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Abstract In this paper an intensity-based meth od to estimate the parallax between the left and the right image of

a stereo pair is studied. Since the simplest intensity-based method, i. e. block matching, is sensitive to noise,

when small block sizes are required (as e.g. for computer vision purposes), a new method, improved block match-

ing, based on the non-linear diffusion process, was recently developed. It was shown that this new method has

better noise suppressing properties than traditional block matching. Here, it is investigated how the new method

reacts to a difference in average luminance and contrast of the left and the right image, caused by a gain difference

in the left and the right camera. First, it is shown that improved block matching is less sensitive to these differ-

ences than traditional block matching. Secondly, a correcting mechanism, called gain control, based on the statis-

tics of the left and the right image of the stereo pair, is shown to improve the performance of the parallax estimat-

ing algorithm.
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1 Introduction

There are two fundamentally different ap-
proaches to estimate the parallax field between the
left and the right image of a stereo pair: the inten-
sity-based and the feature-based methods. The in-
tensity-based method is the method of choice, if a
dense parallax field is required, i.e. if a parallax
value for every point, not just some feature points,
is needed.

Block matching, the simplest intensity-based
method, is a well-known technique to estimate the
parallax field. It is e. g. used in the multi-view
profile of MPEG-2, currently under development
[1]. The parallax field resulting from block
matching is of high enough quality for coding pur-
poses, since in coding it is only important to try to

make a good prediction. For computer vision appli-

cations block matching produces parallax fields of
too low a quality. Since block matching assumes
that the parallax field is constant over a block, in
computer vision smaller blocks than the usual mac-
roblocks (defined in MPEG) of size 16 X 16 are
preferred. However, the smaller the block size,
the larger the fraction of false matches. Therefore,
an additional smoothness constraint has to be in-
troduced. In other words, the parallax samples can
no longer be estimated block by block, each block
separate from the other, but neighboring estimates
have to influence each other. Based on these ideas
the improved block matching method was intro-
duced in [2, 3]. This method for estimating the
parallax field is under investigation in this paper.
More particularly, its robustness against a gain
difference between the left and the right camera is
studied.

The gain of the left and the right camera usu-
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ally are set independently, causing the average lu-
minance and the contrast of the left and the right
image to differ. Since at the heart of every intensi-
ty-based method lies the assumption that he lumi-
nance of corresponding points is equal, the differ-
ence in gain may thoroughly perturb the estimation
of the parallax field. This paper first deals with
the influence of the gain difference on the parallax
field estimated with the improved block matching
method, and then proposes a way to compensate
for the influence of this gain difference.

In section 2, the intensity-based method to es-
timate the parallax field is described (see also
[3]). Next, in section 3, it is shown that the new
method is less sensitive to a difference in gain than
traditional block matching. Nevertheless, the dif-
ference in gain still has an influence. In section 4,
a method to compensate for the gain difference is
proposed. Finally, in the last section some conclu-

sions are drawn.

2 Improved Block Matching

2.1 Outline of the algorithm
All intensity-based methods to estimate the
parallax field d(x,y) of a stereo pair consider the

energy in the displaced frame difference [2]:
Dld(z,y)] =fdzdy[1,<x +d(z,y),3) —

R(x —d(x,y),» 7 D)
in which L{(x;sv)), resp. R(z,,y,), is the left,
resp. the right, image. A parallax field that mini-
mizes this functional is searched for. This ensures
that this parallax field is such that the shifted in-
tensity patterns differ as little as possible. Howev-
er, not all parallax fields are allowed to take part
in the minimization process. The allowed parallax
fields have to obey certain constraints, e. g. a
smoothness constraint.

Taking the parallax field of the form:
d(z,y) = D)d,f(x — jd,y —id)  (2)

in which f (z, y) is an interpolation function

f(x,y)=1 for |z| <—§—, |y|<% and f(x,y)=0

elsewhere), and A ,the block size, is an integer
multiple of the pixel distance, the functional (1)
reduces to a multidimensional function of the sam-
ples d;; of the parallax field. Remark that the par-
allax field of eq. (2) is constant over blocks of size
AX A. This introduces (rigid) smoothness in the
parallax field.

