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Abstract

Yakimovsky proposed an algorithm for "boundary and object
detection in real world images" /1/ and later published /2/
encouraging results obtained with this algorithm on a mini-
computer. Appiying this algorithm to our raw TV-digitizings
yielded results which did not satisfy our requirement of
high spatial resolution. Closer analysis of Yakimovsky's
algorithm revealed possibilities for improvement which
allowed us to obtain better results. Adapting suggestions
by Yakimovsky to our situation enabled us to realize further
improvemen-s in segmenting raw digitized TV-pictures. Our
results are presented and discussed.

We are working on a system to analyze sequences of TV-frames

in order to extract descriptions of real worild objects -
especially moving ones /3/. As input to such a system, traffic
on a street intersection has been observed by a commercial
monitoring TV-camera and it's output recorded in real-time with
an AMPEX analog disk - see Fig. 1a. Sequences of TV-frames are
selected under computer control from this analog disk, digitiz-



ed and transferred to a DECSystem-10. More detalis about this
setup are given in /3/. Fig. 1b shows a TV-frame reproduced
from digitizings with the help of a Thomson-Houston solid state
storage tube and Pig. 1c the enlarged section referred to in
the following discussion. This section comprises 6144 pixels
in 48 lines at 128 pixels each - taking every other TV-line
(from one halfpicture) on a section of 96 lines at 128 pixels
which allows easy geometry-preserving enlargements without
necessity to interpolate grey values. The grey values were di-
gitized with 8 bits and then rounded to five bits to ease their
alphameric output for diagnostic purposes.

Segmentation of such a section into basic regions of homoge-
neous grey values and subsequent non-semantic region growing /U4/
overtaxed the core available for region-descriptions unless we
smoothed the digitizings. Moreover, an iterative weakest-bound-
ary-next region grower can be very time consuming if the basic
region finder generates 1000- 3000 basic regions. Therefore,
Yakimovsky's algorithm /1 »2/ has been implemented in the hope

to obtain a more manageable segmentation. In the course of veri-
fying this program a difficulty was encountered which could

only be overcome by modifying the edge accepting part of
Yakimovsky's algorithm.

Yakimovsky uses the concept of an "edge element" between two
neighboring raster points. He estimates the probability that
the observed grey values in two disjunct environments border-
ing an edge element can be described by two different Gaussian
greylevel distributions and compares this with the probability
for explaining the observed grey values by only one Gaussian
distribution. From these probabilities he derives a confidence
value indicating whether an edge element should be allocated
between these neighborhoods or not. Raster points are then
aggregated into regions on the criterion that all raster
points in a region can be reached from each other by a 4-con-
nected path of neighboring raster points without passing over
a local edge confidence maximum or "edge confidence ridge".



In order to discuss the difficulty mentioned, this algorithm
must be presented. By observing two logical identities a

new form can be found, however, which seems more concise
than the original form chosen by Yakimovsky who emphasized

the underlying philosophy.

"1 Figure 2
I (:,3-1) reproduces the notation
introduced by Yakimovsky
in his Fig. 8 of 71, 27.
_________ bl D1 becomes true if it is
HL (i+3’j) decided to put NO edge
R2 5 unit between {i,j-1) and
-———Al———l (i,j). Likewise D2 becomes

De true if it is decided to put
NO edge unit hetween (i-1,j)
and (i,j).

The thresholded edge confidence d((i,j),(i-1,j)) is abbreviated

in this figure by A2. Please note that Yakimovsky introduces

the thresholded edge confidence between raster point (i,j) and

it's neighoor (i+1,j) to the right as the distance
d((i,j),(i-1,;)) between the raster point (i,j) and the one
to the left of it, namely (i-1,j). Likewise the thresholded
edge confidence Al between the raster point (i,j) and the one

(i,j+1) below it is identified by Yakimovsky with the distance

d((i,j),(i,j-1)) between the raster point (i,j) and the one
above it, namely (i,j-1). Yakimovsky now defines

