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Abstract. Changing the position of a light source illuminating a human face induces an apparent
shift of the perceived orientation of that face. The direction of this apparent shift is opposite to
the shift of the light source. We demonstrated the illumination-induced apparent orientation
shift (TAOS), quantified it in terms of the physical orientation shift needed to compensate for it,
and evaluated the results in the context of possible mechanisms underlying orientation judgment.
Results indicate that JAOS depends not only on the angle between the two light source positions,
but also on the mean orientation of the face. Availability of cues coded in the visual texture of the
face did not affect IAOS. The most effective cue was the location of the visible outline of the face.
IAOS seems to be due to a shift of this outline when shadowed areas on the face merge with
the black background. We conclude that an important mechanism for orientation judgment is
based on a comparison of visible parts left and right of the profile line.

1 Introduction

The human face is a visual stimulus that signals a range of different kinds of information
essential for maintaining the complex interactions that constitute the social structure
inherent to our species. The task of our visual system is apparently to extract this
information from the images projected onto our retina. The image of a face not only
signals the identity of the face but also transmits socially relevant attributes such as a
person’s intention, emotion, health, and state of attention. An ideal face-processing
system should extract and handle these attributes independently of each other and also
independently of further sources of image variability such as the illumination, position,
and orientation of the face in three-dimensional (3-D) space. However, human face
recognition is far from being perfect and several interdependences can be measured
(Patterson and Baddeley 1977; Bruce et al 1987; Hill and Bruce 1996; Troje and Biilthoff
1996; Hill et al 1997; Braje et al 1998).

The orientation of a face in space—in particular its azimuthal orientation with
respect to an observer—is not only a source of uncertainty when exploring identity or
expression of a face. It also bears important and meaningful information by itself.
Head orientation together with gaze direction is an important cue which reveals
information about the focus of interest of other people and plays a major role in the
context of joint visual attention (Leslie 1987; Baron-Cohen 1994).

Communicating the direction of attention is also important in other species. In
particular, any species that forms flocks or swarms needs to process information about
the physical orientation of its companions in space. This holds true for honeybees as
well as for fish swarms, but can best be observed in flocking steppe mammals such
as zebras or antelopes. If a single animal announces the detection of a suspicious
object, the other animals will immediately turn in the same direction as the watcher.

In humans and other animals with elaborate oculomotor systems, head orientation
interacts in several ways with gaze direction. First of all, the perception of gaze direction
in space is not independent of head orientation (Gibson and Pick 1963). Most likely,
eye gaze is not computed directly (eg by somehow measuring the surface attitude of the

€ Present address, to which correspondence should be sent: Department of Psychology, Queen’s
University, Kingston, Ontario K7L 3Né, Canada; e-mail: niko@psyc.queensu.ca.



672 N F Troje, U Siebeck

cornea at the position of the pupil, or by using the position of the Purkinje reflexes in
the eye), but is revealed by measuring both the posture of the eyes relative to the head
and the orientation of the head relative to the surroundings (Anstis et al 1969).

Estimating the orientation of a head thus appears to be a presupposition for estimat-
ing gaze direction. Head direction by itself becomes a predominant cue in situations
where the eyes are no longer visible with a good enough resolution to detect the small
changes in iris position. In particular, when communicating over long distances, head
orientation is much more reliable than gaze direction (von Cranach 1971). Sometimes
head orientation will even be emphasised by using the stretched pointing arm that can be
regarded as an elongation of the direction indicated by the symmetry plane of the head.

The visual system has to retrieve head orientation in 3-D space from 2-D images
projected onto the retina of the observer. As is the case with most object recognition tasks,
this is an ill-posed problem which can only be solved by employing further constraints
(Marr 1982). A basis for the formulation of such constraints might be provided by
knowledge about the 3-D structure of human heads in general. Such knowledge might
help to readily interpret otherwise ambiguous information contained in the image of
a face. However, at present we do not know anything about the image features that are
used and the way these features are interpreted for making orientation judgments.

In order to learn something about the nature of the mechanisms underlying orien-
tation judgment, we investigated a phenomenon that we observed in the context of
previous work, dealing with face recognition under varying orientations and illumina-
tions (Troje and Biilthoff 1998). The perception of the orientation of a head is heavily
influenced by the illumination conditions. When directional light is exclusively used,
large apparent orientation shifts can be induced by changing the azimuthal position of
the illuminant. The direction of these shifts is opposite to the shift of the position of the
light source (figure 1; a chromatic, dynamic demonstration of the phenomenon is shown
on the Perception WWW site at http:/www.pion.co.uk/perception/perc0698/troje.ntml). An
understanding of this very striking phenomenon might give insight into the perceptual
mechanisms underlying orientation judgment in general.

