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Abstract

The present thesis embodies an in-depth study of Euclidean Distance Transform
(EDT) of a binary image and its applications in the areas of Image Processing and
Computer Vision. Main emphasis has been given for designing fast and parallel algo-
rithm, which ideally suits for VLSI implementation specifically in Cellular Architectures.
Earlier work in the field of distance transform and its applications has been reviewed
along with their proposed VLSI architectures. ‘Subsequently, an O(n) time parallel al-
gorithm is developed for EDT of an n x n binary image and its implementation in a
cellular architecture is presented. Based on sound EDT computation, a linear time
complex parallel algorithm has been developed for computation of the skeleton of a bi-
hary image with VLSI implementation. A novel technique for computation of discrete
Voronoi diagram for binary image using EDT technique is also presented with cellular
architecture. Qne of the most recent and popular area of research is the computation
of the Hausdorff distance between images. We have exploited the EDT computation
technique to compute Hausdortf distance in parallel. Tt is also shown that the same i<
realizable in cellular architectures. Further. applications of Skeleton, Voronoj diagram

and Hausdorff distance are also explored successfully in this thesis.

Keywords : Euclidean Distance Transform, Skeleton, Voronoi Diagram, Hausdorff

Distance, VLSI, Cellular Architecture, FPGA, Image Processing, Computer Vision.
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Chapter 1
Introduction

As we approach the new millennium, we can expect greater challenges in computing in
terms of speed and cost-effectiveness for handling new applications. Image processing
and computer vision would be no exception. Algorithms for various problems in these
areas should be fast. The thrust in early years was on developing fast sequential algo-
rithms (see for instance [KZQG]). Since sequential algorithms typically process an image
by considering only one pixel at a time, their performance is inadequate when the image
Size is reasonably large. A 1024 x 1024 image frame with 256 gray levels requires 8M

bits for storage and most applications require the storage and processing of multiple

frames at very high speeds. For instance, multimedia and video applications require
frame rates of 50 to 8 frames per second. Thus, the throughput requirements of these

applicationg could run into giga operations per second.

The reduced cost of microprocessors arising from the advances in semiconductor
I".ochn()logy has shifted the focus towards development of algorithms that use multiple
Processors simultaneously, Implementations of parallel algorithms have been mostly
attempted in the past on general purpose computers. For a specific application, the use
of a large number of general purpose machines would not be cost-effective. Fortunately,
With the rapid advances in VLSI technology, we are now in a position to design high

Performance hardware while keeping the cost low.

VLSI technology has progressed rapidly in the past decade leading to high packing
tlnnsit,ies, decrease in gate delays, powerful CAD design automation tools, and reliable

and fault-tolerant design strategies. Consequently, the VLSI circuit designers have the

TH-2715_964102 1
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Chapter 2
Terminology

T'his chapter defines various terms used in the thesis. We begin with the description
of the various transforms and then proceed to define various structures that can be

computed using the transforms. Finally, we briefly summarize the characteristics of

some parallel architectures ip vogue.

Distance transforms are taken only for binary images. A binary image can be ob-
tained from a gray image, captured by a camera, using various binarization techniques.
If G denotes g gray image in which the pixels have the values in the range [0,255] and
B denotes the corresponding binary image whose pixels have the values either 0 or M,
then binarization of G to obtain B can be done by simple thresholding as follows.

i = { 0 gp) <T

M otherwise

Where p denotes a pixel at row = and column y, b(p) denotes the gray value of p in B,
9(p) denotes the binary value of p in G and T'is the preset threshold value between 0
and 255, More complex binarization methods are described in [KZ96, Sch89]. In the

'St of this thesis, we refer to the pixels of the binary image with b(p) = 0 as 0-pixels

and the ones with b(p) = M as 1-pixels.

TH-2715_964102



8 CHAPTER 2. TERMINOLOGY

2.1 Distance Transforms

isting of
’ ) ) - s consisting ¢
Distance Transformation produces a mapping from a double-valued image, c

: . ; . .orresponding
0-pixels and 1-pixels, to a multi-valued image where every pixel has a value corresy

, , stion (NNT)
from the distance from the nearest 1-pixel. The Nearest Neighbor Transformation (

s : T can be called
assigns the identity of the nearest 1-pixel to each pixel of the image. NNT can be ¢
as vector distance transformat

nearest 1-pixel. Let (z,y)
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o
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1tz
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: -86].
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ansforms and nearest ne;

) Jhine vision
ghbor transforms are widely used for machine V15

applications.

Three types of distance metrics [GW92]

They are city-block, chessboard and Euclide
metrics are discussed below.

a s ocessing:
are commonly used in image proces

r . ,ll(’so
an. The distance transforms based on t

2.1.1 City-block

The city-block distance between two pixels p, = (z,, Y1) and p, = (z9,y2) is given by

d-d(iolapz) = |z, — Ty + ly, — Yal.

i : ue’
VINg a dy distance from (%, 9) less than or equal to some val .
. ; . than ©

dat (2,9). For example, the pixels with d; distance less th?

&r 5 . . .31'1(20:
vY) (the center pj form the fnllowing contours of constant dist

form a diamond centere

equal to 2 from ( xel)

o
2 2
21(}12
2.1 2
2

rI\] Ly =
e pixels with

dy =1 are the 4.
from (_:r.?y)

neighborg f
€an alsg |a

a ])i}(l"

(z,y). The city-block distance of

S
NI _ +ieal stel
Miimum yymhey of horizontal and vertica
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required to reach the pixel from (z,y).

2.1.2 Chessboard

. ; _ 3 1 en b
The chessboard distance between two pixels p; = (1,41) and py = (w2, ) is given by

ds(p1, p2) = max(|zy — @y, |y; — ).

