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} ABSTRACT

e
A new measure of edge information for color images based on cumulative histo-
grams of absolute color differences is proposed. A multispectral version of the Sym-
metric Nearest Neighbor fliter for edge-preserving smoothing and methods for image seg-
mentation and edge detection are developed based on this measure. Experimental
results show that the performance of the new algorithms is very good.
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1. Introduction

i
g " "The analys!s of color Images has recelved relatlvely little attentlon In com-
"~;.' "
“J'.' :
hy puter vision research, In splte of the facts that color plays an Important role In

human vislon and that color should also pl_'ovlde much useful Information for
many lmage analysls appllcations.— Image preprocessing by smoothing, reglon-
based segmentation and edge detectlon are among the baslec and most Important
steps In most appllcatlcns. A wlde varlety of methods for these tasks have been

developed for gray scale lmages, but oniy a few for color Images.

b

i A general Introductlon to color Ilmage processing and analysls Is glven by
Pratt [1]. The applicatlons of human visual color models to computer vision are
reviewed by Granrath [2] and Gershon [3]. A comparatlve study of color features
! was carrled out by Ohta et al.[4]. Among the color segmentation approaches pro-
E:E: posed In the llterature are the histogram splitting method of Ohlander et al. [5]

and lts successors [6], clustering methods by Schachter et al. [7] and Sarabl and
Aggarwal (8], and a method based on edge-preserving smoothlng by Nagao et al.
[9]. For color edge detectlon an extenslon of the Hueckel edge operator was pro-
posed by Nevatla [10] and a mask technlque by Robinson [11]. A color smooth-

Ing method using global distribution of pixel values was proposed by Klitchen et

B T U9
e

al. [12].

This paper presents a measure of edge Information for color Images, which
can be used for smoothing, segmentation and edge detectlon. We Investigate the

color Informatlon In histograms of first-order color differences. A multispectral
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verslon of the Symmetric Nearest Nelghbor filter [13] for edge-preserving smooth- ‘:-

Ing, and methods for reglon-based segmentatlon and edge detectlon are _ﬂ

4

developed. 5

1

These methods are based on cumulative histograms of absolute color 1

differences computed In a single pass through the lmage. Hlstograms of first-
order gray scale differences have been used by, among others, Nagao et al. for
threshold selectlon [9] and Gotoh et al. [14] for analyzing propertles of medlan

filters .

In thls paper we glve examples of our approach using two-band data. The

methods, however, generalize stralghtforwardly to three-band color data.

2. Histograms of Color Differences

The global hlstogram of absolute color {or gray scale) differences provides a
good measure of edge Ilnformation In an Image, beéause the llkelthood that an
absolute color difference occurs In the interlor of a reglon decreases monotonically
with Increasing magnitude of the difference. The general form of the histogram
of absolute gray level differences Is deplcted In Figure 1. The high peak on the
left comes from differences Inside homogeneous areas and the small peak on the
right from edges between reglons. In the multidimenslonal case the differences at
edges are sparsely scattered and usually no significant peaks exist In the histo-
gram. The peak caused by homogeneous areas Is very high and 1t decreases shar-

ply with Increasing absolute gray scale or color difference.

",
N S T T T T T
e Satindibenin o B Pt B Sas B B S i S

AL AT I R T RIS St T g e R
W VO S S T s W YO s e WL Y S SO W S R W




PR VST TG -.’.' LR e R AL I- I\ I-_I!.\!.'-!. P A St Y i i A i i S e R B ¢ g

-y

e AEAEAE M

0

A difference histogram 1s computed in one pass through the Image by consld-

r
-,
[
it
o
»
",
L.

ering absolute differences between a glven plxel and 1ts four nelghbors.

Instead of uslng the origlnal histogram, we can easily compute a cumulatlve
histogram of absolute color differences, In which we can be certaln that the fre-
quencles are monotonlcally related to the magnitudes of the differences. Here the
cumulative frequency assoclated with a given absolute color difference Is the fre-
quency of all differences which are greater than or equal to It In each coordlnate.
This cumulatlve frequency corresponds to the area of the rectangle in the original

2-color histogram determlined by the glven value at 1ts corner (Figure 2).

3. Edge-Preserving Smoothing

The Symmetric Nearest Nelghbor (SNN) fliter recently lntroduced by Har-
wood et al. [13] uses both spatlal and nearest-nelghbor constralnts on Image plx-
els to smooth an Ilmage. To compute the gray value for the center pixel In a local
nelghborhood, 1t selects half the number of pixels in.the nelghborhood by select-

ing, from each palr of pixels located symmetrically on opposlte sldes of the center

plxel, the one closer In gray value to the center plxel. In case of tled palrs, the

mean of the palr Is used. Then the mean value of those selected ls substltuted i)

for the original value. =

et 3 .i .