GD13GOOD_DOWN, (A1¢VAL(i,j-1)) A (VAL(i,j-1)2VAL(R1))
BD1=BAD_DOWN, (A1<VAL(i,j-1)) A (VAL(i,j-1)>VAL(R1))
GD2=GOOD_DOWN, := (A2£VAL(i-1,j)) A (VAL(i-1,j)¢VAL(R2))
BD2¥BAD_DOWN, := (A24VAL(i-1,j)) A (VAL(i-1,j)>VAL(R2))

(1)
(2)
(37
(W)



The logical variables UP1 and UP2 can be eliminated by ob-

serving the fellowing two identities

(GOOD_DOWN v UP)
(NOT GOOD_DOWN A NOT BAD_DOWN)

With the abbreviations introduced in

(5)
(6)

= NOT BAD_DOWN
Up

equations (1) through (4)

and using equations (5, 6) to shift some expressions, the edge
accepting part of Yakimovsky's algorithm can be reformulated

as:
IF GD1
THEN BEGIN
D1 := TRUE;
IF GD2
THEN D2 := TRUE ELSE IF BD2 THEN D2 := FALSE
ELSE {i.e. UP, = TRUE{
D2 := A1 2 A2
END
ELSE IF BD1
THEN BEGIN D1 := FALSE; D2 := NOT BD2 END
ELSE  {from now on UP, = TRUEf
IF GD2
THEN BEGIN D2 := TRUE; D1 := A2 = A1 END
ELSE IF BD2
THEN BEGIN D2 := FALSE; D1 := TRUE END
ELSE {from now on UP, = TRUE}
IF R1 = R2
THEN BEGIN D1 := TRUE; D2 := TRUE END
ELSE BEGIN
D1 ¢5 A2 2 A1
D2 := NOT D1
END;

Some meditation - one can't get something for nothing - will

convince the reader that the elegance of this formulation

reflects the basic simplicity of the decisicn procedure:



- If GOOD_DOWN is true, there will be no edge unit, i.e.
D will be set true.

- If BAD_DOWN is true, an edge unit will be allocated, i.e.
D will be set false.

If neither of these two conditions is true, one is not forced
to either deny an edge unit or allocate it. Two additional
consideravicns now influence the decision:

- If one edge unit is definitely denied, e.g. D1 is set to
true, the other edge unit is allocated ornly if the edge
confidence A2 is greater than the edge confidence A1 (and
vice versa in the case that D2 is true).

- If the situation is undecided yet for both directions, i.e.
to the left and towards above, then no edge unit is allocated
if the region R2 bordering the raster point (i,j) in question
from the let't is identical with the region R1 bordering this
point from above. If these regions are different, however,
then exactly one edge unit is allocated - consequently
towards that neighboring raster point which is connected
with the higher edge confidence.

It now becomes obvious where the first objection may be
raised: Aiiccating edge units between raster point (i,j) and
it's left or upper neighbor, respectively, is in certain
situations decided on by comparing the edg=® confidence between
(1,j) and it's lower neighbor (i,j+1) with that between (i,3)
and it's right neighbor (i+1,j) - rather than comparing the
edge confidence between (i,j) and it's upper neighbor (i,j-1)
with the edge confidence between (i,j) and it's left neighbor
(i-1,j), i.e. this decision is not taken by comparing those
edge conficences that correspond directly to the edge units
to be allccated.

The first modification consisted in replacing Al and A2 in
the edge accepting algorithm given above by thresholded edge



confidences corresponding directly to the edge units in
question. Siiice Al and A2 are required by the definition of
GD1, BD1, GD2. and BD2, this modification necessitated retain-
ing the thresholded edge confidence values obtained during
processing previous points (working on a DEZSystem-10 with

65K user area rather than on a minicomputer like Yakimovsky,
the segmentation algorithm has been implemented as a strictly
one-pass, left to right approach).