In this case, the pixels with dg distance from (z, y) less than or equal to some value r
' h C 3

form a square centered at (z,y). For example, the pixels with dg distance less than or
orm : g ‘ :

equal to 2 from (z,y) (the center pixel) form the following contours of constant distance:
) cl b

ST SO R N T T )
DD = = e DD
e = o
DD = = = B
[SCREE SR SO R & T ]

The pixels with dg = 1 are the 8-neighbors of (z,y). The chess?oard diSLELI.lCG of a
pixel from (z,y) can also be given by the minimum num.lber 0.[ horizontal, vertical and
diagonal steps required to reach the pixel from (z,y). Since c1ty~block' and chessborjxrd
distances are integers, these two distance metrics are adopted for many image processing

: i TOT € ese distances and
applications for convenience. The maximum error [Bor84] between these distances

the Euclidean distance are as follows. For city-block, it is 58.6% and for chessboard, it is

A1.4%. The city-block and chessboard distance transforms of a 7 x 7 bitmap are shown
in Figure 2.1.

2.1.3 Euclidean

The Buclidean distance between two pixels p1 = (z1,41) and p, = (xo, y2) is given by

de(?"l!p?) = (:Bl - :}:2)2 + (yl - yg)z'

_ . i : . 1 , 1e value
For this distance measure, the pixels having a distance less than or equal to some va

" from (x,y) are the points contained in a disk of radius 7 centered at (x,y). Unlike the
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2 3 3 3 3
1000000 012 3 4 4 3 (111133222
0000000 1 23443 9 Lz
000000 g 2 3 44 3 2 1 2333210
000000 1 344321 0 3‘22;32]1
000000 g 2 3 4 4 3 9 1 9 S A
000000 g 1 2 3 4 4 3 9 112.33 X
10000 0 o 01 2 3 4 4 3 0101-%1)031_d
(a) Bitmap (b) City-block (c) Chesst

Figure 2.1 City-block and chessboard distance trans-
forms of a 7 % 7 bitmap.

10000 g g 0 1 2 3 i Jio 3
000000 g L' v2 V6 VIO vB8 5 2
00000 ¢ g Qﬁﬁm\/g\/i..‘z
0000009 1 3 V10 Vi3 3 2 170
00000 ¢ g 2 V6 VB VID F B 2
00000 g Iﬁ\/gm\f\/g:z
A 0 :

(c) Bitmap d) Euclidean
Figure 2.9 Euclidean distance transform ofa7x7 bitmap.
previous distances, Euclidea

n distance ig real valued. The E
attractive for the following

g 18
. ‘ . tric
uclidean distance me
easons:

L. Tt is a natural me

asure of dist
dist;

ance; the me
ance between the pixels.

-aight 1in°
asure corresponds to the straig

The Euclideay, distance measure ig rotation invari
applications |ike sh

il
- is useful

ant. This property is us
alysis, object recognition

ete.

ape an
The

Euclidean Distance
2.1)

i {4
‘ Flg“r
Transform (EDT) of 5 7 X 7 bitmap (same as the one in
is shown ip Figure 9.9

2.1.4 Other Distance Transforms

There are othey disl,anc:e tra.nsforms E
45 octagong|

wil
that are
t;hamfer dista.m:e tr

are kit
and approximationg t EDT. They ¢

cll1(
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Octagonal

b - . AN & 3 al] - p]}hcln
tOIT1 | | |

3 3 3
3 2 2 2 3
3 2 2 1 2 2 3
3 2101 2 3
3 2 21 2 2 3
3 2 2 2 3
3 3 3

i i hose with distance
the pixels with distance 1 are the 4-ne1ghbors of center pixel. I
Here, the ¢ ; S

: rith distance 3 are again
tl neighbors of the pixels with distance 1 and the ones with
2 are the 8-ne :

istan ‘e either
ix i stance n are ei
hi of pixels with distance 2. In general, the pixels with di
4-neighbors of pixels ;

i ' i vith distance n — 1.
4-neighbors or 8-neighbors of the pixels with dis

If n is odd, then the pixels
' r are 8-nel IS.
are 4-neighbors, otherwise they are 8 neighbo

Chamfer

. el-
: e transform deve
: ial two-pass distanc

igl r referred to a sequentia ized by Borgefors
! hamfer originally re : red and generalized by 8
The term cha ffl(l and Pfaltz [RP66]. It was later improved 'ullcl ga(lﬂ i

3 selie ' - : ) Sle - L -

e | Roqenl nfer distance transform approximates the g C.’ hborhood mask. A 3 x3
[BOI‘SG}- e cha "qt'ion of local distances within a small neighb
With repeated propagat :

. n bC .
: " 1 w

41314
03
413 |4

Chamfer 3-4
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41111011114
11|71 5 11
0|5 10
17 11
411111011114

Chamfer 5-7-11

One approach for computing the

cedure with the following initialization.

&(p) = 0 pis 1-pixel
‘ 00 pis O-pixel

The dist

d2(p
of’rf(p)={ )

; k-1 _ 1A N
iR ) k> 0

where k standg for the iteration

is a pixel in thy
The chamfer 3.4 and ch
in Figures 2.3 (b)
to the |
chamfer 3-4 1,
it is 5.

number, N,
t neighborhoo and
amfer
and (c).

mask, p,

5-7-11 distance tr

alues byt with som
ortiona.lity const,
Euclide
are given in |
the size of {he neighborh

ask, the prop

T'he Approximate an distance v
transformg igures 2.3 (e)

and (f)
0od

and the selectiog

distance, t}e Maximum ey is 8.3%,

A geometric approach { imal Jocg) dist

The applicationg of
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4 )I'O‘
. i i x thlVe ]
chamfer distance transform is via an itera

ance values of aJ| O-pixels are computed as follows.

| by the
» 18 the neighborhood of p definec
W, is the loca] dist

o of th€
. . ase

¢ approximation error. In the c

ant is 3 and in the ¢

. r . ()I[d
. The approximation error dep

nfer «
. ‘or ¢ lq‘lllf

1 of the loea) distances. For chs
and for chamfer 8-7-11

distance transforms gy discussed next.

