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Abstract. Structure from Motion(SFM) is beset by the noise sensitivity
problem. Previous works show that some motion ambiguities are inher-
ent and errors in the motion estimates are inevitable. These errors may
render accurate metric depth estimate difficult to obtain. However, can
we still extract some valid and useful depth information from the inac-
curate metric depth estimates? In this paper, the resolution of ordinal
depth extracted from the inaccurate metric depth is investigated. Based
on a general depth distortion model, a sufficient condition is derived for
ordinal depth to be extracted validly. By studying the geometry and
statistics of the image regions satisfying this condition, we found that
although metric depth estimates are inaccurate, ordinal depth can still
be discerned locally if physical metric depth difference is beyond cer-
tain discrimination threshold. The resolution level of discernible ordinal
depth decreases as the visual angle subtended by the points increases, as
the speed of the motion carrying the depth information decreases, and
as points recede from the camera. These findings suggest that accurate
knowledge of qualitative 3D structure is ensured in a small local image
neighborhood, which might account for biological foveated vision and
shed light on the nature of the perceived visual space.

1 Introduction

The Structure from Motion (SFM) problem has attracted many concerns in
the last two decades from researchers in the computer vision community and
many other disciplines. Despite the large amount of algorithms proposed, the
estimation of motion and structure is beset by the noise sensitivity problem.
This has led to many error analysis works trying to understand the behavior of
the SFM algorithms in the presence of noise [1] [2] [3] [4]. These works have shown
that some motion ambiguities are inherent and errors in the motion estimates
are inevitable.

Since motion errors are inevitable, it is important to understand how the
errors and noise may affect the recovered 3D structure information. A few works
investigating this problem can be found in the literature [5] [6] [7]. It was found
� The support of the POEM project grant R-705-000-018-279 is gratefully acknowl-

edged.

D. Forsyth, P. Torr, and A. Zisserman (Eds.): ECCV 2008, Part III, LNCS 5304, pp. 330–343, 2008.
c© Springer-Verlag Berlin Heidelberg 2008



Behind the Depth Uncertainty: Resolving Ordinal Depth in SFM 331

that errors in motion estimates may cause severe systematic distortion in the
estimated depth and metrically accurate depth estimate is difficult to obtain [6].

However, despite the above works , there is still little understanding about the
nature of the distorted perceived visual space. Are there any rules behind the
uncertainty of the recovered structure? Specifically, although the estimated met-
ric depth might differ significantly from the physical value, can we still extract
some valid and useful information of depth from these inaccurate estimates?
Moreover, instead of recovering the depth of individual point, robustly recover-
ing some information for the relative positions among points might be of more
importance. Such information extracted may be of a less precise form such as
ordinal or interval depth measurement [8]. It may be qualitative rather than
quantitative. It could be more robustly achieved than metric depth estimates
and might suffice for many vision tasks such as navigation and recognition.

In computer vision literature, a qualitative description of depth was given
in [9]. Qualitative depth representation such as ordinal depth map has been
adopted for visual motion segmentation and visual navigation tasks [10] [11] [12]
[13]. On the other hand, some psychophysics experiments were designed to test
observers’ judgement on interval and ordinal depth relations via depth cues such
as texture, shading and stereo [14] [15] [16]. However, despite these works, the
computational property of shape from X algorithms to resolve qualitative depth
information from inaccurate metric depth estimates is as yet unknown. Such
knowledge might provide us with better understanding about the nature of the
perceived visual space and shed light on a proper space representation in which
structure information could be obtained robustly via the depth cues and applied
to vision-based tasks.

