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Abstract. Many computational models indicate ambiguities in the recovery of
plane orientation from optic flow. Here we questioned whether psychophysical
responses agree with these models. We measured the perceived tilt of a plane
rotating in depth with two-view stimuli for 9 human observers. Response
accuracy was higher under wide-field perspective projection (60�) than in small
field (8�). Also, it decreased when the tilt and frontal translation were
orthogonal rather than parallel. This effect was stronger in small field than in
large field. Different computational models focusing on the recovery of plane
orientation from optic flow can account for our results when associated with a
hypothesis of minimal translation in depth. However, the twofold ambiguity
predicted by these models is usually not found. Rather, most responses show a
shift of the reported tilts toward the spurious solution with  concomitant
increase in response variability. Such findings point to the need for further
simulations of the computational models.

1    Introduction

Plane orientation can be defined by the tilt (�) and slant (�). We call N the vector
normal to a plane. Slant is the angle between N and the frontoparallel plane, while tilt
is the orientation of N as projected in this plane (Fig.1). Determining the tilt of a
planar surface is required for navigation, when climbing a slope for instance, or for
actions like grasping flat objects. In these situations, motion parallax is a depth cue
that reveals the 3D structure of the visual scene to biological or machine vision
systems [19], [15].

The perception of tilt from optic flow has been addressed by few psychophysical
studies. Domini and Caudek [6] found that observers estimate tilt more accurately
than slant in multiple-view stimuli. Cornilleau-Pérès et al [4] defined the winding
angle W as the angle between the tilt and the component of the frontal translation
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(Fig.2). They found that the accuracy in tilt reports decreases as W increases, this
effect being particularly strong in small-field (8° visual angle).

A more systematic exploration of this question is found in the theoretical domain,
where several models of tilt computation have been proposed [10], [13], [16] and give
a thorough account for the existence of multiple solutions in the problem of tilt
computation from optic flow. However, these studies give little information on the
performance of the corresponding algorithms in terms of accuracy and robustness to
noise. While many have developed error analyses of the structure from motion
problem [1], [18],[5], [3], little is known on the accuracy of orientation estimates for a
planar scene. In general, the recovery of the motion and structure parameters seems to
have a maximal sensitivity to image noise when the 3D translation is parallel to N
[18], [5]. Baratoff [2] is the only author addressing the sensitivity of tilt and slant
estimates from binocular parallax. He finds that tilt is less sensitive than slant to
variations of the viewing geometry, and that both variables are seriously affected by
image noise. Contrary to slant estimates, tilt computation does not require a metric of
the visual space, and the recent interest for an ordinal, rather than metrical,
representation of depth [12], [8] warrants a deeper understanding of the properties of
tilt perception.

In this respect, the human performance may help at designing simulation tests,
since it points to two critical variables in tilt perception, namely the size of the field of
view (FOV) and the orientation of the plane relative to its 3D motion [4]. Because the
previous results were obtained with multiple-frame stimuli, which provides
complementary acceleration information [9], our first goal was to develop a
systematic exploration of human tilt perception with two-view stimuli. We evaluated
the errors in tilt estimation, and also the position of the perceived tilt with respect to
the stimulus tilt and the direction of frontal translation (as is well-known and shown
in the appendix, these are the two possible solutions for tilt). Our second objective
was to test the predictions of different computational models so as to propose new
directions of research on tilt perception in both biological and machine vision.

2   Preliminaries

If the position of the eye is the origin of a XYZ coordinate system, and the Z axis
lies along the line of sight (Fig. 1), a plane is given by the equation:

0ZYZXZZ YX ++= (1)

In what follows, we suppose that the plane moves with a rotation
� ),,( ZYX ΩΩΩ=  around the eye, and a translation ),,( ZYX TTT=T . Thus,

T’= ),( YX TT  is the frontal translation and T’=
X

Y
T

T1tan −  is the angle between T’

and the X axis in the frontoparallel plane.  The normalized N and T are n
�

and t
�

,
respectively.

