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ABSTRACT

When an optical sensor translates along a
known direction In a stationary world the relative
depth map of object points on the surface can be
easily obtained when some simplifying assumptions
are made. Under these assumptions the angular
speeds of projecting rays can be obtained from
(approximations to) temporal and spatial derivatives
of Image brightness. The relative depth of any two
image points is then directly computable as a simple
ratio of linear functions of their angular veloci-
ties because the directions of angular velocities
are known in this special situation.
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Although optical flows were shown to be a rich

source of information, their detection poses a pro-
blem: In general, it is difficult to obtain image
velocities directly from image brightness. Here we

investigate a special situation where restricting
assumptions are incorporated to compute the rela-
tive depth map from image motions. Prazdny [5] has
shown that given two image points corresponding to
two texture elements on a rigid object (or on two
different objects moving rigidly togehter), their

relative depth, Rd;;.., defined as the ratio of their

distances (S ,S.) to the center of (polar) projec-
tion, is determined by

1 Rd, =5./5

(1) By =5./5,=(A00Q,)/(A00))

where A=A -A  is the difference of the angular
velocl_ijveél:o‘}n of the projecting rays of light,
and QiQ; are the unit vector specifying the visual
directions along which the two linage points lie.
This is a general relation which does not depend on
any restriction on (relative) motion. In the spe-
cial case when the observer translates along a known
(but arbitrary) direction, the direction vectors of
angular velocities A; are known. In fact,

2) 51'81("’Qi)"in(ﬁi)'(wsi) (;“31)

so that A ,={wxQ )Isin(ﬁi) is the unit vector of A
anB, s jthe angular speed of the ray (the mag-
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nitude of the angular velocity vector (see Figure 1).

In order to apply equation (l).to recover the rela-
tive depth we have to specify 81.

In pure translation, the image elements on the
projection plane (PP) move all along straight lines
determined only by the position of the image points
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on PP and the focus of expansion (FOE) [the unique
point of intersection of all these straight lines],
FOE corresponds to the point where the vector
along which the observer translates pierces the PP.
In the case of pure translation the directions of
the image velocities are independent of the sur-
face layout; the information about the spatial dis-
position of the texture elements is contained only
in the magnitudes of the image motions. Because
each image element moves along a known straight
line on PP, the problem reduces to estimating the
motion of a one dimensional brightness distribu-
tion along the line (it is assumed here that the
distribution does not change significantly from
frame to frame). This problem is easily solvable.
Using the Taylor series expansion one can develop
an expression for the image displacement Af£ rela-
ting the temporal and spatial derivative of the
image brightness function along the line it at a
given image point (see e.g. [6]).

(3} Al= (dzl;‘dﬂ.z) (ﬂﬂjl’)-{dl/dl)ﬂf‘

where | is the image brightness function, and A£

is its displacement at an image point along the
line i. With a sufficiently small interframe in-
terval, Al=dl/dt, and Af=dffdc. |If one disregards
the components of order 2 and higher, this approxi-
mation reduces to a linear approximation used e.g.
in [1],(2),[3],[4]. Observe that the linear ap-
proximation is appropriate only at points where
the first spatial derivative along | is (approxi-
mately) constant and the displacement remains with-
in the extent of this linearity. The speed dl/dt
is related to the angular speed dB8/dt by

(4)dB/dt=-{d1/dr) (dL/81) (aLln(A)/Q)
= 1/(0L/d%) sin(X)/Q

where Q is the distance of the image element on PP
from the center of projection, and A is the angle
between the line | on PP and the projection ray
(Figure 1). Q and & are constants for a given FOE
and reflect the fact that the projection surface
is a plane which is not isotropic with respect to
the image velocities. The above equations enable
one to compute the relative depth directly. The
derivatives dl/dt, and dl/dil have to be estimated
from a succession of digital images. The deriva-
tive dIfdt=I can be approximated directly from
successive (temporally proximal) digital images.
The derivative dl/dl of | along | is easily ob-
tainable from neighboring gray level values by
interpolation. One has to assure the existence
of both derivatives at locations where B is to be



computed, Ll.e. the Image briphtness fuocl ion las

to be differentiable ar all such points, T do
this (ond to suppress the noise), the Individual
image 15 low-pass filtered before wstimating the
derivatives., This operation virtually poarantees
the differentiability of Lhe dmape brightness func-
tion nearly everywhere. The requircment on the
smoothness of the lmape briphines:. function s the
strength and the weakoess of the method (sec also
[6]). On the one hand, it eochles one e compute
image motion from equation (). On the other band,
it is limited to areas ol Jarge Wrightoess chauges.
Observe that the {mope wel funs resolvabile by the
method must be small with respect to toge (locall
variatlons In the imoge inteusity.  This requirement
wlil be satlsfled pear places whore tin pradivany
are large in wmagnitude and cxtent (Lypreally, Lhe
edges).

One appealing aspect of the relative depth
map as a representationas]l straocare B.olon potoen-
tial redundancy., For a8 piveo image point, we can
compute a set of relative deptiv values puirwise
with other lmape podnts. While these values can-
not be directly cvompared, the sbeolute depth of
a piven point has 1o be wrigue,  Setting the "ab-
solute" depth of an arbitrary point to an (arhl-
trary) value and propagating we obtain many inde-
pendent estimates of "absolute” depth of a given
point. These values can be treated as npisy esti-
mates of the true values. One can thus devise an
iterative network whiclh not only suppresses the
nolse but alsoe Incorporates the constraint on
gmoothnes. of the "absolute” depth values o
achleve a {glubal) consistenswy.

NISCUSSION ANE

CONCTTS TN

The proteot scheme s bosed a0 the assamption
that the cpserver purely translotes and that FOE is
known. Thiu restriviion toeduces o ditlicult {and
till wnselwved) 20 probler to on oeasy 10 problem.
The vase o pare Licuslotion ds Inpertont In many
Industrial applicatious whoere the conera uot fon can
be restrfoted cnd vie vrlvatatioe o the vptical
axis of the cancra with sespect e ovan Fined ver-
tor cain be dotermlucd with Liph o pooa oo don T
method preseoted heri shoold b ceanoaabiy succeys-
ful Iu determining the relutlve depth betwoeen the
plaves of Jar,v brighruess variotion. Tt 1s not
Intended for aveurate computations of loval sur-
face ordentation, Hather, 1t is cxpectod to be
ugeful in determining the approximate relative
poaitions af oblccts (e.g. for hand-cy. roordina-
tion), and in determinlng the ocelusion relations.
The method ia currently belng tested (using a TV
camera) on real world dara. It is crpected that
it will eventuwally perform lo real fime when
implemented on dedicated hardware.
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