In this paper, we aim to investigate the resolution of the ordinal depth ex-
tracted via motion cues in the perceived visual space, which is distorted from the
physical space due to errors in the motion estimates. Based on a general model
describing how recovered depth is distorted by errors in the motion estimates, we
derive a sufficient condition under which ordinal depth can be estimated validly.
Then the condition is explored under orthographic/weak-perspective and per-
spective projection. Image regions that have valid ordinal depth estimates up
to certain resolutions of depth variation are delineated. By studying the ge-
ometry and statistics of these regions, we found that although metric depth
estimates are inaccurate, ordinal depth can still be discerned reliably if physical
metric depth difference is beyond a certain discrimination threshold. Moreover,
the resolution level of discernible ordinal depth decreases as the image distance
or visual angle between the point pairs increases. Ordinal depth resolution also
decreases as points receding from the camera (as average depth increases) or
as the speed of the motion component carrying depth information decreases.
These findings suggest that accurate knowledge of qualitative 3D structure is
ensured in a relatively small local image neighborhood, which might account for
biological foveated vision. By fleshing out the computational properties of on
the qualitative visual space perception under estimation uncertainty, we hope
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to inspire future computational and psychophysical ventures into the study of
visual space representation.

This paper is organized as follows. Section 2 describes a depth recovery and
distortion model via motion. Section 3 presents the ordinal depth estimator and
condition for its validity (valid ordinal depth(VOD) condition). Section 4 in-
vestigates VOD condition under orthographic/weak-perspective projection and
presents analytic and delineated results of various factors that affect the reso-
lution of discernible ordinal depth. Section 5 investigates VOD condition under
perspective projection. Section 6 discusses about possible implications. Section 7
presents conclusion and future work suggestions.

2 Depth from Motion and Its Distortion: A General
Model

Notations: In this paper, we denote the estimated parameters with the hat sym-
bolˆand errors in the estimated parameters with the subscript e. Error of any
estimated parameter l is defined as le = l − l̂. p⊥ is the vector perpendicular to
vector p.

Generally, 2D image velocities ṗ = (ṗx, ṗy)T due to 3D rigid motion (transla-
tion T = (U, V, W )T and rotation Ω = (α, β, γ)T) between the camera and the
scene under any camera projection model can be written as

ṗ = dg(Z) + ṗindep (1)

where d is the epipolar direction, g(Z) a monotonic function of depth Z(Z >
0) and ṗindep component in image velocity independent of depth. Then depth
information of a scene point can be recovered up to a scale factor as

g(Ẑ) =

(
˜̇p − ˆ̇pindep

)
· n

d̂ · n (2)

where ˜̇p = ṗ + ṗn is the measured image velocity. ṗn is the noise term in
optical flow measurement which is random and its distribution is up to the
image formation process and optical flow computation process. n is a unit vector
which specifies a direction. n’s value depends on the approach we use to recover
depth. For example, the epipolar reconstruction approach uses n = d̂; while
reconstruction from normal flow uses local image gradient direction as n.

Due to errors in motion estimates and noise in optical flow measurements,
actual estimate of depth information g(Ẑ)(Ẑ > 0) can be readily shown to be
related to the true g(Z) as

g
(
Ẑ

)
= ag(Z) + b + c (3)

where a, b and c are distortion factors:

a =
d · n
d̂ · n

= 1 +
de · n
d̂ · n

, b =
ṗindep e · n

d̂ · n , c =
ṗn · n
d̂ · n (4)
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de and ṗindep e are both functions of image coordinates and motion errors which
are random variables whose distribution functions rely on the motion estimation
process and motion-scene configurations. a , b and c are undefined while d̂ = 0.

Equation (3) shows us how the errors in motion estimates and noise in image
measurements may distort the actual recovered depth. The error in the estimates
of epipolar direction de causes a multiplicative distortion in g(Ẑ); while error in
the estimates of depth independent component ṗindep e and noise in the optical
flow measurement ṗn result in additive distortions.

Note that a, b and c are functions of image coordinates. We denote them as
ai,j , bi,j , ci,j , where i, j are the indices of image pixels. Let matrices A = [ai,j ],
B = [bi,j ], C = [ci,j ]. We call A, B and C the distortion maps, whose entries
are random. In each depth recovery process from motion cue, there exist certain
realizations of the distortion maps A, B and C. Fig. 1 illustrates realizations
of distortion maps A, B for specific motion configurations and realizations of
motion errors in image velocities under perspective projection.