Under perspective projection, p=
Z

1
can be written as
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0pypxpp yx ++= (2)

where
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Fig. 1. The tilt and slant of an object plane. N is the normal to the plane. � is�tilt. ���is�slant.
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Fig. 2. The winding angle of a moving plane. T’ is the frontal translation, orthogonal to the
optical axis. N is the normal to the plane. The winding angle (W) is the unsigned angle between
the tilt (�) direction  and T’.

The tilt � and the slant � can be expressed as:

x

y

p

p1tan −=τ
(3)
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0
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pp yx +
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(4)

Under orthographic projection,

X

Y
Z

Z1tan −=τ
(5)

221tan YX ZZ += −σ
(6)

3   Experiment and Results

3.1  Method

� Participants
Nine observers aged between 21 and 28 served as naïve subjects for this

experiment. All of them had normal or corrected-to-normal vision.
� Design

We examined the effects of two variables on the judgments of plane orientation in
terms of tilt and slant: (1) the size of the visual stimulus (diameters 8� or 60� visual
angle) and (2) the winding angle (W) randomized between 0º and 90º (here W is
unsigned). The tilt � was randomly chosen between 0� and 360�. The angle of the
rotation axis was such that the angle between the tilt and the frontal translation was
+W or –W, and thus ranged randomly between 0� and 360�. The slant of the plane
was 35� and the rotation amplitude between the two views was 3º. There were 8
sessions of 108 trials for each field size. The sessions in small field and large field
were performed alternately in random order.
� Apparatus

The stimulus patterns were generated on a PC, and displayed either on the 19-in.
monitor for small visual field or on a glass-fabric screen using the Marquee Ultra
8500 projector for large visual field. The diameter of the small stimuli was 27.5 cm
(8� visual angle) or 2 m (60� visual angle). Both large-field and small-field displays
had a spatial resolution of 768 pixels for the stimulus diameter, and we used an anti-
aliasing software to achieve subpixel accuracy, each dot covering a 3�3 pixels area.
The refresh rate was 85 Hz.
� Stimuli

The viewing distance was 1.96 m in small field, and 1.73 m in large field. The
stimuli in the experiment were perspective projections of dotted planes, with dots
spread uniformly within a circular area of the display window (Fig. 3). Each plane
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rotated about a frontoparallel axis. In this case the component of frontal translation T’
is orthogonal to the rotation axis. A probe was presented in the center of the screen
and could be adjusted by the subjects to indicate the perceived plane orientation,
using the computer mouse. A uniform dot density was achieved in the position of the
surface corresponding to the intermediate position between the 2 views. The stimuli
were generated with the appropriate perspective for visual angles of 8�and 60�. The
motion sequence was composed of two views corresponding to rotational angles of  –
1.5� and 1.5�. The duration of the two views was 0.38 � 0.015 s. The dot number for
each stimulus was 572 � 17. Trial duration was determined by the subject and usually
ranged around 8 s. The luminance was adjusted to 0.23 cd/m2.

τ

Fig. 3. Reporting tilt and slant through probe adjustment. The probe is made of a
needle and an ellipse. Subjects adjust the orientation of the needle and the small-width
of the ellipse with the computer mouse to indicate the perceived tilt (direction of the
needle) and slant (width of the ellipse).

� Procedure
The subjects were seated with head maintained in a chinrest, and the experimental

room was dark. With an eye patch to cover the non-dominant eye, he/she was asked to
fixate the center of the stimulus. Each stimulus was displayed in a continuous way,
and after 3 seconds of presentation, the subjects could adjust the XY position of the
mouse to modify the orientation of the probe superimposed on the stimulus. Upon
completion of the adjustment, they clicked on the mouse, and proceeded to the next
trial.
� Data Analysis

We partitioned the winding angles in nine intervals: 0�-10�, 10�-20�, … 80�-90�.
The average number of trials for each subject in each W interval was 96 (standard
deviation 7).

We measured the ambiguity on the tilt sign (tilt reversal) by calculating the
percentage of trials where the unsigned tilt error ranged between 90� and 180�.
Having corrected the responses for this ambiguity, we then used the corrected
absolute tilt error as a measure of the performance, ranging between 0� and 90�.