2 To find symmetric nearest nelghbors for a multlband Image, the followlng

procedure is proposed:
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1. Compute the multidimensional cumulative hlstogram of absolute color

differences.

!0

For each symmetric palr of nelghbors In a local nelghborhood, compute the
absolute color differences between the two pixels In the palr and the center
pixel. The plxel with a higher frequency In the cumulative histogram
(smaller color difference) Is selected. In case of tles, the mean of the sym-

metric palr Is used. The mean of the values of the set of plxels selected s

asslgned to the center pixel on each band.

The color-SNIN fllter can be lterated and It converges without producing
artifacts; normally only very small changes occur In the image after 2-3 itera-
tlons. The hardware Implementation of the color-SNN using a 3 by 3 nelghbor-

hood should be almost as stralghtforward as In case of the baslc SNN fliter [15].

The histogram of differences can also be used for other nearest-nelghbor
operations. A color version of the k-nearest nelghbor fllter [16] can be lmple-

mented by selectlng the k nelghbors with the smallest color dlfference (highest

values In the cumulative histogram) for averaging.

4. Segmentation

Our method of color segmentatlon comblnes edge-preserving smoothing with
a slmple connected components (CC) algorithm, In which ad)acent plxels are sald
to be connected If the llkellhood or frequency of the color difference 1s large (so

the magnitude of the difference Is small). The algorithms make use of the com-
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E’,{.\_{ blned Informatlon In the two-band lmage. A gray-scale version of the CC algo-
» rithm s described 1n [17]; both verslons are modlficatlons of the usual one for
Koo

binary lmages [18].

This approach 1s simllar to that of Nagao et al. (9], except that they used a
different edge-preserving filter [19] to smooth each band separately. Then small
level reglons of the separate bands were merged dependlng on multiple thres-
holds, one for each band, to determine the connectivity of 4-adJacent nelghbors.
This method performs falirly well, although 1t has some weaknesses. The smooth-
ing fllter tends to distort edges and to create artifacts; also, because the bands
are separately smoothed, there are often inconslstencles between bands, which are
especlally notlceable at reglon boundaries. In addition, there is the problem of

selecting proper thresholds for the separate bands.

Now we will describe the present approach to color segmentatlon which

minlmizes the weaknesses of Nagao’'s method.

First the image s smoothed by the color-SNN fiiter. Normally, 2-3 lfera-

:f-:."_: tlons of 3 by 3 flltering are needed to sharpen edges and smooth homogeneous
. areas. To make edges even sharper and to avold mlsmerging of regions at some
(=

oo critical polnts, bands are edge-enhanced with a gray-scale fliter (MINRANGE)

using a modification of the ‘‘least varlation’ principle of Nagao and Matsuyama's

SOEARN SR
.

v smoothing algorithm [19]. The MINRANGE fllter replaces the center value of a 3
:;_"_,"; by 3 nelghborhood by the mean of the 4-pixel ‘“‘corner’ subgroup (of the eight
R

,ﬁ’ such, Including the center) having the smallest range. Because sharpening lIs
¥ -

:_-".j- applled to almost completely smoothed bands, no artifacts are generated. More
O 5
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- discusston on sharpening and on recent studies with single-band SNN smoothing
ﬂ Is presented 1n [20].

After the color Image Is smoothed, it 1s segmented by a two-pass connected

. components (CC) algorithm, In which adjacent plxels are sald to be connected If
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the Ilkellhood or frequency of thelr absolute color differences Is sufficlently large.

The only parameter 1s a threshold, expressed as a centlle of frequencles, which 1s

. supplled by the user. E
| ]
First, the two-band histogram of absolute color difference 1s computed, ‘1

i which 1s flist converted to a two-band hlstogram of cumulative frequencles and 1
° 3
finally to centlles of thelr distributlon. 3

]

The two passes of the CC algorithm are the same as those of the standard 1

L

. one. Row by row, pixels are asslgned labels by comparing each plxel with the

R

. four adlacent pilxels above or to the left, which have already been labeled as the
Image Is scanned from top to bottom, left to right. Then, In the second pass, the

pixels with component-equlvalent labels are relabeled unlquely. ?

5. Edge Detection

In thls sectlon we describe a method for detectlng color edges using the

difference hilstogram approach.

) ]
- The magnltude of a color edge at a plxel mlght ordlnarlly be defined as the .
‘ root-mean-square of the normallzed band d!fferences [21]. :
s ]
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Here, after possibly smoothlng the lmage wlith the_color—SNN and MIN- i
RANGE fliters, the cumulatlve histogram of absolute color differences Is com- :
puted and converted to centiles of the distributlon of cumulative frequencles. )
Then the color edge-value at a pixel Is the maximum centlle of the cumulative _]
frequencles of the color dlfferences between the center pixel and lts elght nelgh- 4
bors. By thresholding, we obtaln a bilnary edge Image. E
:

6. Experiments and Discussion ik

Figure 3 shows the red and green bands of a color image of a house. The ,1

size of the lmage 1s 255 by 192 plxels with elght bits per plxel. Flgure 4 shows 1
the same bands after two lteratlons and Flgure 5 after flve lteratlons of color- i;}
SNN smoothing. The Images become much smoother (note the tree) and the ;
edges are well preserved. The dlifference between Flgures 4 and 5 seems to be j
small. .