Fig. 1. Realization of the distortion maps A, B under perspective projection, iso-
a contour, iso-b contour are shown. Motion parameters were focus of expansion
(FOE):(x0, y0) = (26, 30.5), rotation velocity α = 0.005, β = 0.004, γ = 0.0002. Er-
ror in FOE estimates: (x0e, y0e) = (8, 9), error in rotation: αe = 0.001, βe = 0.001,
γe = 0.00005. Focal length: 50 pixel, FOV= 90◦, epipolar reconstruction scheme was

adopted (n = d̂

‖d̂‖ ), , blue ∗ indicates the true FOE, red ∗ indicates the estimated FOE.
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The depth distortion model described above can be adopted into any camera
projection model, such as orthographic, weak-perspective, perspective and cata-
dioptric cameras. Under perspective projection, distortion factors a, b and c in
the model are related to the distortion factor D in [6] [7] by D = 1

a+(b+c)Z .

3 Estimation of Ordinal Depth Relation

3.1 Ordinal Depth Estimator

Suppose Z0 and Z1 are the depths of two scene points P0 and P1, whose image
points are p0 and p1. We denote g(Z0) as g0, g(Z1) as g1. The function sgn(g0−
g1), i.e. the sign of (g0 − g1), reveals us the ordinal depth relationship between
points P0 and P1, since g(Z) is a monotonic function of depth Z(Z > 0). For
example, given g(Z) = 1

Z which is the case under perspective projection, we
have

{ sgn (g0 − g1) = 1 Z0 < Z1

sgn (g0 − g1) = −1 Z0 > Z1
(5)

3.2 Valid Ordinal Depth (VOD) Condition and VOD Inequality

However, we only have ĝ0 and ĝ1 at our disposal. Unfortunately, sgn (ĝ0 − ĝ1),
may not reveal the correct ordinal relation information, because g

(
Ẑ

)
may not

be a monotonic function of Z due to distortion. We now derive the general con-
dition under which sgn (ĝ0 − ĝ1) is a valid estimator for ordinal depth relation.

sgn (ĝ0 − ĝ1) is a valid estimator for ordinal depth relation if and only if :

sgn (ĝ0 − ĝ1) sgn (g0 − g1) > 0 (6)

Referring to (3), the above is the same as

((a0g0 − a1g1) + (b0 − b1) + (c0 − c1)) (g0 − g1) > 0 (7)

where (a0, b0, c0) and (a1, b1, c1) are realizations of the distortion factors asso-
ciated with points p0 and p1 in a structure from motion computation process.
Equation (6) or (7) is a sufficient and necessary condition for sgn (ĝ0 − ĝ1) to be
a valid estimator for ordinal depth. We call it the Valid Ordinal Depth (VOD)
Condition. It reveals how the distortion factors may affect the judgement of the
ordinal depth relation.

Define g = g0+g1
2 , a = a0+a1

2 , �a = a0 − a1, �b = b0 − b1, �c = c0 − c1,
�g = g0 − g1, then a0g0 − a1g1 = a�g +�ag. The VOD Condition (7) becomes

(a�g + (�ag + �b + �c))�g > 0 (8)

Generally, given a > 0, it can be shown that a sufficient condition (but not
necessary) for (8) to be satisfied is

|�g| >

∣∣∣∣
�ag + �b + �c

a

∣∣∣∣ (9)
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We call (9) the VOD Inequality. It is a sufficient condition for sgn (ĝ0 − ĝ1) to
be a valid ordinal depth relation estimator given a > 0. If a < 0, depth order
between the two points is ensured to be estimated reversely by VOD Inequality.

Equation (8) and (9) reflect that when the average of depth function g, depth
function difference �g, and the difference of the distortion factors of the two
points �a, �b, and �c satisfy certain conditions defined by the inequality, ordi-
nal depth can be validly discerned up to a certain resolution even in the presence
of motion errors and image measurement noise. To understand the VOD Con-
dition and VOD Inequality better, we will look into specific projection models,
reconstruction schemes, and motion configurations in the Sect. 4 and Sect. 5 to
see how various factors may affect the judgement of ordinal depth.

4 Resolving Ordinal Depth under Orthographic/Weak-
Perspective Projection

We begin our investigation with orthographic/weak-perspective cameras, which
are good approximations of perspective camera model under small FOV. Equa-
tions associated with these models are relatively simple and easily to be handled.
The concepts introduced will also be applied to the investigation with perspec-
tive camera model in the next section.