In order to assess the influence of T’ (the direction of frontal translation) on the
reported tilt, we imposed a polarity on our data and calculated a ‘asymmeterized’
distribution of the responses, where the angle between the tilt and T’ is always
positive. Initially, the frontal translation is at angle +W or –W from the tilt. In the
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second case, we replace T’ and the reported tilt by their symmetrical values relative to
�. Hence we obtain a new distribution, where the angle between � and T’ is always
+W. As the distribution is not Gaussian, we did the non parametric tests using a
software of Statistica.

We used circular statistics to find the mean of the distributions of the reported tilt.1

3.2   Results

� Effect of the field of view (FOV) on the reported tilt sign
We find 41% of tilt reversals in small field and only 2.4% in large field. This

confirms previous results showing that large-field perspective projection
disambiguates the sign of the perceived tilt [4]. All subsequent results are corrected
with respect to the sign of the tilt.
� Effect of the FOV on the absolute tilt error

The average absolute tilt error, as presented in Fig. 4, is always lower in large field
than in small field, especially for large values of W. This effect (median test, �2 =52 to
297, p<0.001) of the FOV is significant for every subject
� Effect of the winding angle on the absolute tilt error and variability in reported tilt

Fig. 4 shows the average absolute tilt error with respect to W in each of the W
intervals. In small field, the average absolute tilt error increases dramatically as W
increases. This effect is smaller in large field. The Spearman correlation of the
absolute tilt error with W is significant for each subject in small field (overall value:
0.572) and for 8 of the 9 subjects in large field (overall value: 0.115).

Fig. 5 indicates that the variability in reported tilt (width of the distribution)
increases rapidly with W  in small field but less in large field. In small field, the order
of magnitude of the variability in the tilt report corresponds roughly to W/2 (from
50% to 72% of W for 10�<W<80�).
� Effect of the FOV on the asymmeterized tilt distributions

Fig. 5 and 6 shows that the trend of the reported tilt toward T’ is stronger in small
field than in large field. The FOV has a significant effect (median test with �2 =77 to
344, p<0.001) on the asymmeterized distributions for 8 of the 9 subjects.
� Effect of the winding angle on the asymmeterized tilt distributions

W has a significant effect on the asymmeterized distributions of the reported tilt
(median test �2 =821.5, p<0.001, in small field, and �2 =179.2, p<0.001, in large field).
The factor ‘subject’ has also a significant, although less prominent, effect (�2 =138.1,
p<0.001, in small field, and �2 =129.4, p<0.001, in large field).

The effect of W could be due to the fact that, during an oscillation, the tilt is
constant in time if W=0, but varies more as W increases with a span reaching  3�
when W=90�. This effect is small, however, and cannot account for the large standard
deviations observed when W increases (typically above 16�).

Fig. 5 shows the histograms of the asymmeterized tilt reports for each W interval.
Here, the origin of the abscissae is the bisector between the tilt and the frontal

                                                          
1 Due to the periodicity of tilt, we iteratively flipped the reported tilt into a single period and

calculated the mean until we achieved the minimum variance.
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translation. Hence, the angle –W/2 corresponds to the stimulus tilt, and W/2 to the
direction of frontal translation T’.

In small field, we usually observe a one-peak distribution in Fig. 5A except for
W=80�-90�, where the distribution is flattened and tends to present two peaks at –W/2
and +W/2. For other W ranges, the decline in the peak height and the shift of the peak
toward W/2 increase with W (Fig. 5A). The means of the distribution are plotted in
Fig. 6 for all subjects. In small-field (Fig. 6A), the means of tilt responses are
significantly shifted towards the frontal translation direction (Wilcoxon Matched Pair
Test, z=17.02, n=7776, p<0.001). Hence the perceived tilt lies between the stimulus
tilt and the translation direction T’. Overall, the distributions of the reported tilt are
centered near the bisector of the stimulus tilt and T’.