Figure 1. This pair of images demonstrates the apparent illumination-induced orientation shift. Both
images show the same face in exactly the same orientation (¥, = £ = 30°). The illumination in the
left image comes 30° from the left of the camera (L, = —30°), whereas in the other image illumi-
nation comes 30° from the right (L, = 30°). The face on the right seems to be rotated clockwise with
respect to the face on the left. These kinds of images were used as stimuli in experiments 1 and 2.
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Interestingly, a similar effect has been observed at the level of single-cell responses
measured in the macaque temporal cortex (Hietanen et al 1992). Although the authors
report generally good illumination constancy for cells selective for face views, they also
found cells that behaved differently. Some of them responded to half-profile views of
a face. These cells did not respond to full-face views with nondirectional or frontal
illumination, but again showed increased response rates to a full-face view lit from the
side. The direction of this illumination-induced shift in orientation sensitivity goes in
the same direction as the observed perceptual shift.

The image of a human face provides several cues that could be used to derive an
estimate of face orientation. Such cues could be based on local features, or on global
features determined by evaluating geometric relations across the whole face. One poten-
tial local cue is the projected shape of facial features like the nose or eyes. Another
plausible local cue has been described by Koenderink et al (1996). These authors found
that human observers are proficient at estimating local surface orientation. However,
although they demonstrated generally good shape constancy under various different
presentation modes and viewing conditions, they also found that perception of local surface
attitude is not completely independent of the position of the illuminant. The position of
the illuminant influences perceived shape such that the brighter parts of the surface
appear to be bulging into the foreground (see also Christou and Koenderink 1997).

Global cues could be derived from several geometric measures in the projection of
the face. Consider how the projection of the interocular distance in the image changes
when the head rotates around its vertical axis. In contrast, any vertical measure, ie the
vertical distance between eyes and mouth, will not change considerably and could there-
fore provide a reference. Geometrical measures in the image such as the ratio of inter-
ocular distance and eye-mouth distance, however, only then provide reliable predictors
for absolute head orientation when evaluated by means of a calibration curve describing
the relation between the predictor and head orientation. Such a calibration curve could
be based on implicit knowledge about the general 3-D structure of human heads.

In this study we measured the apparent orientation shift induced by changing
the azimuthal position of a single point light source. This illumination-induced apparent
orientation shift (IAOS) was quantified by determining the physical orientation shift
necessary to compensate for the illumination-induced effects. In a series of experiments
we varied different variables. In experiment 1, the dependence of JAOS on the angle
between the two light source positions was determined. In experiment 2, the average
orientation of the face was varied. Experiment 3 was a control experiment run to
ensure that subjects were not influenced by potential shifts in perceived gaze direction.
In experiment 4, we tested a hypothesis that had been developed in the course of the
previous experiments. This experiment was 2 repetition of experiment 2, but this time
with the faces presented in front of a lighter background.

2 Methods

2.1 Subjects

The subjects were Titbingen University students aged from 18 to 30 years. Ten subjects
participated in each experiment. Each subject participated only in a single experiment
and all subjects were naive with respect to the purpose of the experiment.

2.2 Stimuli

All stimuli were rendered with the use of five 3-D face models obtained by digitising
the heads of two female and three male students from Tilbingen University. We used a
Cyberware laserscanner, which provided both information about the geometry and the
visual texture of the head (for details, see Troje and Bilthoff 1996). Hair and shoulders
were carefully removed from the models. Images were rendered with the use of a
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simulated camera positioned at the height of the face and 2 m away from it (assuming
realistic size of the head). Illumination was simulated according to a Lambertian reflec-
tion model with one point light source at infinite distance. Cast shadows or specularities
were not included in the model. Light always came 11° from above. The azimuthal
position of the light source (L) varied according to the different experimental condi-
tions. The second parameter that varied was the azimuthal orientation of the face
(F). Both L and F are always indicated with respect to the camera position. Thus
L =0 means that the light source was located directly above the camera; F'= 0 corre-
sponds to a frontal view of the face. Except in experiment 4, the faces were presented
in front of a black background. Images had a size of 256 x 256 pixels which corre-
sponds to 5.5 cm x 5.5 cm on the screen. Except for experiment 3, images were rendered
by using their natural texture map. In experiment 3, the texture map was replaced with a
constant white surface. Colour resolution in all images was 24 bits.