A good way to evaluate the effectlveness of smoothing Is to conslder lts
effects on segmentatlon. Because our CC segmentatlon Is very sensltlve, depend-
Ing on single linkage of ad)acent plxels, the results wlll be poor If the Image 1S not

well smoothed whlile enhancing edges at Important reglon boundarles. In the fol-

lowing figures, the borders are black whlle the Interlors are constant at the mean

of the maximum and minimum values of the bands. -
Flgure 8 shows the segmentation of the original, unsmoothed Image using a :‘C

centlle threshold of 75, and the resulit Is as poor as expected.

-t -
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After two lterations of color-SNN smoothing the segmentation Is much
better. Flgure 7a shows the result for the threshold 75, and Figure 7b for the
threshold 80. A further slight Improvement Is obtalned by flve lterations, with

the result at the threshold 80 shown In Flgure 8.

Even more detalls can be segmented If the edges are enhanced by a postpro-
cessor after color-SNN smoothlng. In our exes-aples we used the MINRANGE
filter described In Sectlon 4. Flgure 9a shows the segmentation after two ltera-
tlons of color-SNN smoothlng and two lteratlons of sharpening with MIN-
RANGE, and Flgure 9b the segmentation after flve lteratlons of color-SNN

smoothlng and three lterations of sharpening. The threshold value Is 80.

In order to further study the effects of lteratlons and sharpening we dld
experiments with a hlgher threshold, 85, which should cause unwanted merging.
In this case, two or flve lteratlons of color-SNN smoothing without sharpenlng
did not give very good results (Flgures 10a and 10b). The results for two itera-
tlons of color-SNN with two Iteratlons of sharpening (Flgure 10c¢) and for five
Iterations of color-SNN with three teratlons of sharpenlhg (Figure 10d) are very
good. These and other experlments we performed suggest that 2-3 lteratlons of
color-SNN followed by 2-3 lteratlons of sharpening 1s easily sufficlent for good

results; very few changes In segmentation occur with more iteratlons.

[n another example we used the red and blue bands of an Image of a room
(Flgure 11). The slze of the Images Is 256 by 258 plxels with elght bits per pixel.
The segmentation of the origlnal bands 1s shown In Flgure 12a, the results after

two Iterations of color-SNN In Flgure 12b, and after two lterations of color-SNN
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followed by one tteration of sharpening in F) ure 12c. The threshold value Is 85.
The segmentatlon of the original 1mage 1s poor, whlle the other segmentations are

very good.

Figure 13a shows the color edges computed for the origlnal, unsmoothed
two-band color Image. Flgure 13b shows the edges after two lteratlons of color-
SNN. and Figure 13c after two lteratlons of color-SNN followed by two of MIN-
RANGE sharpenlng. It can be seen that the color-SNN alone gives good results,

and that the effect of the sharpening 1s not Important for thls lmage.

The methods were also tested on a set of road lmages digltized from a video-
tape. Flgures 14a and 14b show the green and blue bands of a road Image, which
has a hlghly textured background and a shadow on the road. The segmentatlion
of the shadow is a very difficult task. The slze of the lmage Is 128 by 128 plxels
with elght blts per plxel. Flgures 14c¢ and 14d show the same bands after three

lterations of color-SNN smoothlng. The textured areas have become significantly

smoother.

Figure 15a shows the segmentation (threshold 80) after three lteratlons of
color-SNN followed by two Iteratlons of sharpenlng and Flgure 15b shows the
sezmentation wlithout sharpenlng. Flgure 15¢ shows the color edges {or the case

of Flgure 13a, and Flgure 15d for the case of Flgure 15b, with a threshold of 95.

In our previous examples we used Images having elght blts per pixel. The
size of the difference hlstogram Is 256 by 258 bins for 8-bit data. We also did

comparative experiments wlth 8-blt data, In which case the histogram has 84 by
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6864 blns. The results were almost 1dentical, even though In the latter case nearly '3
R0 percent of the absolute differences were In the nlne blns nearest to the orlgin J
3

for a smoothed Image. This suggests that a three-band verslon of our approach 4
p

could be easlly Ilmplemented by uslng 6-blt data or by uslng adaptlvely quantlzed 1
histograms. 4
1

7. Conclusions ]

A new measure of edge Informatlon for color Images based on cumulative
histograms of absolute color dlfferences was Introduced. Methods based on thls
measure were developed for edge-preserving smoothing, segmentation, and edge
detection. The methods performed well In experiments. Among the good
features of the methods are that they are relatlvely simple, they do not possess
m:any parameters, and they seem to give good results for many different types of

Images even when using the same set of parameter values for these different

Images.
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FIGURE CAPTIONS
Flgure 1. Histogram of absolute gray level differences.
Figure 2. Determination of cumulatlve 2-color frequencles.