: he

ance given by th hown
: e S

ansforms of 4 x 4 bitmap are

)
tion
. - -0p Ol
» are integers and they are prop
uclidean distance v

. E 711
)
ase of the (tlla.lﬂiml' ;
- dist
or dl
alues computeq from the chamfe

Y )1
distance, it is 8.1% B¢

ances is given in [BM98).

' : FORMS
2.2. APPLICATIONS OF DISTANCE TRANSFO

_ 15 16 18 21
9 10 11 12 ii 1
0083 6 7 8 11 101l ﬁl 16
0000 547 10 515)1015
1000 03 6 9 v

() (b) (c)

_ 6 42
y 3 32 3.

z 3 3.33 3.66 28 3.6
3 316 3-862 43;261 2 233 266 3.66 ? ?i 2.2 3.2
o 3‘23 3.16 L 1.33 233 333 0 1 2 3
0

f
“ (@) (f)

o ralues in (c) divided
distance values in (b) divided by 3; (f) distance values in (
by 5.

2.2 Applications of Distance Transforms

r92], pattern
; 95, KK87, Ver92],
Distance transforms are useful tools for image analysis [Ilil-lse vision [Pag92] and other
'>‘ | "Irion [LS90, Ahu80], robotics [Bou90, AdB86], m'ac 11'11 ' involve computation of
recognit l'J . * [Ye88, DC87]. Most of these applications

related applications : :

in this
orms are defined in
i three terms
tance. These
1 diagr r Hausdorff dis
skeleton, Voronoi diagram o
section.

2.2.1 Skeleton

: X > of objects
T : = image is an important representation .of 111( sha;)f;l ;J Skelleton
e sheleton of a p. ]l (fgr many pattern recognition applications. ) lefined as
' the image and is us?m Ocomisging of an object and a background, IS‘ ( :.31 an one
°f'a continuous bingy H.]lag: th; object which are equidistant from more Lr_ld from
£ 864 of points belongm? '0 of the object. The object can be -1'0(:onst}?1i eof discs
“losest point, on t'he_boumﬁlgistance values. The reconstructed object coniqls s o
the skeleton pOiI‘{l’»S ?ﬂth Fthlutlhe skéleton points and radii are the distance va {;cs ak,e laet.(;“-
o anlare (:{n;‘?dil‘:ell;;{()IH of some objects are shown in Figure 2.4. The skele
Skeleton points. The skeletons

“ C y ie R - LO Uf {1 ol k(‘l Or1 lL
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. . orner in
| é ¢ s from a corn
medially located with respect to the boundary and each branch arises

] ; LIlCh.
! )Ill\I one I)l(
l l 0 - bj i 0 5 & h [) S t.U one E].I](l C A

'

20

Figure 2.4: Skeletong of some ob

jects. Object boundaries are shown
by thin lines and the skeletons

by thick lines.

T ; . - b s over

In multimedia, worlq wide web and real-time applications, data is distributed o
: é i . e irec
the network. Sometimes, binary images need to be transferred and it is require

analyze these images. The images are usually

itself. This takes less memory and time,

Another application of EDT is discussed next,

2.2.2 Voronoj Diagram

Lob
- . . . _01)0
. N important Beometric structure ang it has applications 11 1
path planning [Latgl],
Processing, it ig used for j

i imag’
[TJQO, KSIQB]. Th
the Euclide

and image processing. 17 gation
ntab
AS85] and texture segme s 10
SO 1NbE
= {?’hf)‘b "'1}“?1} Of polfoll 0
o ogi
ane, associating to each p; the 10}}% The
)
- - 1PS8h]-
i than to any other p;, j # i [PS8

slon [RP88, A

o ot
i- The Voronoj diagram consist

nearest, point, iy p. Figure 2.5 shows the

TH-2715_964102

of thos®
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Figure 2.5: Voronoi diagram of points

unbounded convey ! poly

. s . points
gonal regions. The construction of Voronoi diagram of n po
takes O(n log n)

3 G E ] S are
time in a sequential machine [PS85]. Some parallel implementations ar
available in [Roo94, DKF94, Guh94].

If each element of P is

an object (a connected set of points) of arbitrary size and
shape, the Voronoj diagr

am is still considered to be the subdivision of the plane obtained
according to the proximity
regions

Figure

i hi he Vi oi
rule analogous to that of a point. In this case, the \/oronl
(e L
ai i nts. As an example,
are no longer convex and bounded by straight line segme e
2.6 shows the Voronoi diagram of six objects namely A, B,C, D, F a
dimensign
the portio
the Voron

. . spond to
al space. The Voronoi region for object A in Figure 2.6 W()uldllcorreqp i
o g - i : T all convex, >
n of the plane lying to the left of ajasasay. If the ob.]e(:t_Sf ?lrz objects are non-
oi diagram is simply the skeleton of the background. But if the objec

{ ucting
. owever, before construc
‘Onvex, the Voronoi diagram is different from the skeleton. H )

t.ll(", \'XOI.OIIOi dl

'!E! rar w o ] B 5e I e (54 S l ’ ) ase (a0
c 3 - - (8101 Pl ‘iP‘.I[f,. ['1()[1 1!]
‘lns’

Jion i 21i sing parametric
arbit bject is not easy. One way of representation is modeling using pz
“bitrary object is asy. > Wa)

Clryeg [FVDFHQT]