In large field, the distribution of reported tilts presents one peak (Fig. 5B), which is
significantly shifted toward T’ (z=55.167, n=7776, p<0.001). This shift is, in average,
equal to only a fraction of W (5% to 33% when W<50�), hence the dominant
direction is the stimulus tilt, rather than the frontal translation direction. Also, this
effect is weaker than in small-field, and significant for each category of W range only
when W 	 50�. When W is higher than 50�, the shift toward T’ is not significant and
it can even be reversed for some subjects. Thus, the dominant reported tilt is the
stimulus tilt, although it is shifted slightly but significantly toward T’ for W 	 50�.
� Shape of the response distributions

We found a considerable positive skewness for all the distributions except for W in
the range 80-90° in small-field. Therefore, subjects’ responses cannot be considered
as being spread symmetrically about an average direction. Rather, we find that the
presence of the translation direction tends to distort the shape of the distribution.

For W<60° in small-field and all W ranges in large-field, the shape of the
distributions in Fig.5 was found to be significantly sharper than the normal
distribution, and well fitted by Laplace distributions.  We did the Laplace fittings on
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Fig. 4. Average absolute tilt error in each W category (2 views) 1:W=0�-10�, 2:W=10�-20�,
3:W=20�-30�, 4:W=30�-40�, 5:W=40�-50�, 6:W=50�-60�, 7:W=60�-70�, 8:W=70�-80�, 9:
W=80�-90�.
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Fig. 5. Histograms of the reported tilt. The left dashed line is the position of the stimulus tilt,
and the right one is position of the frontal translation The continuous line is the fitted Laplace
Distribution. Abscissae: reported tilts in degrees. Ordinates: the fraction of the number of trials.
A and B: results in small and large field respectively. Each box corresponds to a 10�-wide W
interval.
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Fig. 6. Means of the reported tilt in each W interval for each subject in small field (A) and large
field (B). Abscissae: the W categories, 1: W=0�-10�, … 9: W=80�-90�. Ordinates: reported tilts
in degrees

the distributions  in a new coordinate system with the mean as the origin.
Hence the Laplace distributions give a first approximation of the response

distributions, but the observed skewness that we observe in general precludes its use
for a full modelling of the data.

We compared the responses to the sum of two Laplace distributions, centered on
the stimulus tilt, and on the direction of frontal translation T’, respectively. We chose
the width as equal to the width found for the range 0-10° of W, which yields the
smallest dispersion of the responses.

In small-field this modelling predicts a distinct peak in the direction of T’ (at
abscissa +W/2 on fig.5), which is not observed in our results when W<80°. Hence the
modelling by the sum of 2 distributions would require parameterizing the variance of
each distribution. For W ranging between 80° and 90°, however, the tilt distribution in
Fig. 5 presents two peaks in the direction of the stimulus tilt and of T’.
These peaks are shallower than Laplace-type peaks, but present a good symmetry
about the bisector of the stimulus tilt and T’.

In large-field, for W>50°, the values of the distribution for +W/2 (the direction of
T’) are close to zero, which means that the 2-peak distribution model does not hold in
this case.
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In conclusion, in all cases except in small-field for the W range 80-90°, the positive
skewness of the distributions indicates a role of the translation direction, and
precludes the modelling of the responses by a unique symmetric distribution.
However, within these cases, our large-field data does not support the existence of a
2-peak underlying distribution, with peaks centered on the stimulus tilt and the
direction of the frontal translation. As for the small-field, other variables such as the
increase of the variance for each of the separate distribution would have to be
modelled to account for our results.
� Verbal Reports

All nine subjects found the task more difficult in small field than in large field.
Eight of them reported a perception of curved surfaces, rather than planes, for large
values of W, particularly in large field.

4   Computational Interpretation

This section gives a computational interpretation of the preceding results. We
examine the optic flow equations for a plane moving in the 3D space, with application
to the particular case of rotation in depth, which is the motion used in our
experiments.

4.1  Choice of Projection Model and Assumptions

For a plane rotating in depth, the second-order optic flow is small, as compared to
the first-order optic flow. The ratio of the magnitude of second-order flow, divided by
the magnitude of the first-order flow is equal to x/tan(�), where x is the angular
eccentricity. This ratio is 0.1 and 0.82 for our small field and large field stimuli
respectively. Therefore, the second-order flow is likely to play little role in small
field. Hence we distinguish here the affine and full-flow processing for perspective
projection.