2.3 Procedure
Subjects were seated in front of the computer screen in a small experimental chamber
illuminated only by a 25 W bulb positioned 1.5 m above the subject. Viewing distance
to the screen was 75 cm. Responses were given by hitting keys on a computer keyboard.

In each trial, the subject was shown two successively presented images of the same
face and had to make a two-alternative forced-choice (2AFC) decision indicating whether
the second face was rotated to the left or to the right with respect to the first one.
Each trial was initialised by the subject hitting the SPACE key on a computer keyboard.
A fixation cross appeared for 1.5 s and then the first image was shown for 0.5 s. The
first image was followed by a black-and-white pattern that was shown for 1.1s, a ls
presentation of the fixation cross, and finally the presentation of the second image.
The second image remained on the screen until the subject responded by hitting either the
left or the right arrow key on the keyboard. The black-and-white pattern and a relatively
long interstimulus interval (2.1 s) were used to avoid apparent motion perception.

Each subject performed 400 trials which took about 1h. After 200 trials the subjects
took a short break. The subjects were urged to respond as quickly and accurately as possible.

2.4 Design

Before describing the experimental design in detail, we want to introduce a few variables
used to characterise the trials and to evaluate the responses. Each single trial can be
characterised by the following parameters derived from the stimulus parameters L, and L,
(azimuthal position of the light source in the first and second image, respectively), and £,
and F, (azimuthal orientation of the face in the first and second image, respectively):

positional change of the light source: AL=1L, - L, ,
orientation change of the face: AF = F — F,

mean position of the light source: L =1(L, + L,),
mean orientation of the face: F = 1R +5).

If the sign of AL equals the sign of AF the face was physically rotated in the same
direction as the light source. If the signs of AL and AF do not equal, the rotation of
the face was opposite to the movement of the light source. Since the relative change
in orientation is important for the description and interpretation of the experiments we
introduce a variable for it:

relative orientation change of the face: AF, = AFx sgn(AL).

Similarly, we are not that much interested in the absolute responses given by the
subjects (R = {—1,1} with —1 meaning ‘rotation to the left’ and 41 meaning ‘rotation
to the right’), but rather in the indicated direction with respect to the light source.
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Instead of evaluating the response R directly, we used:
relative response: R, = Rx sgn(AL).

Except for defining AF, and R,, the sign of AL is no longer needed. AL can thus be
replaced by:

absolute positional change of the light source: AL, = abs(AL).
Similarly, we replace the variable F by its absolute value:
absolute mean orientation of the face: F, = abs(F).

Half of the trials showed faces from the left and the other half showed faces from
the right. sgn(F) was completely counterbalanced across all other parameters used.
The frequency with which the five different face models appeared was also counter-
balanced over all parameters. In all experiments the two light source positions within
each trial were symmetric to the camera position (L=0).

Each experimental run consisted of five different blocks (one control condition
and four different levels of the parameter under investigation). Each block contained
80 trials. Within a block, all parameters were held constant except for AF,. The general
idea was to vary AF, in order to find the value that yielded a perception of constant
head orientation and thus compensated for the illumination-induced effect. In each block
we measured subjects’ responses to eight values of AF, ranging from —6° to -+15°1in 3° steps.
The relative response ratio at each data point was based on 10 trials and measured by
dividing the number of the responses with R, = 1 by the overall number of trials (n = 10).

The order of the 80 trials within one block was randomised. The order of the blocks
was systematically varied between subjects according to the following procedure: First,
two different random orders were picked. Each was then used to generate five sequences
which differed from each other simply by a shift, so that each started with another block.

2.5 Data evaluation

The relative response ratio of the 8 data points of each block was plotted against AK
and a psychometric function (cumulative Gaussian) was fitted to the data. The mean of
the Gaussian indicates the relative orientation change of the face at the point of subjec-
tive equality of face orientation and was used as a measure for the TAOS. The standard
deviation of the fitted function provides a measure for the subjects’ difference threshold.

3 Results

3.1 Experiment I

In experiment 1, we measured the IAOS as a function of the angle between the two
light source positions. The absolute mean orientation of the face (F,) was always 30°.
The absolute positional changes of the light source (AL,) in the five conditions were:
0°, 30°, 60°, 90°, and 120°.