It can easily be shown that finding the samples
dij of the parallax field that minimize the energy in
the displaced frame difference (see eq. (1))sepa-
rately, by an exhaustive search is equivalent with
traditional block matching: every sample of the
parallax field is estimated on its own, without in-
fluence of its neighbors. For small block sizes (e.
g. A=4), necessary for computer vision purposes,
traditional block matching does not perform well.
The smaller the blocks, the less diverse the inten-
sity patterns within the block, and the harder to
discriminate between different candidate blocks.
The way to solve this ambiguity problem is to al-
low for neighboring estimates of parallax samples
to influence each other. A smoothness constraint
has to be introduced.

In {2] a new method based on the multi-di-
mensional Newton-Raphson technique to find the
minimum of a function, was developed. In [3], it
was proven that this method is equivalent with the
iterative improving of an initial estimate obtained
by traditional block matching: given an initial esti-
mate for the parallax field d; a better one d,; can be

obtained by
dy = ZVkli'[dQ»— 1 — gM;)) L] (3)
“T gL M

The definition of the fields V;; and M;;, the func-
tion g and the tensor 7 are given below. The pro-
cess (3) is iterated. The part between the brackets
is called the samplewise update. The multiplication
with the tensor 7 is a linear filtering. Their effect
is described in the following.

The fields in eq. (3) depend on derivatives of
the functional (1) to the parallax field samples d;:

_9D[ Y duf(x — 10,y — kD]
adij dy=d}

(3

V,’j
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_ D[ D duf(z — 18,y — kA)]
ad,zj dkl:d‘k)l
(4)

Remark that the value M;; is a reliability measure

M,‘j

for the parallax value d,;. Indeed, expressing the

functional (1) as a Taylor expansion in terms of

one sample of the parallax field, i.e. (dij- d%):
D[d;]~Dldj] + Vi(d;; — di)) +

A‘g'i(d.-,- —d})? (5)

we see that if M;; is large, there is a strong mini-
mum, and hence, the estimate d;; is reliable. In the
other case, when M;; is small, the estimate d; is
unreliable; i. e. even a small amount of noise can
have drastic effects. Hence, the name reliability
field for the field consisting of the samples M;;.

Remark that the samplewise update is very
similar to one Newton-Raphson iteration to esti-
mate each parallax value dij separately from all
other samples. The field consisting of the samples
V.jis called the update field. If the initial solution
d; does not lie within the convergence interval of
the optimal solution the samplewise update pro-
duces unpredictable results. This is e. g. the case
for parallax samples di; for which M;; is too small.
That is the reason for the function g in eq. (3).
This function takes the form:

1

M,
T

g(M;j) = (6)

1+

me

i. e. the update of the parallax samples for which
the reliability M;; is small, is inhibited.

In [2], it is proven that the tensor 7 acts as a
place dependent linear filter. There the tensor ?
gamma is calculated explicitly. This is however
computationally complex. In this paper, as in [3],
the effect of ¥ is approximated based on the non-
linear diffusion equation.

In [4] the place dependent filtering behavior

of the non-linear diffusion equation:

V o+ [ela,y, )V fz,y,0)] = QL%;U—). Q)

is studied. With f(z,,0) equal to the initial im-
age, the diffused image f(x,y,t) gets smoothened

as t increases. In the case of linear diffusion, i.e.
when the diffusion velocity is a constant ¢ = cpe.»
the diffused image f(x,y,¢) is the original image

convoluted with a Gaussian pulse with width

2¢mat. In [4] the diffusion velocity depends on
the amplitude of the gradientVf(x,y,2). In regions
where the gradient is large, i. e. where an edge is
expected, the local diffusion velocity is low, diffu-
sion is inhibited, and the function f(x,y,t) does
not change too much with increasing ¢. In regions
where the gradient is low the smoothening effect
remains as in the case of linear diffusion. In [4]
the non-linear diffusion process was used to en-
hance the initial image f(z,y,0), i.e. to reduce
the noise in the image, while preserving the edges.