 Many authors have used the orthographic projection as an approximation to small-
field perspective projection [11]. However, this approximation does not hold for
translations in depth, which create no optic flow in orthographic projection, but do
yield an image expansion or contraction in perspective projection, even in small-field.

Therefore the advantage of the perspective affine scheme is that it is quantitatively
valid in small field for our stimuli, yet makes no a priori hypothesis on the 3D
movement used. Note that, the perspective affine approximation would not hold for a
curved surface, which can induce large second-order flows even in small field [7].
� Perspective projection and full flow

The optic flow field is [13],[16]

xyaxayaxaau 8
2

7321 ++++=

2
87654 yayxayaxaav ++++=

where
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      YX pTa Ω+= 01

  02 pTpTa ZxX −=

ZyX pTa Ω−=3 ,

Xy pTa Ω−= 04 ,

ZxY pTa Ω+=5 ,

  06 pTpTa ZyY −= ,

xZY pTa −Ω=7 ,

                 zyX Tpa −Ω−=8 .

(7)

   Solving these nonlinear equations leads to a twofold ambiguity, with an

interchangeable role of vectors n
�

and t
�

 [14]. Since the Z components of these

vectors are the cosinus of the slant (for n
�

) and the translation in depth (for t
�

),
respectively, it follows that

(1) because our stimuli have no translation in depth, the wrongly perceived
orientation should correspond to a slant of 90°, i.e. a surface normal to the
frontoparallel plane, which normally yields no optic flow ;

(2) if the subject assumes that ZT =0, he should perceive the correct tilt (the same

conclusion is reached for the hypothesis ZΩ =0).

Therefore the theoretical analysis of the full second order flow indicates that under
large field, the perceived tilt should always be unambiguous if the subject uses one of
the above hypotheses, or if he rules out the case of the spurious orientation.

� Perspective projection and affine flow
Using the affine flow alone will yield an infinite number of solutions. The affine

flow is characterized by the six coefficients of the optic flow

equations: 654321 ,,,,, aaaaaa . Denoting 0pTT Zz = , and from ,,,, 6532 aaaa  we

obtain

22
62 yYxX

z
pTpT

T
aa +

=+
+

22
35 yXxY

Z
pTpTaa −

=Ω−
−

which can be simplified to

222 )()( RCCT ZTz =−Ω+− Ω
(8)

where
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−
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Thus, the infinite number of solutions to the 3D problem is parameterized by the
position of the point ( zT , ZΩ ) on the circle C given by equation (8).

In our experiment, we have ZT = ZΩ =0, which means that the circle C of equation

(8) passes through the origin.
 As demonstrated in the Appendices (I and II), under the a priori assumption

ZT =0, we obtain two solutions for the tilt if W
0 and one solution only if W=0.

Alternatively, if the hypothesis is that ZΩ =0, we find two solutions for W
90 and

only one for W=90. Hence, the tendency of observers to report an erroneous tilt
direction might have an interpretation in terms of the a priori position of the couple
( ZΩ , zT ) on this circle C.

� Orthographic Projection
Under orthographic projection, the optic flow is equal to the frontal translation of

the 3D point:

YZXZZTU ZYYXYYX )(0 Ω−Ω+Ω+Ω+=

   YZXZZTV YXXXZXY Ω−Ω−Ω+Ω−= )(0

(9)

We can subtract from the optic flow the velocity vector in the center of the image
(at X=Y=0). The resulting flow is as if

0Z

TY
X =Ω

0Z

TX
Y −=Ω

Substituting these values of XΩ  and YΩ  into (9) leads to a system equivalent to

Table 1. Number of solutions for the computation of tilt from optic flow.The numbers in each
triplet indicate the numbers of solution for � when W=0�, 0�<W<90�, and W=90�, respectively.