In figure 2, the mean IAOS values are plotted for the different conditions. TAOS
is exactly zero in the control condition in which the light source position was held
constant. With increasing positional change of the light source JAOS first increases
and then saturates at values around 7°. AL, values larger than 60° do not result in a
further increase of IAOS. For the control condition, the standard deviation of the fitted
Gaussian is 4.4°, ie physical orientation changes of 4.4° can be detected with 84%
accuracy. The respective standard deviations in the other conditions are not much
larger (mean over all five conditions: 4.8°).

3.2 Experiment 2
In this experiment as well as in all the following experiments, the absolute positional
change of the light source was held constant at a value of AL, = 0° for the control
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Figure 2. Results of experiment 1. Bars
indicate the IAOS in the five conditions,
representing the mean and standard error
of the mean (SEM) over ten subjects.

0 30 60 90 100
Positional change of the light source/®

condition and at a value of AL, = 60° in all other conditions. We measured the JAOS
as a function of the mean orientation of the face. In the control condition, F, was 30°.
In the other conditions F, had values of 0°, 15°, 30°, and 45°.

Figure 3 shows the dependence of IAOS on the mean orientation of the face.
IAOS is small, but still significant for frontal views. It increases with increasing devia-
tion from the frontal view and reaches a value of almost 9° for F, = 45°.

The subjects’ difference threshold as measured in terms of the standard deviation of
the Gaussian fitted to the data was 1.8° in the control condition and 3.7° on average
over all conditions.
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Figure 3. Results of experiment 2. Bars
indicate the IAOS in the five conditions,
0 representing the mean and SEM over ten
subjects.

contr. 0 15 30 45
Mean orientation of the face/°

3.3 Experiment 3
In all the experiments reported here subjects were instructed to evaluate the orientation
change of the face. Nevertheless, we could not be sure that subjects were not influenced
by potential apparent shifts in gaze direction rather than in head orientation. If the
perception of gaze direction relies on the size of visible parts of the sclera left and right
of the iris, apparent gaze direction may also be affected by positional changes of the light
source (see figure 1) (Anstis et al 1969). In this experiment, we excluded any information
on gaze direction by presenting stimuli with a constant albedo surface instead of the
natural texture map of the faces (figure 4). As a consequence it became impossible to
determine the position of sclera, iris, and pupil. Apart from that, all experimental con-
ditions were the same as in experiment 2.

Figure 5 illustrates the results of this experiment. The pattern is the same as in
experiment 2 and TAOS reaches values up to almost 9°. The difference thresholds were
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Figure 4. Example of the stimuli used in experiment 3. Instead of their natural texture map being
used, the faces were rendered with a constant white surface. As in figure 1, the orientation of the two
faces is exactly the same (F, = F;, = 30°) and the positional change of the light source is 60°.

1AOS/"

Figure 5. Results of experiment 3. Bars
indicate the IAOS in the five conditions,
representing the mean and SEM over ten
subjects.

contr. 0 15 30 45
Mean orientation of the face/®
also comparable with those in the previous experiments (1.9° for the control condition,
4.4° on average over all conditions). We conclude that subjects are not influenced by
potential changes in eye gaze direction but in fact judge the orientations of the head.

3.4 Experiment 4

The illumination model used in all these experiments produced black surfaces whenever
the angle between incident light and surface normal was larger than 90°. The shadows
merged into the black background, so that the visible outline of the face did not neces-
sarily match the occluding contour of the head. This happened particularly in images
in which the illuminant was positioned opposite to the side to which the head was turned.
If the location shift of the outline is responsible for the JAOS then it should disappear
as soon as we make the occluding boundary visible in all illumination conditions.

In the present experiment, we used the same procedure and the same stimuli as in
experiment 2, except that this time the faces were rendered in front of a beige background
(figure 6). As can be seen in figure 7, IAOS decreases to values of less than 2°. Standard
deviations of the fitted Gaussians were 1.8° for the control condition and 3.4° on average
over all conditions.
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Figure 6. Example for the stimuli used in experiment 4. The only difference from the images
shown in figure 1 is that the black background was replaced by a lighter one.