P - 7] in a
This leads to the construction of a discrete Voronoi diagram [AdB86, SP97]

i ; i ound pixels.
‘Mary Image consisting of object and background p

icatic is discussed next.
One more useful application of EDT is disc

i 7 i * region lies within
i i - % et iy two points of the regio
'\ ion j £ 2x if the line segment connecting a ]
region is said to be convex if the g
e fegion itgelf
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Figure 2.6: Voronoi diagram of objects

2.2.3 Hausdorff Distance

The Hausd
orfl distan
ce between two images measures the degree of mismatch petweed

{iffer from on¢

(11icRo3, Rucd®
a]].(l

the images. 1
ges. It can be used to determine the extent by which two qhap(‘q C

YCQ ,R.
5 ucgo]. The Hausdor_ﬁ Dzstcmce between two pomt sets I” =

= {Ql,(h, o {p1 Py - ,Pm}

1Gnj ] - - B
maXpy.ep mmq €Q p(i ° ;k‘ﬁn;d as II(P-: Q) = maX(h(P Q) h(Q P)) where }L(P Q) =
—— T1J1 . fu“c?lgi ;mp p(.,.) is some distance function for comparing two p(lll

1 h(P, Q) is called the directed Hausdorf] distance from pto Q

It identifies the po

from p; to its nefr::tt;c;lrft fn tﬁgat’[‘lq farthest from the set @ and measures the distan®

Harisdorff distances are illustrat dhe function h(Q, P) is defined similarly. The dll(“t’

h(P,Q) takes O(mn) time Sm?:f in Figure 2.7. The straightforward [mnp\lmh oh .

in () are computed. Simil or each point in P, the distances with all th¢ P‘”‘t
larly, M(@, P) takes O(mn) time and hence the time Laken fol

computing H(P,Q) is O
(mn). The Hausdorff distances have the following proP* e

L Ifh(P,Q) =

d, then ey
very poin
some point in @, point in P is at a distance less than or equal ¢ df

2. HP (¢
Jand P+ (Q, then h(P,Q) = 0 but MQ,P) #0
3. F
H(P,Q) > o HP,Q)=0if p = Q

4 H(P(
TH-2715 96418% and @, P) are equal but J (P,
(P, Q) and h(QQ, ) need not be:

29, APPLICATIONS OF DISTANCE TRANSFORMS

h(P.Q)

I‘(a?r en‘ch point in P, the dashed line s
point in (), i.e., minimum distance to
longest of these minimum distances,

hows the distance to the closest
Q. Then, the bold line shows the

i.e., maximum of the minimum distances.

.%/h(@.l’)

For ench point in Q, the dashed line

shows the distance 1o the closest

point in P, i.e.. minimum distance 10 p. Then, the hold line shows the

longest of these minimum distances, i.€. maxir

Figure 2.7 Hlustratb

ion of directed H

num of the minimum distances.

ansdorff distances.
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The Hausdorff distance between images is defined between the set of foreground

pixels. The Hausdorff distance between two binary images A and B (each with size

n X n) consisting of foregrounds 7, ang Fp and backgrounds By and Bp is defined
as H(A, B) = max(h(A,B),h(B, A)) where h(A, B) is MaXp yepy MiNy, e, p(pa, pp) =
maXp,cr, p(pa, Fi) and similarly h(B, A) is defined. p, and P are foreground pixels of
images 4 and B. For example, consider two 3x3 images A

and B with their foreground
pixels marked ‘1’ and the background pixels marked 0’ ag

shown below.

oo o=
o o <

Fy and Fy are given by {p41:(1,2),p,12=

(2,3)} and {Pm=(1,1),pm:(1,2)}‘ Let the
distance metric be Buclidean, The di

flerent distance values are:

Moar,pa) } 1. PPar,ppy) } —0  Paz,ppy)

ﬂ(pﬁl:pz‘ll} ﬂ(pgg,p,“) p(pﬂl!pfi.?) P(le,ﬁ.ﬂ,z)

} - \/5; P(IJAz,PB:z) }} - ﬂ;

p(p/llp FB) = 0, ;O(IJAQ; FTB) = \/i’ p(pBl‘ FA) — 11 P(PB?, F‘.‘l) - O,

hA,B)= 2, (B, A)=1;

H(A, B) = /3.

1

Real-time OPerations are Now integra] p

ware inlplemeni.atiml is essential for real-tj
VLSI architectureg for im

art of image Processing applications, Hard-

me applications, [y the next seetion, different,
age Processing are discussed

In real-time Image Processing.

general-py, )0Se par
tory Processing g bose pay

allel Computers ¢
2ve

. annot offer satisfac-
Peed due ¢ g e system oy 5 ‘
technology 1o, ' - 2H

ads o the design of vy gy - rapid advancemeng iy, VLSI

al-time applications. [y VLSI,
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2.3. VLSI ARCHITECTURES F OR IMAGE PROCESSING

memory and processing power are relatively cheap nowadays a.nd the mair-1 emphasis of
the design is shifted towards reducing the overall mterconnection complemty‘an-d lfeep_
ing the overall architecture highly regular, modular and ca.sca,da.ble.. The at‘(':h.lteature
typically consists of an array of processors [Kung8]. .Image processing algorithms are
suitable for implementation in this type of VLSI architecture.

VLSI array processors can be classified into (1) Systolic architecture, (2) Wavefront
architecture and (3) Cellular architecture. In the following, we_discuss these three in
detail.