No Assumption Hypothesis: ZT =0 Hypothesis: ZΩ =0

projection Type Number of solutions for �
Perspective Full

Flow
(1, 2, 2) (1, 1, 1 ) (1, 1, 1)

Perspective
Affine Flow (�, �, � ) (1, 2, 2) (2, 2, 1)

Orthographic (1, 2, 2) (1, 2, 2) (1, 1, 1)

the perspective affine scheme associated with the hypothesis ZT =0. Hence, there are

generally two solutions for the tilt direction if W
0. These two merge in one if W=0.
If we make the hypothesis that ZΩ =0, the alternative ‘spurious’ solution is

eliminated.
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� Summary
A summary of the number of solutions with respect to the projection type and a

priori conditions is listed in Table 1.

4.2 Comparison with Our Results

In our results, we distinguish three possible directions for the reported tilt, namely
the stimulus tilt, the direction of frontal translation T’, and their bisector. The
distributions of reported tilt tend to be centered
- on the stimulus tilt in large-field,
- on the stimulus tilt for W ranging between 0 and 10° in small-field,
- on the bisector for W>10° in small-field.

We can interpret our results as the consequence of a twofold ambiguity when the
stimulus tilt and frontal translation are not colinear in small-field, and of a single tilt
percept in all other cases. In this sense, our results support the validity of the
hypothesis TZ=0, because it yields a unique solution in the perspective full flow
model, and an ambiguity on the computed tilt for W>0� in the perspective affine
scheme (Table 1).

However this modelling is too simple to explain our results in more details. First,
even when the presence of the frontal translation has a strong effect (small-field,
W>10°), we usually do not observe a clear 2-peak distribution of the reported tilt,
except for the W range 80-90°. Rather, the variability of the responses increases
strongly with W, and a general flattening of the distributions is observed. Also, if
there exists a twofold ambiguity, the influence of the stimulus tilt solution is stronger
than that of the T’ solution. Indeed, for 10°<W<80°, the distribution is asymmetric
and shifted slightly from the bisector toward the stimulus tilt. Second, for
intermediate values of W (lower than 50°) in large-field, the distribution center is
close to the stimulus tilt, with a significant shift toward the frontal translation
direction.

5   Discussion

In summary, we find that
(1) The FOV has a critical influence on the tilt reports. The accuracy of tilt reports

increases in large-field, and tilt report distributions differ strongly in small and large
field.

(2) Tilt reversals are observed in small field but not in large field. When corrected
with respect to tilt reversals, the average absolute tilt errors are smaller in large field
than in small field.

(3) The winding angle W significantly affects the performance on tilt perception in
small field, and to a lesser extent, in large field. The absolute tilt error increases
rapidly in small field when W increases.

(4) W has a significant effect on the asymmeterized distributions of the perceived
tilt. The reported tilt is generally shifted toward the direction of frontal translation. In
small field, when W ranges between 80� and 90� the distribution of tilts presents one



Visual Encoding of Tilt from Optic Flow 813

peak at the stimulus tilt and one peak at the frontal translation direction. Such two-
peak shape is not found for other W ranges, or in large-field.

(5) The results in large-field are well predicted by the second-order full flow
modelling with additional constraints. However, the increase of the variability of the
responses, and their shift toward the direction of frontal translation direction for
W<50�, still remain to be explained theoretically.

(6) In small-field, the perspective affine approach with the hypothesis | ZT |

minimum, and the orthographic modelling account for the two-peak distribution
observed for when W is higher than 80�. For lower values of W, an explicit two-peak
distribution is not found. Rather, the responses are centered at the bisector of the
stimulus tilt and direction of the frontal translation, and their variability increases.
However, the absence of a hidden twofold ambiguity for 10�<W<80� in small field
still remains to be demonstrated.

