cambridge, MA: MIT Press.

Bingham, G. P. (1993). Optical flow from eye movement with head immobilized:
Ocular occlusion beyond the nose. Vision Research, 33(5-6), 777-789.

Black, F. O., Wall, C., Rockette, H. E., & Kitch, R. (1982). Normal subject postural sway
during the Romberg test. American Journal of Otolaryngology, 3(5), 309-318.
Bronstein, A. M., & Buckwell, D. (1997). Automatic control of postural sway by

visual motion parallax. Experimental Brain Research, 113(2), 243-248.

Collewijn, H., & Kowler, E. (2008). The significance of microsaccades for vision and
oculomotor control. Journal of Vision, 8(14), 1-21 (article no. 20).

Collewijn, H., Martins, A. ]., & Steinman, R. M. (1981). Natural retinal image motion:
Origin and change. Annals of the New York Academy of Sciences, 374, 1749-6632.

Crane, B. T, & Demer, ]. L. (1997). Human gaze stabilization during natural
activities: Translation, rotation, magnification, and target distance effects.
Journal of Neurophysiology, 78(4), 2129-2144.

Demer, ]. L., & Viirre, E. S. (1996). Visual-vestibular interaction during standing,
walking, and running. Journal of Vestibular Research, 6(4), 295-313.

Ditchburn, R. W. (1973). Eye-movements and visual perception. Oxford, England:
Clarendon Press.

Ditchburn, R. W., Fender, D. H., & Mayne, S. (1959). Vision with controlled
movements of the retinal image. Journal of Physiology, 145(1), 98-107.

Ditchburn, R. W., & Ginsborg, B. L. (1952). Vision with a stabilized retinal image.
Nature, 170(4314), 36-37.

Domini, F., & Caudek, C. (1999). Perceiving surface slant from deformation of optic
flow. Journal of Experimental Psychology - Human Perception and Performance,
25(2), 426-444.

Ferman, L., Collewijn, H., Jansen, T. C., & den Berg, A. V. V. (1987). Human gaze
stability in the horizontal, vertical and torsional direction during voluntary
head movements, evaluated with a three-dimensional scleral induction coil
technique. Vision Research, 27(5), 811-828.

Fitzpatrick, R., & McCloskey, D. I. (1994). Proprioceptive, visual and vestibular
thresholds for the perception of sway during standing in humans. Journal of
Physiology, 478, 173-186.

Freeman, T. C., & Fowler, T. A. (2000). Unequal retinal and extra-retinal motion
signals produce different perceived slants of moving surfaces. Vision Research,
40(14), 1857-1868.

Guerraz, M., Gianna, C. C,, Burchill, P. M., Gresty, M. A., & Bronstein, A. M. (2001).
Effect of visual surrounding motion on body sway in a three-dimensional
environment. Perception and Psychophysics, 63(1), 47-58.

Guerraz, M., Sakellari, V., Burchill, P., & Bronstein, A. M. (2000). Influence of motion
parallax in the control of spontaneous body sway. Experimental Brain Research,
131(2), 244-252.

Hadani, I, Ishai, G., & Gur, M. (1980). Visual stability and space perception in
monocular vision: Mathematical model. Journal of the Optical Society of America,
70(1), 60-65.



M. Aytekin, M. Rucci/Vision Research 70 (2012) 7-17 17

Haslwanter, T. (1995). Mathematics of three-dimensional eye rotations. Vision
Research, 35(12), 1727-1739.

Horn, B. K. P. (1987). Closed-form solution of absolute orientation using unit
quaternions. Journal of the Optical Society of America A, 4(4), 629-642.

Jessop, D., & McFadyen, B. ]J. (2008). The regulation of vestibular afferent
information during monocular vision while standing. Neuroscience Letters,
441(3), 253-256.

Kagan, I, Gur, M., & Snodderly, D. M. (2008). Saccades and drifts differentially
modulate neuronal activity in V1: Effects of retinal image motion, position, and
extraretinal influences. Journal of Vision, 8(14), 1-25.

Kowler, E., & Steinman, R. M. (1980). Small saccades serve no useful purpose: Reply
to a letter by R.W. Ditchburn. Vision Research, 20(3), 273-276.

Kuang, X., Poletti, M., Victor, J. D., & Rucci, M. (2012). Temporal encoding of spatial
information during active visual fixation. Current Biology, 22(6), 510-514.

Lappin, J. S., Tadin, D., Nyquist, J. B., & Corn, A. L. (2009). Spatial and temporal limits
of motion perception across variations in speed, eccentricity, and low vision.
Journal of Vision, 9(1), 1-14 (article no. 30).

Louw, S., Smeets, J. B. ]., & Brenner, E. (2007). Judging surface slant for placing
objects: A role for motion parallax. Experimental Brain Research, 183(2),
149-158.