The second objection is connected with the definition of GD1,
BD1 etc. Yakimovsky requires to consider only thresholded edge
confidence vaiues for determination of VAL(i,j) that have not
resulted in allocating an edge unit - the rationale being that
the edge confidence is infinity whenever an edge unit is allo-
cated and thus will not yield a smaller value for VAL(i,j). But
now one is confronted with the situation that VAL(i,j) must

be used in the decision process for allocating an edge unit;
on the other hand it is only completely defined after all
these decisions have been made. The sequential processing

of raster points within a line from left to right and descend-
ing the lines downwards when the right window edge is reached
has one consequence: when deciding upon the last edge unit
around a raster point, namely the lower one, all other edge
units have already been decided upon and tke contribution of
their corresponding thresholded edge confidence to VAL(i,j)
has been evalaated. The algorithm arrives at the decision
about the last edge unit in such a way that the consistency

is preserved. However, when deciding about the edge unit
between (i,j) and it's left neighbor (i-1,j), the fourth

edge unit - between (i-1,j) and(i-1,j+1) - will only be
treated a row later and thus VAL(i-1,j) is neither defined

nor can it be in the course of the decision about placing

an edge unit between (i-1,j) and (i,j).

The second modification consisted, therefore, in replacing
VAL(1,j-1) in the definition of GD1 and BD1 by the thresholded



edge confidence between raster points (i,j) and (i,j-1) and
in replacing VAL(i-1,j) by the thresholded edge confidence
between raster point (i,j) and (i-1,j) in the definition

of GD2 and BD2. VAL(k,1l) is now only used to determine VAL(R).

Figure 3a presents the segmentation of Figure 1c obtained
with the original edge accepting part of Yakimovsky and
Figure 3b the result of the modified edge acceptor.

Earlier versions of our modified segmentatinn algorithm

applied the single environment depicted in Fig. 4a to deter-
mine the edge confidence Al. Systematic variation of the

edge confiilence threshold T introduced by Yakimovsky did not
show the existence of an acceptable threshold yielding segmen-
tations of our raw data with satisfactory spatial resolution.
In his original proposal /1/ Yakimovsky hinted at using several
environments and picking the one yielding the maximum edge
confidence. I applied this suggestion using the three environ-
ments depicted in Fig. U4b through 4d. The results are remark-
able as can be seen by comparing Fig. 3b with Fig. 3c. One is
capable to increase the edge confidence threshold significant-
ly without lousing important edges. Since the number of regions
obtained using this approach with a threshold parameter T = 100
on equal sections from subsequent TV-frames still varied be-
tween 250 and 410, an iterative, most-similar-neighbor-first
region merging algorithm as suggested by Yakimovsky /1, 2/

has been applied to the output of the region finder part.

With a dissimilarity threshold t = 5 for

m+n

<

In ———— < t (see /2/)

the final segmentation of Fig. 3d has been obtained.

A merging procedure with this threshold t reduced the number
of remaining regions from an average of 340 (taken over 7
sections from subsequent TV-frames) down to 168 or roughly

50 %.



To indicate the extent to which the segmentation result de-
pends upon the two threshold parameters, Fizures 5a-d pre-
sent the scene section from Fig. 1c with a variation of one
order of magnitude for the region-merging threshold t. Although
the threshold t applies to the logarithm of a ratios,a varia-
tion of one order of magnitude nevertheless preserves the
coarse structure that is important for a semantic interpre-
tation of these segmentations (consult caption for Figures
5a-d).

Figures 6z-d show the same section segmented now varying

the edge confidence threshold between T = 10 and 2000 at a
constant region-merging dissimilarity threshold t = 5. These
figures demonstrate that the "semantics" of the picture is
retained by the segmentation over a rather wide choice of
threshold parameter values. Figure 7a depicts a TV-picture
reproduced from the segmentation of Fig. 5b and Fig. 7b pre-
sents a subsection from Fig. 7a enlarged. Considering the
fact that Fig. 7b has been obtained by applying the modified
Yakimovsky algorithm to a minuscule subse¢tion from the origi-
nal raw TV-digitizings, the spatial resolution of this seg-
mentation algorithm now seems acceptable for our purposes.