We use the non-linear diffusion process here
to approximate the effect of multiplying with the
tensor ¥ in eq. (3). Instead of the amplitude of the
gradient (see [4]), the reliability field M;; deter-
mines the diffusion velocity. In places where the
estimate is reliable, we inhibit the diffusion; in
places where we had an unreliable estimate, we let
neighboring estimates influence the unreliable esti-
mate. So, we approximate the effect of the multi-
plication with the tensor 7 in eq. (3) by a non-lin-
ear diffusion process with local diffusion velocity
depending on the reliability field M;;:

Cij = ‘—cﬂg{—. (8)

= M_l)"
1+ ]

The diffusion runs from # =0, i. e. the parallax
field after the samplewise update (see eq. (3)) to¢
= T, i.e., the new parallax field d;;. In this dif-
fusion neighboring parallax samples influence each
other, and in this way the diffusion process intro-
duces smoothness in the parallax field.

This gives the following procedure to estimate
the parallax field. Starting from the solution ob-
tained by traditional block matching, the following
two-step process is iterated. The first step consists
of the samplewise update. This is followed by the
second step: the non-linear diffusion with the dif-
fusion velocity given by eq. (8) from¢ = Otot =

T to obtain a new smoother parallax field. This



756 FEE R ERER

B2k

new parallax field replaces the initial parallax
field, and a new iteration can start. After some it-
erations (typically 100) the parallax field con-
verges to a stable solution.

The parameter t, resp. 6§, is the threshold for
the samplewise update, resp. for the diffusion.
They are usually chosen as a fraction (typically
0. 25) of the average value of the reliability sam-
ples M;,. The parameters m and n determine the
steepness of the thresholding functions (see resp.
eq. (6) and eq. (8)). The choice of these latter
parameters is not critical. They are chosen as m=
2 and n=1. The product cm.7T determines the
amount of smoothness in the resulting parallax
field: the larger this product, the smoother the re-

sulting parallax field.

2.2 An example

In Fig. 1 the left image of an artificial stereo
pair is shown. The parallax of the background is
— 2. 3; the circle has a parallax of 2. 0; the trapezi-
um of 1. 0; and the parallax of the rectangle ranges
from -1. 0 on the left to 1. 0 on the right. The right
image is obtained by shifting the objects according
to their parallax, and then both images are cor-
rupted by additive white Gaussian noise with stan-
dard deviation of 0. 005 of the maximum luminance
(i.e. 255). This stereo pair is used to obtain quan-
titative results.

The histogram of the errors between the
ground truth (the known parallax field) and the
estimated parallax field is shown in Fig. 2. The
block size 7Delta was 4. The initial block matching
exhaustively searched for parallaxes in the range
[—3.0,3.0] with a step of 0. 5. The parameters
for the improving process were as follows: r and ¢
were taken as 0. 25 of the average of the reliability
samples, ¢pexl = 1.0, m = 2 and n = 1. There
were 100 iterations in the improving process. This
figure shows that the improving process reduces
the errors in the parallax field. Of course, the oth-
er advantage of the improving process is that the

resulting parallax field is smoother.