2.3.1 Systolic Architecture

Systolic architecture is one of the architectures used i.’or Soltfillg image p[r)o’cesszl-g
Problems. Examples of problems for which the systolic architecture has .c,on ‘e—
' is -order filtering for image enhancement [Of183, NFMMS85], re-
T]g“ed % medmn/?&nkir{::go restoration [KHLSGJ and computing Hough transform
axati cchnique for image restorat . |
[G‘{L:;;,)IJ\IL (9(;}1:1;(11:‘,161;011 [RD95], distance t;rans.forms [C.YQG] an;l la;)eh‘u];g?.;:g;zi:lljzci ;ir;]—
Ponentg [RMS95] for image analysis. The archltectflre is a plzpe z??et lai::ca,r.ra r e whic
input data is pipelined or queued and l,he}.f are given to t;ﬁ Tys Ochmnoiqu coméute
The Systolic architecture is a network o.f similar processors w 11(1: 1 ?y; rcommlt o
and pass data through the network. The DI‘TJCGSSOFIS ar; lloca 3; Ctlr;c o O Sillring
daty flows through the processors in a spemﬁc. path. | .1et Sii o, S Hi g
fe?llnures DESGHHIE Such e mOd“la"ityi. mglllar'lty, loia;:olrlrltiim‘ous flow o’t' data between
" Iiipelining, ighlyssymehiinizes mllltlpmcegsm'g al;(r a wide class of compute-bound
Procegsorg. Systolic arrays are especially appea;l‘l;lgq C(}\d o 9l s e s ol
cnm}mtations‘ where multiple operations are D(l,.l 0111:1 : iuns.tmted i
tive Manner. :T‘lle basic configuration of a s_ysto‘u,, a fc io;eqs;)rs p iyl
"®placing single processor by a 1-D or 2-D array of processors, a hig

increasing memory bandwidth.
thmugllimt can be achieved without increasing y
but e  achie

2.3.2 Wavefront Architecture

le to VLSI implementation of computation-boun
Tl . ) ) I'I.b e to )
While Systolic arrays are very amen

' ‘vities are controlled by a global clock. From the
ln_l}]_gp . orithms the activities ¢
" Processing algorithms,
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Memory <

> PE | PE | PE | PE | PE | PE |— |

PE: Processing Element

Figure 2.8: Basic configuration of systolic

arrays. Memory stores
input data and output resultg of systolic ar

ray.

hardware perspective, this glohal

S . 1 fault
synchronization incurs problems of clock skew, faul
tolerance and peak power.

The clock skew can vary drastically
of the array. A simple solution to these problems is to ado

computing in array processors. This leads to the design o
[KAGERS2, Kungg.

depending on the size
pt the principle of data flow

. 3SOTS
[ wavefront, array processot

In the data flow approach, the

arrival of data from neighboring processors is inter-
preted nd to activate new actions. It eny

g system.

as a signal to change state 4 isages a distributed
The asynchronous data-dri
¢ delay and hardware overhead
ost of the advant
and multiprocessing, regularity,

and asynchronoyg array processin ven model of
wavefront array incurg 5 fixed tim due to handshaking.

: h as
ages of the systolic array, such a

modularity and cascadability.

avefront array possesses m
extensive pipelining

2.3.3 Cellular Architecture

Both systolic and w

avefront architectures
and flow of dat

have the char
a in

a predefined path,
ave these chay

. ) i : ts
acteristics of pipelining of inpu

. . nle0-
’ architectures implement, only those alge
rithms which

. B . . . s are
. . acteristicg. l\fiorphologlcal mage processing algorithms ar
not suitable for mplementatioy, iy, Pipelined architectureg, | dilation

morphologic

al operationg an(
algorithing are iter
are updated ap( for e

of it. A cellu]

. . L e Si('
and erosion are ba
1 they

_ are Commonly performed iy m
logical

Cedures, At each ite
ach pixel, OPerations ;y0 carried

! Suit,

- -pho-
: age analysis. Morph
ative pro

. . IR
all the pixels in the imag
out wit,
able for morphologic

ration,

. . ‘hood
; : hin a small neighborho
ar architectyre 1S quity
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T ellular
al brocessing. The celluls

2.3. VLSI ARCHITECTURES FOR IMAGE PROCESSING

i 1 § 4 I. -I) i -Ilg Of inI)U-tlS- Si]“l‘—
l i i ‘al P rL : .-} i R A(:t l 8 wri ,l :]l (l T l I.r ll Vol ) :1 -

l 8 ' ill“ S‘Slllll . < y. ' - L& 1 i (0] l &l }

= i b - ite ) (10 o nOL il](‘ll[' &Il‘y
*O111 Lec = J = 1Le I es

ipelini ' e is also simple in de-
hard erhead since there is no pipelining. Cellular architecture is ¢ I
1ardware ov sinc

s g]] no i ! ¥ i ee l Of D|)€I‘a ,iOIl dllC
i 11 lar -'“l(l caSCa(lﬂ.hl i ur ;h '.Il, 11110 ar ,hlLGCLllIC llElS hlgll Sp C
51 P modadu « | e ] ' e arc t

i nection. Ilach cell is a sequential logic consisting of storage elements and
’ Iocal'mte‘rcon ircuit. The architecture is based on the concept of cellular automata
3 CO'nblllath: 1E111 ;lléll )9()] Thc values stored in a cell represent the local state of the
NS, Vel ’] I tc cf the architecture is represented by the vector of local ctates.
oL el awie ly operated and the cellular architecture evolves in discrete
Al the cells e Sym:hmmi?us yth(i)lccal state of a particular cell is a function of the local
e Stefp f—,i A;:gl:jigq (i:jlis in the previous time step. The function is implemented
states ot the ne

binational circuit of the cell. Figure 2.9 shows a 2-D cellular architecture in
by the combinat ire

. r : he
h each cell is connected to all the eight neighboring cells except those cells on the

toh exch vell ise _ ‘ .

;"I“C 113,1‘3 2-D cellular architectures are amenable to image processing [I098].