Our results fully confirm those obtained by Cornilleau-Pérès et al. [4], despite the
difference in number of views displayed (72 in their studies, 2 in ours). There is a
similar dependence of the accuracy in the tilt report on W. The agreement is also
quantitative, as the average absolute tilt errors are similar (Table 2). Our results are
also in good agreement with those obtained by Domini, et al.’s [6] in spite of the
difference in number of views (1-83 in their studies). The tilt reports found by these
authors show standard deviations that can be estimated at around 20� from their
figure. Our standard deviations are slightly worse (31.5�) in similar conditions (small-
field, all W confounded). This could be due to the choice of the direction of the
rotation, which is random in our experiment, and fixed in theirs. In the latter case the
subjects may have been helped by predetermining this direction, thereby improving
their tilt perception across trials.

Table 2.  Average absolute tilt error in our and Cornilleau-Pérès, et al’ s results. W1: W=0�-
30�, W2: W=30�-60�, W3: W=60�-90�.

Average Absolute Tilt Error (deg)

Small Field Large Field

W1      W2 W3 W1 W2 W3

Our results
�=35� 13.8 23.7 40.41 10.7 14.7 14.53

�=30� 11 19.5 45 12 17 23CP,
et al’

results �=45� 13  19 34 9 12.5 16

The results of this paper have consequences for the experimental evaluation of
plane recovery algorithms. To have an appropriately stringent test of an algorithm,
one should assess it against known hard situations. Our results provide
psychophysical hints of such problem conditions. Therefore, while it has been
claimed that under small field of view, weak perspective algorithms should be used
because of their robustness, a more complete comparison should also test against the
algorithm’s behavior under different winding angles. Only by carrying out such



814 H. Zhong et al.

motivated and controlled experiments, one will understand an algorithm’s limits of
applicability.

In conclusion, our results demonstrate a strong effect of the stimulus size, and a
clear anisotropy of tilt perception related to the orientation of the plane with respect to
its movement. There is a general tendency for the perceived tilt to shift toward T’.
Our results point to the crucial need for extensive sensitivity analysis of the
computation of orientation from motion. The models proposed so far express the
computation in terms of the presence or absence of a twofold ambiguity, whereas the
distributions of reported tilt usually present a shift toward the spurious solution, rather
than an explicit split into the two ambiguous solutions.
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Appendix

I. Solutions under the Perspective Affine Scheme with ZT =0

   We only have the first order terms. Using ,,,, 6532 aaaa  we have

xX pTa =2 ,

YxXy TpTpaa +=+ 53 ,

yY pTa =6

  When 2a 
0, we get two equations with two unknowns 
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Due to the quadratic nature of the equations, we usually get two solutions for the
tilt. They can be shown to be the true tilt and an alternative solution corresponding to
T’, up to 180�. If the tilt is parallel to the frontal translation, i.e., the winding angle is
zero, the two tilt solutions merge as one.

As we can express T’ in terms of � and W as � +W, the alternative solution for the
tilt can be written as � +W.

 If =2a 0=xX pT , it is still the same case:

(1). If 053 ≠+ aa , which indicates that T’ is not parallel to the tilt direction, as

0),(),( ≠• xyYX ppTT , we still have two solutions:
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(2). If 053 =+ aa , which indicates T’ is parallel to � direction, thus winding angle

is zero, there is a unique solution:�= T’ =90�.
In summary, when ZT =0, we usually have two solutions for tilt direction, unless

when W=0�.
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II. Solutions under Perspective Affine Scheme with �Z=0

Using ,,,, 6532 aaaa we have

yX pTa =3 ,

yYxX pTpTaa −=− 62 ,

xY pTa =5

Following the same method as in Appendix I, we will have one solution when
W=90� and two when W
90�.

III. Solutions under Orthographic Scheme

We denote the coefficients of the optic flow under orthographic projection as:

01’ ZTa YX Ω+=
                                                           XY Za Ω=2’

 ZYY Za Ω−Ω=3’

04’ ZTa XY Ω−=
  XXZ Za Ω−Ω=5’

                                                           YX Za Ω−=6’
We can subtract from the optic flow the velocity vector in the center of the image

(X=Y=0). The resulting flow is such that

0Z

TY
X =Ω

     
0Z

TX
Y −=Ω

Substituting these values of XΩ  and YΩ  into 6532 ’,’,’,’ aaaa  and following the

same method as in Appendix I, we usually have two solutions except at W=0�, when
they merge as one.
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