Fig.1 Left image of the artificial stereo pair

~——— traditional block matchingj
+  ---- impoved block matching
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-1.0 -0.5 0.0 0.5 1.0

parallax difference

Fig. 2 Histogram of errors of the parallax field
estimated with traditional block matching

and improved block matching

3 Sensitivity of the Parallax Field

3.1 The corrupting process

The gain difference of the left and the right
camera modifies the ideal image L (x;, y:), resp.
R(z., y,), to the corrupted image L' (x1»y.), re-
sp. R' (z,,y,). This relation is linear as long as
the corrupted value lies within the luminance inter-
val [0,255]. If the corrupted value is lower than
0, resp. larger than 255, it gets truncated to the
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lower bound, resp. upper bound. This corrupting
process causes a difference in average luminance
and contrast in the left and the right image, and it
makes the histograms of the left and the right im-
age considerably more different than can be ac-
counted for by noise and occlusion. It will be
shown below that based on these statistical mea-
sures, the gain difference can be corrected.
Neglecting truncation the correcting process,

i. e. the inverse of the corrupting process, can be
modeled as;

L(xi,y) = (1 + &L’ (z1,3) + 2558

R(z,,y.) = (1 — OR' (z,,y,) — 2558 (9)
in which @ and B are (relatively) small. Correcting
the left and the right image in such a linear way is

called gain control.
3.2 The influence of the difference in gain

If the parameters a and 3 were known, the
images could be corrected before they are presented
to the parallax estimation algorithm. Unfortunate-
ly these parameters are not known. Using the cor-
rupted stereo pair, i.e. L' (z;,y) and R’ (z:55.),
instead of the ideal stereo pair, i.e. L(x:,y) and
R (z.,y,), perturbs the estimation of the parallax
field seriously.

The perturbation of the estimated parallax
field is illustrated on the artificial stereo pair (see
Fig. 1) in Fig. 3 and Fig. 4. Fig. 3 shows the influ-
ence of the parameter @ and Fig. 4 the influence of
the parameter 8. The parameters for the tradition-
al block matching and the improved block matching
were set as for the results in Fig. 2. It is seen that
the parallax field obtained by traditional block
matching is influenced a great deal by a gain differ-
ence of the left and the right camera. The improv-
ing process reduces the influence of this gain differ-
ence, but even in this case the quality of the esti-
mated parallax field using unperturbed images (see

Fig. 2) is not reached.
3.3 Order of magnitude of the gain difference

Fig. 5 shows the left image of the real stereo

pair “dodecahedron”. Table 1 shows the average

—_— ln'dﬁondbloekmaﬁlh\gi
- - -~ impoved block matching
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020 | ]
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Fig. 3 Histogram of errors for
a perturbation a=0. 01
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- - - - impoved block matching
0.10 |
oy
§
3
o
e
2
®
[
0.05 -
0,00 Fosssas = .
1.0 0.5 0.0 0.5 10

paraliax difference

Fig. 4 Histogram of errors for

a perturbation f=—0.01

luminance and the contrast (i. e. the standard devi-
ation of the luminance) of the left and the right im-
age. This shows that the value of the parameters «
and B is of the order of the ones used for Fig. 3 and
Fig. 4. This is a typical situation, when care is

taken not to produce a too large a gain difference.

Table 1 Statistics of the stereo pair “dodecahedron”

left right
average luminance #="90.22 2r=92.20
contrast 0:=36. 51 or=37.72
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Fig. 5 Left image of the stereo pair “dodecahedron”

Table 2 Statistics of the stereo pair “houses”

left right
average luminance w=130.77 #=168. 35
contrast o1=47. 37 a,=36.71

Fig. 6 shows the result of estimating the paral-
lax field with the improved block matching method
without gain correction. The block size A was 4.
The initial block matching exhaustively searched
for parallaxes in the range [ —4. 0,1. 0] with a step
of 0.5. The parameters for the improving process
were as follows: z and @ were taken as 0. 25 of the
average of the reliability values, cm.T = 1.0, m
= 2 and n = 1. There were 100 steps in the im-
proving process. The resulting parallax field is
reasonably good. Except for some border effect,
the only flaw is that the planar parts of the surface
of e. g. the dodecahedron, are not estimated com-
pletely flat.