»oundary. 2- ¢

i = cell = cell
1l cell ce
cell ce
cell = cell cell
cell cell lﬁ
i
i
ell cell = cell cell cell
C
]
I cell > cell = = cell cell
ce
1 cell cell <=—= cell cell
ce

Figure 2.9: A 2-D cellular architecture.

] e el e a t[’ (& e i[ig as NS I e ( i (&4 ' e 'C: st initi 1 i 0{1
C [ arc 2CLUur lt_ ﬁISL l!lllal( llZ
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Gl s architecture is

by loading the storage elements of the cells with input data. Then the drdntcclutli
} . et o 11 a

allowed to run synchronously and the global state changes at each clock cycle unti

: ells
final state is reached. The outputs are the contents of the storage elements of the ce
at the final state.

2.3.4 Comparison of Different Architectures

All the three architectures described above share the important common feature of using

. . o i -allel
a large number of modular and locally interconnected processors for massive paralle

processing. The differences are in the hardware design such as clock and pipelining.

The comparison of the architectures is given below.
Features Systolic Wavefront Cellular
1. Modular yes yes yes
2. Cascadable yes yes yes
3. Local interconnection yes yes yes
4, Pipelining yes yes no
5. Operation synchronous asynchronous, data-driven | synchronous
6. Clock skew yes no yes
7. Additional hardware pipelining pipelining, handshaking no ]

Among the three architectures, t

he cellular architecture has he
and many

en developed recently
arallel algorithms cap |

e directly mapped onto this
architecture doeg not involve pj

pelining.

architecture. Besides,
the

In the next chapter, we revieyw

algorithms for computing various dist
and their applications.

ance transforms
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Chapter 3

Literature Review

In this chapter, we review prior work on distance transforms, skeleton, Voronoi dia-
, , We re :
gram and Hausdorff distance. The survey is therefore divided into four sections. Our
C -
discussion focuses on sequential and parallel algorithms given by various researchers. Ef-
i i : i ibilities of p
ficient sequential algorithms are cited and possibi I

arallelization of some existing
algorithms are studied.

3.1 Computation of Distance Transforms

Computing the distances from a pixel to a set of l—pix-els is a global opex-'atloln_ rrgj,rl:;:slf
Straightforward approach to the construction of any dlStal;lce tmnSfor“m ln‘VO :e? differ-
Pixel, scanning of the entire image to find the nearest 1-pixel where nea,lleslst 148 o
ent meanings depending on which transform (city-b.lock/chessb’oard /Euclic e?n) we ti(-m'q
to. The tim_e complexity of this approach is O(n*) for an n x n image. GIobE}F IOP‘G‘EI‘O a
are often prohibitively costly and unsuitable for VLSI array processors. Therefore,

decomposition strategy using only local operations is useful.,

City-block and chessboard distances can be COH.]IJI-ILC('I by f.‘.cmnSldet‘lr:lﬁl;rltlj; i;:l\];ll
Neighborhood at a time. A simple solution is to initialize l;he. distance \<,1 t e
'0°0. The distance values of 0-pixels can be computed itcrat]vel}lr. In each [1 ..e‘ll"a. .l L(; o
fvery pixel whose distance is to be computed, the neighboring pixels are checkec see

" cit istance, it is adequate to
if their distance values are known. In the case of city-block distance, adeq

23
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check the two vertical and two horizontal neighbors. In the case of (:hessb_oarfl (111$t511.{;](;,:
the four diagonal neighbors also have to be checked. The distance value of a pixe lf ’m;n
the minimum distance of the neighbors plus one. Efficient algorithms For computa ,‘82
of distance transforms based on these two distances are available in the literature [Ser82,
Bor84, Bor86, Y186, Vosss, Pago?, Rag92, Hir96].

The optimal sequential algorithms
run in O(n?)

- ; . they
time. Since these two distances are Integers and are easy to compute, the;
have been used for many image processing applications.

i ' ince it cor-
The Euclidean distance is however a more natural measure of distance since

o int al
responds to the straight line distance. Itg computation is hard to decompose into loc

: o ; S srafi Tence
neighborhood operations because it nvolves a nonlinear square root operation. E ’

algorithms concerning the approximation of Euclidean distance have been extensively
studied [Dan80, RK82, Bor84, Bor86, Vosss, Bor89, Bor91].

One approximation to EDT know

by performing the neighborhood ope
forms alternatively.

n as the octagonal distance transform is computed

rations of city-block and chessboard distance trans-
The chamfer distance transform,

obtained by performing morphological oper
mask. Since the distance values are integ
neighborhood mask, the chamfer distance t

plementation. A linear systolic array archi
is given in [CY96).

another approximation to EDT, is
ation on the given image using the chamfer
ers and their computation is using a small
ransformation is quite suitable for VLSI im-

tecture for chamfer distance transformation

Some attempts at exact computation of EDT have

Most, of them are sequential
complexity [CC94, BGKW9

algorithm to have

also been made in the literature.
algorithms and some of them h

9, Hir96, Fgg9sg). However, i
a time complexity better than O(n?)

ave optimal computational
b is impossible for a sequential
because each of the n? pixels has

¢ EDT in parallel for time-critical

Kolountzakis anq Kutsulakog [KK92] have given an O
rithm for computing exact EDT. The
PRAM (Exclusive Read Exclusive
algorithm rung ip O(n

(n* log n) time sequential algo-
their algorithin on the EREW
allel Random Access Machine)
g P processors.