There is one further observation in connection with Yakimovsky's
algorithm which I want to report although it has not yet been
possible to find a satisfying solution. Looking at the out-

put of the edge acceptor one frequently finds series of short -
i.e. one raster element long - parallel cracks or a "comb".
Closer analysis shows that such a "comb" is due to the se-
quential nature of the edge accepting algorithm combined with

a special constellation of edge confidence as a function of
raster point location relative to the processing direction.
Consider the combination of thresholded edge confidences as
depicted in Figure 8. There are two important points to note:
The persis-ent decrease of edge confidence when going from

left to right in a row (j = constant) and the fact that the



thresholded edge confidence towards the right neighbor (larger
i) is greater than the one towards the upper neighbor (smaller

i),

To understand the comb-effect let us assume a {vertical) region
boundary tetw=en i-2 and i-1 for all j values depicted. First
consider the noint (i-1,j+1). Since the edge confidence in-
creases with increasing j, no edge unit is allocated between
(i-1,j) and (i-1,j+1). Since an edge unit has been allocated
between (i-2,j+1) and (i-1,j+1), VAL(i-1,j+1) is set equal

tc the edge confidence between (i-1,j) and (i-1,j+1). Pro-
ceeding to raster point (i,j+1), it can be seen that the

edge confidence A2 between i-1 and i is both larger than A2
between i and 1+1 as well as being larger than VAL(i-1,j+1),
hence BAD_DOW‘I2 becomes true for raster point (i,j+1) and
consequently another edge unit is allocated parallel to the

one between (i-2,j+1) and (i-1,j+1). Since the edge confi-
dence between raster points (i,j) and (i,j+1) still increases,
no edge unit will be allocated between these points, VAL(i,j+1)
will be set equal to this edge confidence and the conditions
prevalling at raster point (i-1,j+1) are reproduced for its
right neighbor (i,j+1) - and so on: a series of parallel cracks
will be generated as long as this constellaticn of thresholded
edge confidence values prevails. The reader may convince him-
self that the 1nverse slope of tresholded edgze confidente
values with respect to the processing direction will not re-
sult in such a "comb" of cracks, i.e. the comb results from

the directional preference of the algorithm due to is's se-
quential nature combined with a "little too much locality"

for coping zorrectly with such situations.

It should be pointed out, however, that this property does

not adversely affect the segmenting power of the modified
Yakimovsky algorithm. It can simply be coped with by dropping
short cracks - at the only cost of increased overhead (generate
a description for the starting edge, detect it as a short
crack, removs the description and reclaim the core reserved

for it).



1C

Suppressing cracks of length 1 removed about 340 out of 2800

edge lines (both boundaries and cracks) for an edge confidence
threshold setting of T = 100 in the picture section of fig. 1c.
About half of these 340 very short cracks were due to the comb

effect.

Conclusion
The picture segmentation algorithm proposed in /1/ and dis-
cussed by Yakimovsky has been analyzed and slightly modified.
It is conjectured that Yakimovsky himself was not interested
in extremely high spatial resolution and consequently did not
investigate the details discussed in this cantribution. The
slightly modified algorithm supports Yakimovwsky's basic claim
by demonstrating a satisfactory segmentation with a high spatial
resolution which is only weakly influenced by the specific
choice of “he ftwo threshold parameters. The resulting segmen-
tation of raw TV-digitizings from an untuned camera/analog-
disk sensor-setup does not require any semantic input /5,6,7/
and nevertheless preserves the possibilities for & semantic
interpretation to an astounding degree. This observation tends
to support the hypothesis of Marr /8/ that & proper non-semantic
analysis may enable one to extract much more information from
the digitized greyscale pictures than might have been suspect-
ed during cervain phases of scene-analysis history. The modified
Yakimovsky algorithm seems to be a reliable base for our con-

tinuing work on the analysis of sequences of TV-scenes.
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Fig. 1la
Fig. 1b
Fig. 1lc
Figs: 2
Fig. 3a
Fig. 3b
Fig. 3¢
Fig. 34
Fig. 4
Hiigr,
Fig. 6

Figure Captions

Stree: intersection reproduced from AMPEX TV-analog disk

Same scene reproduced from TV-digitizings by means of

a Thomson~Houston solid state storage tube. The horizontal
stripes are due to the linewise transfzr of digitizings
between a minicomputer and the storage tube.