4.1 Depth Recovery and Its Distortion under
Orthographic/Weakperspective Projection

Motion field equations under orthographic and weak-perspective cameras can be
written as follows [17]:

ṗx = −sZβ − sU + γy + δx, ṗy = sZα − sV − γx + δy (10)

where δ = 1
s

ds
dt is the relative changing rate of the scaling factor s (s = 1 for

orthographic camera; s = f

Z
for weak-perspective camera, where f is the focal

length and Z is the average depth of scene points), d = (−β, α)T , g(Z) = sZ.
Like under perspective projection, depth can only be recovered up to a scale
factor. The magnitude of frontal rotation is unsolvable. We set ‖d̂‖ = 1, which
means we will recover depth information up to a scale factor k =

√
(α2+β2).

It is known that in the 2-frame motion estimation process under affine projec-
tion, frontal translation can only be estimated in the direction perpendicular to
epipolar direction [17], thus ṗindep can only be partially estimated. Depth can
be recovered as a scaled and offset version of Ẑ.

g′
(
Ẑ

)
= ksẐ + Zc =

(
˜̇p− ˆ̇pindep−known

)
· n

d̂ · n (11)

where ˆ̇pindep−known =
(
γ̂y + δ̂x,−γ̂x + δ̂y

)T

and Zc = (−sU,−sV )T ·n
d̂·n which is

unknown. Depth distortion due to motion errors and noise can be written as

g′
(
Ẑ

)
= ksẐ + Zc = a (ksZ) + Zc + b + c (12)
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where a = d·n
d̂·n , b = ṗindep−known e·n

d̂·n , ṗindep−known e = (γey + δex,−γex + δey)T ,

c = ṗn·n
d̂·n .

In the following discussion in this section, we assume n is the same for every
feature point thus Zc is a constant. This allows relative depth between any two
points to be recovered up to a scale factor. The scaled relative depth between
points p0 and p1 can be recovered as

g(Ẑ0) − g(Ẑ1) = ks�Ẑ = g′(Ẑ0) − g′(Ẑ1) = a(ks�Z) + �b + �c (13)

where�Ẑ = Ẑ0−Ẑ1 and �Z = Z0−Z1, a = a0 = a1, �b = b0−b1, �c = c0−c1.
Specifically, if the epipolar reconstruction scheme (n = d̂

‖d̂‖ ) is adopted, we

have a = cosφe (φ = tan−1 β
α and φe is the angle between d and d̂), b =(

γep⊥ + δep
) · d̂ and c = ṗn · d̂. Note that φ can only be recovered up to a

180◦ ambiguity in the model and thus a may be negative. If a < 0, all the
relative depths will be recovered reversely, and the whole scene structure will be
recovered up to a mirror transformation.

4.2 VOD Inequality under Orthographic/Weak-Perspective
Projection

Herewewill consider theVODInequality (9)underorthographic/weak-perspective
projection. We adopt the epipolar reconstruction scheme (the derivation can
be modified using other reconstruction schemes in which n is continuous). We
have �a = 0, �b =

(
γe�p⊥ + δe�p

) · d̂, �c = �ṗn · d̂ where �p = p0 −
p1, �ṗn = ṗn0 − ṗn1. We write �p = r(sin θ, cos θ), where r indicates the
image distance between p0 and p1. After manipulation, VOD Inequality under
orthographic/weak-perspective cameras takes the form

r

|�Z| < ksε (14)

where ε =
∣∣∣∣ cos φe

γe cos(bφ−θ)+δe sin(bφ−θ)+�ṗ′
n

∣∣∣∣,where �ṗ′
n = �ṗn·d̂

r . ε = ∞ in the

error and noise-free ideal case, which implies that VOD inequality is satisfied
in the entire image plane. Equation (14) shows that for two points, if the ratio
between the image distance r and depth variation |�Z| is less than a certain
value ksε defined by a particular realization of motion errors and noise in the
optical flow measurements, the SFM system can still get a valid ordinal depth
relation judgement even in the presence of errors and noise.