Fig. 7 shows the left image of the real stereo
pair “houses”. It is an aerial photograph of a land-
scape. When recording the images, no care was
taken to obtain more or less the same gain. Hence,
the average luminance and the contrast of the left
and the right image, shown in table 2, differ quite
a lot. This is also illustrated by the cumulative his-
togram of both images in Fig. 10.

Presenting this corrupted stereo pair to the
improved block matching algorithm (or the tradi-

tional block matching algorithm) results in a com-

Fig. 6 Parallaxfield for the stereo pair

“dodecahedron” without gain control

Fig. 7 Left image of the stereo pair “houses”

pletely wrong parallax field. The improved block
matching method, as each intensity-based method,
does not work for such a severely corrupted stereo
pair. The gain difference is too large. Correction

of this gain difference is absolutely necessary.

4 Compensating for the Gain Differ-

ence

When the gain difference is small, the effects
of truncating the values, L’ and R’, outside the
luminance interval [0, 255] can be neglected. In
that case eq. (9) are valid for every value occur-

ring in the images L’ (x;,y:) and R' (z,,3,). There
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is a linear relation between the average luminance,
resp. the contrast, of the corrupted image (L' re-
sp. R') and the average luminance, resp. con-
trast, of the ideal image (L resp. R). The parame-
ters @ and B can be estimated based on the require-
ment that after the correction of eq. (9) the aver-
age luminance and the contrast of the corrected left
and right image have to be the same. This leads to

the following estimates for the parameters « and £:

@ o — 0o
o+
Q- — A+ oy
= 2 X 255 (10)

When truncation has a major influence, eq. (9)
break down for boundary values, i.e. L' =0or L’
=255, resp. R’ =0 or R’ =255, and eq. (10) can
no longer be used.

Fig. 8 shows the result of estimating the paral-
lax field with improved block matching with gain
control on the stereo pair “dodecahedron”. Based
on the values of table 1, the values for gain control
are a=0. 016 and 8=-0. 002. These are relatively
small, but they do have a perturbing influence on
the estimated parallax field as was shown previous-
ly. Based on the corrected images the parallax field
was estimated with the improved block matching
method. The parameters were set as for Fig. 6.
Comparing Fig. 8 with Fig. 6, we can qualitatively
see that the planar pieces of the surface are more
correctly estimated when there is gain control .
Fig. 9 shows the result of estimating the parallax
field with the improved block matching with gain
control on the stereo pair “houses”. Based on the
values of table 2, the values for gain control are a
=-0. 127 and 8=0. 148. The block size A was 4.
The initial block matching exhaustively searched
for parallaxes in the range [-5.0,15. 0] with a step
of 0.25. The parameters for the improving process
were: r and § were taken as 0. 25 of the average of
the reliability values, cp:T=1.0, m=2 and n=1.
There were again 100 steps in the improving pro-
cess. It can be seen that the houses are easily dis-
tinguished from the surroundings.

Since in this case the correcting parameters a

Fig.8 Parallax field for the stereo pair

“dodecahedron” with gain control

Fig. 9 Parallax field for the stereo pair

“houses” with gain control
g

and B are relatively large, it has to be checked
whether the effect of truncation was still negligi-
ble. Therefore, we consider the cumulative his-
tograms of the corrected images. Since the cor-
rupted image L' (x;,3:) s resp. R’ (x,,y,) takes on-
ly values in the interval [0, 255], its corrected
counterpart takes values in [255 8 255 (1+a+
A7, resp. [-255 B, 255 (1-a-8)]. At the bound-
aries of this interval the cumulative histogram pos-
sibly has a discontinuity. This makes that the cu-
mulative histograms should only accord in the in-
terval [255]81, 255 (1-]e+ B])], and not out-
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Fig. 10 Cumulative histograms of the left
and right image of the stereo pair “houses”

before and after gain control

side. In Fig. 10 the cumulative histogram of the
left and right image of the stereo pair “houses” be-
fore and after gain control is shown. The cumula-
tive histograms of the corrected left and right im-
age coincide very well in the interval [38,249]. At
the boundaries of this interval there are no consid-
erable discontinuities. We may conclude that trun-
cation has no large effect on the gain control of this
stereo pair. ‘
This suggest a crude method to correct the im-
ages when truncation has a large influence: (manu-
ally) adjust the parameters « and 8 of eq. (9) so
that the cumulative histograms of the corrected im-
ages, L and R, more or less coincide in a subinter-
val of the luminance interval [0, 255], centered

around 127.