Mack, A., Fendrich, R., & Pleune, J. (1979). Smooth pursuit eye movements: Is
perceived motion necessary? Science, 203(4387), 1361-1363.

McKee, S. P., & Nakayama, K. (1984). The detection of motion in the peripheral
visual field. Vision Research, 24(1), 25-32.

Naji, J. J., & Freeman, T. C. A. (2004). Perceiving depth order during pursuit eye
movement. Vision Research, 44(26), 3025-3034.

Nakayama, K., & Tyler, C. W. (1981). Psychophysical isolation of movement
sensitivity by removal of familiar position cues. Vision Research, 21(4), 427-433.

Nawrot, M. (2003). Eye movements provide the extra-retinal signal required for the
perception of depth from motion parallax. Vision Research, 43(14), 1553-1562.

Ono, H., & Steinbach, M. J. (1990). Monocular stereopsis with and without head
movement. Perception and Psychophysics, 48(2), 179-187.

Ono, H.,, & Ujike, H. (1994). Apparent depth with motion aftereffect and head
movement. Perception, 23(10), 1241-1248.

Paulus, W., Straube, A., & Brandt, T. H. (1987). Visual postural performance after loss
of somatosensory and vestibular function. Journal of Neurology Neurosurgery and
Psychiatry, 50(11), 1542-1545.

Paulus, W. M., Straube, A., & Brandt, T. (1984). Visual stabilization of posture.
Physiological stimulus characteristics and clinical aspects. Brain, 107,
1143-1163.

Poletti, M., Listorti, C., & Rucci, M. (2010). Stability of the visual world during eye
drift. Journal of Neuroscience, 30(33), 11143-11150.

Ratliff, F., & Riggs, L. A. (1950). Involuntary motions of the eye during monocular
fixation. Journal of Experimental Psychology, 40(6), 687-701.

Riggs, L. A, Ratliff, F., Cornsweet, ]. C., & Cornsweet, T. N. (1953). The disappearance
of steadily fixated visual test objects. Journal of the Optical Society of America,
43(6), 495-501.

Rogers, B. (2009). Motion parallax as an independent cue for depth perception: A
retrospective. Perception, 38(6), 907-911.

Rogers, B., & Graham, M. (1979). Motion parallax as an independent cue for depth
perception. Perception, 8(2), 125-134.

Rolfs, M. (2009). Microsaccades: Small steps on a long way. Vision Research, 49(20),
2415-2441.

Roll, J. P., Vedel, J. P.,, & Roll, R. (1989). Eye, head and skeletal muscle spindle
feedback in the elaboration of body references. Progress in Brain Research, 80,
113-123.

Rucci, M. (2008). Fixational eye movements, natural image statistics, and fine
spatial vision. Network, 19(4), 253-285.

Rucci, M., lovin, R., Poletti, M., & Santini, F. (2007). Miniature eye movements
enhance fine spatial detail. Nature, 447(7146), 851-854.

Sanseverino, E. R, Galletti, C., Maioli, M. G., & Squatrito, S. (1979). Single unit
responses to visual stimuli in cat cortical areas 17 and 18: IIl. Responses to
moving stimuli of variable velocity. Archives Italiennes de Biologie, 117(3),
248-267.

Shioiri, S., Ito, S., Sakurai, K., & Yaguchi, H. (2002). Detection of relative and uniform
motion. Journal of the Optical Society of America A, 19(11), 2169-2179.

Skavenski, A. A., Hansen, R. M., Steinman, R. M., & Winterson, B. ]. (1979). Quality of
retinal image stabilization during small natural and artificial body rotations in
man. Vision Research, 19(6), 675-683.

Snowden, R. J. (1992). Sensitivity to relative and absolute motion. Perception, 21(5),
563-568.

Steinman, R. (2003). Gaze control under natural conditions. In L. Chalupa & J.
Werner (Eds.), The visual neurosciences (pp. 1339-1356). Cambridge: MIT Press.

Steinman, R. M., Cushman, W. B., & Martins, A. J. (1982). The precision of gaze. A
review. Human Neurobiology, 1(2), 97-109.

Steinman, R. M., Haddad, G. M., Skavenski, A. A, & Wyman, D. (1973). Miniature eye
movements. Science, 181(4102), 810-819.

Ujike, H., & Ono, H. (2001). Depth thresholds of motion parallax as a function of
head movement velocity. Vision Research, 41(22), 2835-2843.

von Helmholtz, H. (1924). Treatise on physiological optics (Vol. 1). New York: Dover.

Yarbus, A. L. (1967). Eye movements and vision. New York: Plenum Press.



	Motion parallax from microscopic head movements during visual fixation
	1 Introduction
	2 Methods
	2.1 Subjects
	2.2 Apparatus
	2.3 Procedure
	2.4 Estimation of head movements
	2.5 Estimation of retinal image motion
	2.6 Estimation of parallax

	3 Results
	4 Discussion
	Acknowledgments
	References