4.3 Ordinal Depth Resolution and Discrimination Threshold(DT)

Equation (14) can be written as :

|�Z| > DT, DT =
r

ksε
(15)
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Equation (15) indicates that when depth variation is larger than a discrimination
threshold(DT), ordinal depth relation can be judged validly by the SFM system.
DT is an indication of the ordinal depth resolution. It gives us the smallest
physical metric depth variation that ensures ordinal depth to be resolved validly
by VOD Inequality. The bigger DT is, the poorer the ordinal depth resolution.

It is noted that DT is a function of r – the distance between p0 and p1 in
the image. Generally, for a certain realization of errors in motion estimates and
noise in image velocity, DT increases as r increases. This means that ordinal
depth resolution decreases as image distance increases. Equation (15) shows
that ordinal depth resolution decreases as motion errors (ε) increase and as the
magnitude of the motion component carrying depth information(frontal rotation
here) k decreases.

4.4 VOD Function and VOD Region

We define VOD function and VOD region as following:

- VOD function: Given certain realization of errors in motion estimates and
noise in the optical flow measurements, for an image point p0, if image point
pi satisfies the VOD Inequality (9) with p0 for depth variation |�Z| = DT
and average depth Z, function V OD(p0,pi, DT, Z) = 1; otherwise function
V OD(p0,pi, DT, Z) = 0.

- VOD region: VOD region R of image point p0 for DT at Z is a set of
image points: R(p0,DT,Z) = {pi|V OD(p0,pi, DT, Z) = 1}.

VOD region with DT contains all the image points that satisfy the VOD inequal-
ity with point p0 for depth variation bigger than DT and thus their ordinal depth
relation with p0 can be recovered validly for depth variation bigger than DT
when average depth of the two points is Z. Since motion errors and noise are
random, VOD region is a random region in the image plane.

Figure 2 illustrates the realizations of VOD regions for different DT under
certain motion error realizations when effect of noise is ignored. We indicate
the width of the region by the biggest circles centered at the investigated point
drawn inside the region (as noise in optical flow measurement is ignored). It is
shown in Fig. 2 that under motion errors, realization of VOD region of an image
point p0 is of band shape under orthographic/weak-perspective projection. The
width of the band increases as DT increases. The anisotropic property is due to
the dependence of ε on θ.

4.5 Ordinal Depth Resolution and Visual Angle

We now investigate the relationship between ordinal depth resolution and visual
angle. Define the visual angle subtended by two image points as τ = 2 tan−1 r

2f .
VOD inequality can be written in terms of visual angle as

|� Z| >
2
εk

tan
τ

2

∣∣Z∣∣ (16)
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Fig. 2. Realization of VOD region of p0 = (0, 0)T (denoted by red asterisk) for different
DT under weak-perspective projection. VOD region is bounded by black lines. The big
red circles show the width of the region bands. τ is the visual angle between points on
the circle and p0. The rainbow at the background shows the change of distortion factor
b. . Motion parameters and errors: T = (0.81, 0.2, 0.15)T , Ω = (0.008, 0.009, 0.0001),
Z = 35000, δ = −4.2857e − 006, φe = 28.6◦, δe = 1.0e − 006, γe = 1.0e − 006, ṗn = 0,
f = 250.

This shows that given ε and k, for two image points subtending visual angel τ ,
the ordinal depth relation between points in this region can be validly resolved
when the depth variation |� Z| is greater than DT = 2

εk tan τ
2

∣∣Z∣∣. The bigger
the visual angle, the higher DT. Therefore, ordinal depth resolution decreases
as visual angle increases. Moreover, ordinal depth resolution also decreases as
average depth Z increases. Fig. 2 also shows the increase of DT in the direction
perpendicular to the band as the visual angle τ increases.