Flgure 3. Original bands of house Image.
a) Red

b) Green

Ry Flgure 4. Bands after two lterations of color-SNNN smoothlng.
a) Red

;) b) Green

"'.f'; Flgure 5. Bands after flve Iterations of color-SNN smoothing.

a) Red

_ b) Green

Flgure 6. Segmentatlon of original bands (threshold 75).

.
P Flgure 7. Segmentatlon after two lteratlons of color-SINN:
[ a) threshold 75 b) threshold 80

Flgure 8. Segmentatlon after flve lterations of color-SNN (threshold 80)

9
ey -
Flgure 9. Segmentatlon after two lteratlons of color-SNN and two lteratlons of
sharpening (a), and after flve iteratlons of color-SNN and three iteratlons of shar-
pening (b); threshold 80.
* . Filgure 10. Segmentatlion with threshold 85:
(AR a) two iteratlons of color-SNN b) five lterations of color-SNN
'~"jf_ ¢) two lteratlons of color-SNN d) five 1teratlons of color-SNN
- e and two Iterations of sharpening and three lteratlons of sharpening
L 3
> 13
¢
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Flgure 11.

Red and blue bands of room lmage.

a) Red

b) Blue

Figure 12.

Flgure 13.

Filgure 14.

Flgure 15.

Segmentation with threshold 85:

a) for origlnal bands

b) after two lterations of color-SNN

c¢) after two iterations of color-SNN
and one iteration of sharpening

Color edges of house Image, with threshold 90:

a) for original bands )

b) after two lterations of color-SNN

c¢) after two lteratlons of color-SNN
and two Iteratlons of sharpening

A road Image.

a) green

b) blue

c) green after three iteratlons of color-SNN
d) blue after three Iteratlons of color-SNN

a) Segmentation with threshold 80 after three Iteratlons
of color-SNN and two iteratlons of sharpening

b) Segmentation without sharpening

c) Edges for (a) with threshold 95

d) Edges for (b) with threshold 95
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Fligure 1. -- Histogram of absolute gray level differences.
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Figure 2. -- Determination of cumulative 2-color frequencies.
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a) Red

b) Green

Flgure 3. -- Orlginal bands of house Image.
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a) Red

b) Green

Flgure 5. - Bands after 5 iteratlons of color-SNN smoothling.
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Flgure 8. -- Segmentation of orlginal bands (threshold 75).

Flgure 7. -- Segmentation after 2 Iterations of color-SNN.

a) threshold 75 b) threshold 80 ]
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Flgure 8. -- Segmentatlon after S Iteratlons of color-SNN (threshold 80)

e s

Flgure 9. -- Segmentatlon after 2 Iteratlons of color-SNN and 2 lteratlons of
sharpenling (a), and after 5 lteratlons of color-SNN and 3 Iteratlons of sharpening
(b), (threshold 80).




Flgure 10.

-- Segmentation with threshold 85.

a) 2 lteratlons of color-SNN b) 5 Iteratlons of coior-SNN
c) 2 iteratlons of color-SNN d) 5 Iteratlons of color-SNN
+ 2 Iteratlons of sharpening +3 lteratlons of sharpening

T e T ot

R ATt A8 8. 8. 8.8 »

PSPPI S

aar

PP NV SV ST R S VR RS S SR St R

¥
y
5
"
'
"
1
o -
Cmmcm .



WU N W Y TN T NN R T TN T RO R,

-

a) Red

b) Blue

Filgure 11. -- Red and blue bands of room Image.




Flgure 12. - Segmentation with threshold 85.

a) for original bands

b) after 2 ‘terations of color-SNN

¢) after 2 Iteratlons of color-SNN
and 1 lteration of sharpening
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v( Ses. b ‘ Figure 13. - Color ecges of house Image,
AT oyl wlth threshold 90.
. ]
a) for original bands ;
b) after 2 Iteratlons of color-SNN
c) after 2 Iteratlons of color-SNN
and 2 Iterations of sharpening i
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Flgure 14. -- A road lmage.

a) green
b) blue
c¢) green after 3 iterations of color-SNN
d) blue after 3 Iteratlons of color-SNN

Figure 15.

a) Segmentation with threshold 80 after 3 lterations of color-SNN
+ 2 lteratlons of sharpening

b) Segmentation without sharpening

¢) Edges for (a) with threshold 95

d) Edges for (b) with threshold 95
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