Figure 7. Results of experiment 4. Bars
indicate the TAOS in the five conditions,
representing the mean and SEM over ten
subjects.

contr. 0 15 30 45
Mean orientation of the face/°

4 Discussion
The present data show that orientation judgment is not independent of the direction
of illumination. The induced apparent orientation shifts are considerable. A physical
orientation difference of the same magnitude as the observed JAOSs is very salient.
On looking at figure 8, it is hard to believe that the 9° orientation difference can be
cancelled just by changing the position of the light source. The magnitude of IAOS is
dependent not only on the angle between the two light-source positions, but also on
the mean orientation of the head. Most importantly, the observed effect disappears
almost completely when the faces are shown in front of a background that allows
one to segment the whole face including its shaded parts from the background. These
findings provide implications for possible mechanisms underlying orientation judgment.
Local features may well be affected by illumination. Local luminance changes
drastically when the position of the light source is varied. We know from the work of
Koenderink et al (1996) that this may influence perceived surface attitude. However, a
perceived shift in local surface attitude is unlikely to explain our results for two reasons.
If the TAOS was the result of integrating perceived changes in local surface attitude
across the face, it would not be easy to explain the observed dependence of IAOS on
the mean orientation of the face. Furthermore, the background colour should not
have much influence on the perception of local surface attitude and in turn on the
perceived head orientation. Shifts in local surface attitude may still play a minor role in
our experiments. The very small IAOS that could be observed in experiment 4 may be
due to the effect described by Koenderink et al. However, to explain the pronounced
effects in the other experiments another mechanism must be invoked.
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Figure 8. The same face shown with similar illumination but rotated by 9° (L, = L, = 07,
F, =34.5°, F, =25.59.

Local features based on reflectance and reflectance gradients are also unlikely to play
any role in producing TAOS. In experiment 3, we eliminated all such features by applying
homogenous reflectance to the facial surface and still got TAOSs of the same magni-
tude as in the experiments in which natural surface reflectance of the faces was used.

Global features are more likely to mediate the observed orientation shift. An image
feature that was strongly affected by the position of the light source is the position of the
visible outline of the face. If the face is illuminated from the side, the shadow on the oppo-
site side of the face merges with the black background. The visible outline of the face on that
side is no longer the occluding contour of the face, but the borderline between the illu-
minated and shaded parts in the face. The fact that ITAOS almost disappears when the faces
are presented in front of a lighter background argues for the importance of the outline.

Heads are approximately bilaterally symmetric, subdividing the face into two halves
with the profile line lying in the symmetry plane. However, only the frontal-view
projection yields a symmetric image. In general, the curvature of the face results in
asymmetric 2-D projection patterns. The asymmetry increases with increasing angular
deviation from the frontal view. A prominent manifestation of this asymmetry can be
measured in terms of the areas projected from the two halves of the face. A comparison
of the visible areas between left outline and profile line and between right outline
and profile line might provide a valuable predictor for head orientation. The position
of the visible outline of the face, and therefore the ratio between projected areas left
and right of the profile line, are altered by changes in face orientation as well as by
applying the extreme and artificial illumination conditions used in our experiments.

The human visual system presumably uses more than one single mechanism to
estimate the orientation of a face. OQur results strongly suggest that one prominent
mechanism is based on the detection of the left and right outline of the face as well
as of the profile line. These features define two areas: the projections of the left and
the right half of the face. The ratio of these two areas (or any monotonous function
of this ratio) then serves as a predictor for head orientation.

This may be a coarse mechanism but it also is a fast and reliable one that becomes
particularly important when viewing conditions are poor, cg because the observed
head is far away or is projected onto extrafoveal parts of the retina. The outlines of the
face can be detected with low-level mechanisms for edge detection and segmentation
in general. The profile line of a face also seems to be a very salient feature that can
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be detected almost instantaneously, presumably with hardwired mechanisms. It is much
easier to find neurons in the primate inferotemporal cortex that are selective for full-
face and profile views than for other views (Perrett et al 1991). The profile line itself
defines main features in both these views: the significant outline in the profile view
and the symmetry axis in the full-face view. The human perceptual system is not only
sensitive to bilaterally symmetric patterns but also to skewed symmetry (Wagemans
1993), the pattern that occurs if the view of a bilaterally symmetric object is distorted
owing to asymmetric viewing conditions. Thus, the detection of the profile line of a
face could also be based on relatively low-level symmetry-detecting mechanisms.

The proposed predictor (ratio of visible parts left and right of the profile line) for
head orientation might be derived from the image of a face projected to the retina
using only relatively low-level mechanisms. On the other hand, its exact interpretation
and calibration requires knowledge about the geometry of heads in general. For example,
a given value of the ratio predicts a certain head orientation, when the head is assumed to
have a perfectly circular horizontal cross-section but it would yield a different predic-
tion on assuming the cross section to be more elliptical. The proposed mechanism thus
is a nice example for how bottom-up and top—down mechanisms interact in solving a
complex perceptual task.
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