5 Conclusion

In this paper the influence of a gain difference

of the left and the right camera on the estimated
parallax field was studied. An intensity-based al-
gorithm, called improved block matching, previ-
ously shown to have better noise suppressing char-
acteristics, was shown to be more robust against
this gain difference than traditional block match-
ing. Nevertheless, as for all intensity-based algo-
rithms to estimate the parallax field, a sensitivity
to a gain difference remained. Therefore, a method
to compensate for a gain difference, called gain
control, based on the statistics of the left and the
right image, was developed in this paper. The in-
crease in performance of the improved block
matching method with gain control was illustrated

on one artificial and two real stereo pairs.

Acknowledgment

The original stereo pair “flat” of which the
stereo pair “houses” is a window, is available via
anonymous ftp from “ftp. ifp. uni-stuttgart. de” in
the file“/pub/wg3/flat. tar. Z”. We thank the uni-
versity of Stuttgart, Germany, for the a{failability

of this stereo pair.

References

1 Luthra A. Report of MPEG-2 Multi-view Profile Adhoc Group,
ISO/IEC document JTC1/SC29/WG11,1996. 3.

2 De Vleeschauwer D. “On the Smoothness Constraint in the In-
tensity-Based Estimation of the Parallax Field”, Multidimen-
sional Systems and Signal Processing,1995,6(2):113~135.

3 De Vieeschauwer D,De Smet P,Gabbouj M. Improvement of the
Block Matched Parallax Field by Non-Linear Diffusion, Accept-
ed for the 1996 IEEE Nordic Signal Processing Symposium
(NORSIG’96), 1996,(9):24~27.

4  Perona P, Malik J. Scale-Space and Edge Detection Using

Anisotropic Diffusion, IEEE Transactions on Pattern Analysis
and Machine Intelligence,1994,12(7) :629~639.



=108 a3 BT AR R E PRV S Z M RIE 761

MMEG TP REINEZENKIE

B B AOH—METREMLARMEGERMREHTEHITHNITE. BARNENETRE
B 5 IR DT RL 2, 78 RO B /Nt 3 R A LB ABURR, BT LGSR AR M T — M B TR R A B e 4
BT AL S A 0 A I PR AR RO SR IS E X, . AR SORF R I Rl 77 34 7E ph 27 SR P13 2 22 T 9 34 SL
PR X A R Z AR B RO . B SR A4S i BGHR IT A3 5 2 G 07 Al L X b 3 A R 27 Ry 22
AR BUR  HOR R A 8 — PR T LA T X G TR P 0 R Sy 388 28 42 o 9 07 v A ROHE L 22 i SR RO P
xR RO LA E T 5

(L3 752 7D
2 TMS320C80 MVP Technical Brief. Texas Instrument ,1995.

§ % i ﬁ 3 TMS320C80 MVP System Level Synopsis. Texas Instrument ,

1 TMS320C80 MVP Data Sheet. Texas Instrument ,1995. 1995.

‘- : . WA, BIHIZ, 1091 4 3 ATEBEA SR T IR ATA & B IRT 24,94 i
L Tt EEARLLY . SRR MRABRRTEFLE,
"

Image-Processing System Based on TMS320C80
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Abstract  An overview of the TMS320C80 MVP parallel processor is provided in this paper, includ-
ing key features and a description of the parallel processor’s architecture. The TMS320C80 SDB(Software
Development Board) structure is described and the individual components of the PC-base system are dis-
cussed. Lastly, a table lists the image-processing products based on TMS320C80.
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