Y have parallelized
Write Par
* log n/p) time usin
ategy. A Summary of the

model. Their
The algorithm uses a divide
1 below.

and conquer sty

i"(}]' f“'l,("-]l ]')i}{ l (? ?) ”’](" 'llg i I <
o e vJ )y We g 01 ILh 1¢o I .09t ] [$he) Ixe
. 1 ll)u‘r 25 t.llC (_l]st:'rlll(_,(,' 7'3'3' fr(]“'] thn nearest, l“l-)]‘ ('l
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3.1. COMPUTATION OF DISTANCE TRANSFORMS

' ! 4 b 1 2 3 4 5]

| (1} g 3 g 8 olo ozo c?o oo 00 22 22 34 34 ooco
' 000/ |2 2 o0 oo ool |22 22 34 34 ococo
1o o 0 4 4 4 4 o0 22 22 34 34 ooco
o 1o 0 2 2 o0 00 42 42 34 34 ooc0
X 8 {l] 8 8 0 00O 00 00 00 0O 42 42 34 34 0000 |
: v e
’ (a) Image (b) Vi; (c) N;

Figure 3.1: Computation of EDT in [KK92]. In (¢), the nearest
fmighhor N;j = (z,y) is printed as zy.

) ight side (columns greater than j) of (7, j). Computin-g the diSt&I_lC(-) frC-)I? t.h‘e
i 0 TR e- J left and taking the minimum of the two gives the acltual distance
"ig!‘lt -alm{fmm - el‘imi of 7;; involves computing Vj; for each (4, 7). V;; is the C(ﬂumn
Tﬂcgzaj)lfrltllle cm:sel:iai—piwccl itrj; the right side of (i,7) at the uth 1}'0w: lIf therequi::
Imdex of the nearest ) 4 /;; for all pixels in the ith row re 8
I-pixel, then Vj; is co. The (?Omlmtacalciialfcfel;;mfocompll]tation of Vi; for all 7 and j
only a single Sf:alllor [.'h;:i ii{::p]i:‘ V;; of all pixels of an image in F.igure 53'1.(3') is
takes only O(n?) time. UO- ‘the array of elements Vj;, the nearest 1-I)UﬁiI j\’:;r in the
Siven in Higure .B'F(b). dm!])lg scanning only the jth column of the array. This involves
ght side of (7, j) is f-ol““ (lji[s:r.,aix.u:e between (4,7) and (k, V;) for earc DE Ny -folr.a“
computation of EUCII(; - e (Fi.gul-e 3.1(a)) is given in Figure 3.1(c). Fhi authors have
pixels of the SRR SHRS ‘l(‘[' approach for finding N;; and it takes O(n®logn) for the
proposed a divide and COI]I(lt-;'sibil of this algorithm with p processors computes 3“2 Yy
entire image. The pa.ra.lle. \: rows to each processor. This computation takes -()(n /'p)
by assigning ”/p. Consécuileil‘ for all 7 and j, n/p consecutive columns al‘f% as.fslg?rne.d1 to
time. Once V}; is Complf 'N" This computation takes O(n?logn/p). 'I.he algorl‘t oo
each processor to compute £Vij. local neighborhood operations for each plXGP B,
described above does not I{aveE ﬁdea“ distance which is a nonlinear operation. Hence
- involves computing vuc algorithm in VLSI.

finding N;;

i nt, the
it is not cost-effective to implement

(§)! 1er ial EL iOl “'l S I el v |

; . ' 2) time. The

yroposed by Hirata [Hir96] and it runs in O<(n ; im .
T . ool | ‘ . : T ) Processors.
Che algorithm has b-ool!l ]m-it,hm runs in O(n?/p) time with p (1 < p = % ; iy
2a.1-;1.llel version of th;s a ;‘% orithm finds EDT in two phases. For each pixel (4, j), the
Similar to [KK92], the algorit

. of 91 ] XE I 'r] e .’J H . 5 [ 5 . .l
.1 (=] l.ltflllll ﬁ] I;IJ (()IIII)” €5 .; Z}'

e o if t-,hgr(._\_ 1s no 1- yixel.
is aqqigned the Val]!P |?. T | i 15 ©C I
!-,hor & o ixel, then g;; 18 assIg
- Nearest 1-pixel, t gi
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The computation of g;; for all pixels in the jth column requires only a single scan of the

column. Hence, its computation for the entire image takes O(n?) time. The g;; values
of pixels in Figure 3.1 (a) is given below.

g8 8 8 8 8|w
8 8 88 8|«

g8 88 8 8|~

Once gi; is computed for all ¢ and j, the Euclidean distance value d,(
Py scanning the pixels (¢, q), 1 < ¢ < n. in the ith rou. de(i, )
of (j — 7)* + 9iq for each (i,q),
to compute d, (3, j)

1,7) is computed
is given by the minimum
The author has proposed an al
from g;;. It takes O(n?) time for the entire image. The columns

can be scanned independently for computing g;; and similarly the rows for de(, 7). In
the parallel version of the algorithm us;

one processor while computing g;;

gorithm using stack

N8 P processors, n/p columns are assigned to

n/p rows are assigned while comf)uting de(1, 7)-
global operations and hence this
chitecture.

and
However, this parallelism involve only

algorithm too
cannot he implemented iy a cellular ar

size (2n 4 1) (2n+1). While they achieve time
allel configuration, the 1
eding a men, ory

complexity of O(n) for this par
of computers (each ne

ATBe requirements on the number

"nit of size () (12
8 size O(n
1t somewhat, Jesg attr :

active in practice

) to store the entire image) makes

TH-2715_964102

3.2. CONSTRUCTION OF THE SKELETON

3.2 Construction of the Skeleton

Getting a connected skeleton in a discrete (or digitap image ?5 _112t gﬁ?emi]lj; :t[ré}%;;_
forward. Many sequential algorithms have been dlscusseld in the lteria] szSt O;
AdB85, AdB93, LL92, LW93, SP95, NGC92]. The skeletons gener:m((;( ?Y o e
these algorithms are influenced by the noise in the boq_m(_la-ry C juse(tl rz:; }'lo iljerat'ive
cretization of the image. The algorithms ﬁnd.the skeleton eit 1erf ; g nl im;i i

i AdB85, LL92, LW93] or from the distance 1‘.ransf('3rm t? tle' gl.ve g,
th”mmi £B93 91;95 NG(C92, JC90]. The algorithms based on iterative thinning remove
ij ii’u‘nzlal‘y ;Jimls of objects until each object re-duc-es tct) a t:ilrz;T;;T:lr:;_r:;:f?ri}j
these algorithms are suitable for VLSI implementation in a two el beginating
cessors, the skeleton obtained does not correspond to the one defin