4.6 VOD Reliability

Practically, VOD region is random due to the randomness of errors and noise.
To deal with the statistical issue, we define the VOD reliability of image point
pi with respect to the investigated point p0 as

PV OD(p0,pi,DT,Z) = P (V OD(p0,pi, DT, Z) = 1) = P (pi ∈ R(p0,DT,Z)) (17)

where P (.) is the probability of certain event. VOD reliability gives us the prob-
ability that image point pi falls inside p0’s VOD region for DT at Z. It gives
us the lower bound of the probability of correct judgement of the depth order
relationship between point p0 and pi (for depth variation bigger than DT at av-
erage depth Z). Particularly, under orthographic/weak-perspective projection,
we have:

PV OD(p0,pi,DT,Z) = P (r < |�Z|ksε) = P (τ < 2tan−1

(∣∣∣∣
�Z

Z

∣∣∣∣
εk

2

)
) (18)

It is clear that, generally, under certain error and noise level, the VOD reliability
decreases as the distance r between the points and the visual angle τ subtended
by the points increase.
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Fig. 3. Left: VOD Reliability of image points w.r.t. the image center for DT = 100 at
Z = 35000. Right: VOD Reliability of image points w.r.t. the image center for different
DT at Z = 35000 as visual angle (◦) between the point pair changes.

Figure 3(Left) shows the VOD reliability of image points w.r.t. the image
center p0 for DT = 100 at average depth Z = 35000. This figure is the result
of repeating the SFM process described in [17] 500 times on 1000 randomly
generated points when the level of isotropic noise in the optical flow is 10%.
Figure 3(Right) shows the result for different DT as visual angle increases. It
is shown that VOD reliability drops down significantly as distance between pi

and p0 increases. This indicates that for the same depth variation, ordinal depth
judgement by SFM systems for a pair of closer points can be considered as more
reliable and trustworthy. Pairs of points subtending smaller visual angle have
more reliable ordinal depth judgement. Ordinal depth information is strong in
the local image areas within small visual angle despite the motion uncertainties
and noise. It is noted that the anisotropic property of the VOD regions shown
in Fig. 2 disappears because of the randomness of the band direction.

5 Resolving Ordinal Depth under Perspective Projection

In this section, the ordinal depth resolution is investigated under perspective
projection. Our analysis is first carried out under pure lateral motion configu-
ration (Sect. 5.1) since it is very similar to the orthographic/weak-perspective
projection analysis above in the sense that all points have epipolar lines lying
in the same direction. Then the effect of adding forward motion is analyzed in
Sect. 5.2. Some detailed derivations are omitted due to the space limitation.

5.1 The Pure Lateral Motion Case

We assume that the SFM system knows that pure lateral motion is executed.
Therefore Ŵ = W = 0. Image velocity equation under the case is

ṗx =
−Uf

Z
−βf +γy+

αxy

f
− βx2

f
, ṗy =

−V f

Z
+αf−γx− βxy

f
+

αy2

f
(19)
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Fig. 4. Realization of VOD region of p0 = (0,0)T (denoted by red cross) for dif-
ferent DT under perspective projection, pure lateral motion. Left: second order flow
ignored. Right: second-order flow considered. VOD region is bounded by black lines.
The background rainbow shows the change of distortion factor b. . Motion parameters
and errors: T = (18, 22, 0)T , Te = (15.3, 24.5, 0)T , (translation direction estimation
error is −7.3◦), Ωe = (0.00002, 0.00002, 0.00005), Z = 20000, ṗn = 0, f = 250.

We denote the direction of lateral motion d = (U,V)T√
U2+V2

as (cosφ, sin φ)T . The

distortion factors can be written as a = cosφe, b = f(αe sin φ̂ − βe cos φ̂) +
γe(cos φ̂y−sin φ̂x)+O2(x, y), where O2(x, y) = cos φ̂(αexy

f − βex2

f )+sin φ̂(−βexy
f +

αey2

f ) is the second order term, which only exists under errors in frontal rotation
estimates. The VOD inequality can be written as

|�Z| > DT, DT =
r

ksε
(20)

which takes the same form as (15), with the meaning of the parameters slightly
different here. k =

√
U2 + V 2 is the magnitude of lateral translation. s = f

Z
2 ,

where Z =
√

Z0Z1 is the geometric mean of the depths of the two points.

ε =
∣∣∣∣ cos φe

γe sin(bφ−θ)+�O2′+�ṗ′
n

∣∣∣∣, where �O2′ = O2(x0,y0)−O2(x1,y1)
r .