Center section of fig. 1b (48 lines & 128 pixels 6 bit
grey values from even half picture) eniarged 4 times
horizontally and 6 times vertically to preserve geo-
metry. The digitizings of this section are used for the
following discussion.

Notat.ion used in discussion.

Segmentation of digitizings from fig. 1c obtained by

the original version of Yakimovsky's algorithm. The edge
confidence threshold is T = 30; only the environment of
fig. 4b has been used to produce this segmentation.

Segmentation of the same digitizings az in fig. 3a with
same edge confidence threshold by the modified algorithm.

Conditions as in fig. 3b but picking the maximum edge
confidence obtained for all three env1ronments sketched
in fig. 4b through 4d.

Conditions as in fig. 3¢ but applying a most-similar-
neighbor-first iterative region-merging algorithm to

the output of the modified region-finder with dissimilari-
ty threshold t = 5.

Different environments used Lo determine the edge confi-
dence between raster points.

Segmentation of digitizings from fig. ic using the modi-
fied =2dge acceptor, three environments for picking the
maximum cdge confidence and iterative most-similar-neigh-
bor-firs* region-merging as in fig. 34 but with different
threshold parameters. The edge confidence threshold has
been set to T = 100 and the dissimilarity threshold t
varied between

t = 3 (flg. 5a)

t = 5 (fig. 5b: only difference tc fig. 3d is

T = 100 rather than T = 30!)

= 10 (fig. 5¢)
= 30 (fig. 54)
Please note that the coarse structure of the main objects
(car from side, car above it, traffic sign to the right)
is re+ained.

¥ ot

Variation of the edge confidence threshold T over more
than two orders of magnitude keeping the dissimilarity
threshold t for region-merging constant at t = 5,



(Figure Captions, continued) 15

10 (fig. 6a)

30 (fig. 3d)

100 (fig. 5b)

500 (fig. 6b)
1000 (fig. 6¢)
2000 (fig. 64)
Please note the message: only at T = 2000 regions with
a substantially different interpretation don't remain
separated.

LU O T I [ T 1

HaAadaa3

Fig. Ta Greyscals reproduction by means of a TV-storage tube
from the segmentation of fig. 1c as depicted in fig.
Bb .

Fig. 7b Enlargement from fig. 7a around the car in the upper
half. Although this car is representec in the raw
digitizings by not more than 15 TV lines with 13 pixels
each, the dominant features - front window, car top,
hood, left and right fender - are preserved by the
segmentation in a way that is accessible to a correct
semantic interpretation.

Fig. 8 Distribuzion of thresholded edge confidence values which
result in a "comb" of cracks when processed from left
to right with small row numbers j firs:.
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Figure 4 17

Environment to determine the edge confidence be:ween raster point
(i,j) and it's neighbor below, (i,j+1). The env-.ronment for deter-
mination of A2 ure obtained by rotating the figures through 90

degree.

Single environment used
in earlier versions of T
our segmentation program Na) 2
(1,j+1)
(i,3)
4p) —
(i,j+1)i
In later versions of our
segmentation program all

three environments b
through d are evaluated
for every point (i,j)
and the edge confidence i
is chosen to be the

maximum value obtained

with one of these three
environments '

(i,5) [
The number of raster points be) '

in the environment has been i,j+1)
reduced from 7 to 5 in

order to restrict the maximum
extension to 3 lines by 3
columns and nevertheless
retain the same area for

all three environments in
fig. 4b through 44.

]

L d
4d)

|

(1,j+1)

|
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