Figure 4 shows realization of VOD regions of the image center point under
pure lateral motion. When second-order flow is ignored, the shape of the region
is the same as that under orthographic/weak-perspective projection (left). While
second-order flow considered, the lines change to hyperbolae and the band shapes
are distorted (right), though the general topology remains.

5.2 Adding Forward Motion: The Influence of FOE

Here we add the forward translation component in. It is well known that when
focus of expansion(FOE) is near the image, recovered depth is highly unreliable.
This phenomenon is also shown in Fig. 1, in which the values of distortion factors
change fast near the estimated FOE. Ordinal depth recovery in this case is of
little practicability. Therefore, our investigation here is restricted to the case
that FOE is far away from the image bound. We use angle μ = arctan |W |√

U2+V 2
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Fig. 5. Realization of VOD region of p0 = (0,0)T (denoted by red cross) for different
DT under perspective projection with forward translation added to the motion con-
figuration shown in Fig. 4. Left: μ = 15◦. Right: μ = 25◦. μe = 0 in both cases. Only
first-order optical flow is considered for the illustration.

to measure the amount of forward translation component added in. The bigger
μ, the bigger the forward translation executed, and the nearer FOE is to the
image. VOD region realizations with forward translation added are shown in
Fig. 5. Several observations are summarized below:

1. Adding forward translation narrows the width of VOD region realization and
distorts the band shape. VOD region realization is narrower in the image
region nearer to the estimated FOE. However, the topology remains the
same as under pure lateral motion.

2. VOD region realization is bounded by curves which can be proved to pass
through the estimated FOE.

3. The bigger the forward translation component, the more the VOD region
shrinks. Therefore, ordinal depth resolution decreases as image points ap-
proach the FOE.

6 Discussion

6.1 Psychophysical and Biological Implication

Our results show that SFM algorithms can obtain reliable ordinal depth res-
olution in small visual angles despite the motion uncertainties. Ordinal depth
resolution decreases as visual angle increases. This agrees with the intuition that
in human vision, the depth order of two objects close together can be determined
with much greater ease than that of objects far apart. Moreover, our result is
also consistent with the experimental findings in psychophysics [14] [15] which
showed that human vision gives better judgement of ordinal depth relation and
depth intervals for pairs of closer points using stereo or texture depth cue.

From an evolutionary perspective, foveated vision is adopted for many bio-
logical vision systems. For example, humans have a sharp foveated vision. The
spatial resolution of the human eye decreases by more than an order of magni-
tude within a few degrees from the optical axis and at least two orders at ten



342 S. Li and L.-F. Cheong

degrees from the optical axis. One possible explanation for this phenomenon may
be that depth cues such as motion can only resolve various levels of depth infor-
mation precisely in a small visual angle due to errors in ego-motion estimation,
as shown by our results. Therefore, foveated vision might be an adaptive result
of natural selection in response to the computational capability and limitation
of Shape from X modules.

6.2 Space Representation: Global vs. Local

In another aspect, the result that ordinal depth resolution decreases as visual an-
gle increases also suggests that accurate ordinal 3D structure recovery is ensured
in small local image neighborhood. If a global space representation is adopted,
how to describe the global links between regions with local accuracy of qualita-
tive 3D structure knowledge is an important issue. Such issue can perhaps be
called the glocalization problem.

7 Conclusion and Future Work

In this study, the resolution of ordinal depth discernible from the inaccurate
metric depth estimates in SFM was investigated theoretically based on a novel
general depth distortion model. It was shown that:

1. In SFM algorithms, although accurate metric depth may be difficult to ob-
tained due to motion errors, ordinal depth can still be discerned locally if
physical metric depth difference is beyond a certain discrimination threshold.

2. The reliable ordinal depth resolution was found to decrease as visual angle
increases, as speed of the motion component carrying depth information
decreases, as points recede from the camera, and as image points approach
the estimated FOE.

These findings in the study are important since they suggest that accurate qual-
itative 3D structure information is ensured in small local image neighborhood.
This may provide possible explanation for biological foveated vision.

Future parallel study on qualitative depth information may be carried out for
other depth cues such as stereo and texture. Moreover, the problem of describing
the global links between different regions each with local accuracy of qualitative
3D structure knowledge, should be given serious theoretical attention.
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