. ect r : sible.
of this section. Moreover, the reconstruction of objects may not be pos

3 letons computed through distance transforms of images differ with re.spect'.
- tfheﬁi{{e i;ill;Tle;fric The skeleton based on Euclidean distance, It)e-l;;ned tEucl;izz:;
0 the distance o ; i > image. Different met
skeleton. is invariant to the orientation of the objects m. th(ll 1milg1€{; N e
[or obfa;ning the skeleton using distance transforms otlcl}c;r té 1(';;96 dBTS6, AdBOG), A
transform are available in [AdB89, NGC92, dB94, d]iTq ’Cit ,_bl'o(;k dist,a_n;:e anstorm
systolic algorithm [RD95] for computing the skeleton ron? y "
e et ol omputes the skeleton by making two scans over ‘
1s available. The.algorltlinl;(.h scan, the distance values within a 33 nelghbo'rhood are
ansform of the 11n§..g0-l :10 Jid;an!.;if)" the skeleton pixels. The algorithm is specific to the
compared for each IJIK§ On'ly The architecture consists of n processing elements and
Sleblad diSti};w(; I;ft:;;lps Lc; compute the skeleton of an n x n image. The skeletons
takes 2(6n -+ n*) clock cycle

¢ ique for a particular shape of
b i transforms other than EDT .are not unique for a p
ased on distance S
an object.

ah i re
f nerating Euclidean skeleton are as follows. Generally, they ar
he methods for generat

i - 1ters of m ' |
based on extracting the C?;I;glm_ b i i el Mool s
[KK87, BA91, AdB93, G

IB88. SPY0, SP91, AdB92, SP95]. Though the methods based
values [ACL81, Dor86, ﬁf_ t \;] Sl smplementation, it & HotettEsHve t68e & hardwags
amenable to V1L

aximal discs that can be fitted within the object

on the latter are

from EDT. One would like to extract skeleton directly from the
for extracting skeleton froz :

. I "
: -ati r computing Euclidean skeleton
f obiects. A hardware implementation for comp g B
binarv ; » of objects. -
ary image ]

: . L
t available in the literature to our knowledge. In Chapter !
‘mage is not availa
of a binary image is not ¢
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: Tuclide ston and its
of this thesis, we give a parallel algorithm for computing Euclidean skeleto
implementation in a cellular architecture.

3.3 Construction of the Voronoi Diagram

: i, % tacts i inary i -an be done
The construction of discrete Voronoi diagram of objects in a binar y image car -’
ine i ; ; A ‘onoi reci : ject consists

conveniently using image processing techniques. The Voronoi region of an object

St i diagram
of those pixels that are closer to that object than any other object. The Voronoi diagr
differs greatly from the expected one

s i s the
, if the same definition as that adopted in th
continuous case

is employed. Some of the points in the Voronoi diagram may be missing.
For example, when the shortest, path connect
even number of pixels, then the Voronoi di
which will be missing. Hence
trivial.

. . . s Y T i1 -) Il
ing the two Interacting objects contains a

. . . o) ar 1

agram contains the mid point of the patl

m = ) o ” . . = l,
obtaining a connected discrete Voronoi diagram is no

One method of constructin
and bropagating the labels int
is considered to be a connecte

g discrete Voronoi diagram is by labeling different, objects
o the background with constant speed. Here, each object

d component. A Voronoi regi
same label and the Voronoj diagram can be found out 1

the labeling and propagating labels

on comprises of all pixels with

y definition. In this method,

are performed one after another and they are time
consuming. Also labels need to be stored.

Another approach to construct discr
A sequential algorithm to construc

image based on city-block dist,
the background j

ete Voronoi diagram is using distance transforms.
t the discrete Voronoj diagram of o
ance is given in [AdB85). Here the dist
8 first employed to fing the exoskele
Voronoi diagram ig Suceessively obtaine after
IS specific to city-block
discrete

bjects in a binary
ance transform of
ton (skeleton of background) and the

removal of certain pixels. This method
distance metric only. A
Voronoi diagram, based op E
image is given in [SP97]. The
pixel is added or remove

dynamic algorithm for constructing
uclidean distance, of

algorithm updates the dj
d. It is not gyit

. . . % i

feature pixels in a binar)
’ e e

agram whenever a new featur

able for constructing Voronoi diagram of objects.
As far as VL] i mentat; . o ; Tzionas

i VLSLimplementation for omputing Voronoi diagram is concerned, Tziona
et al [TTT94, T I'T97] have Proposed g cellular

diagram. The diagram jg based on city-hlock

- L J . AL )i
architectyre for constructing Voronc

distance. Thev applied the diagram for
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3.4. COMPUTATION OF THE HAUSDORFF DISTANCE

nearest neighbor pattern classification [TTTE.M].ELHd I'OPOt path p:;azn;nrg [ngzga{iﬁ flr];
the case of pattern classification, the Voronoi diagram IS- constru}i: eV 0 p_ di:l r;m-] o
the case of robot path planning, it is constructed for Ob_']eCtS' IT el -or-:nm i(dinlliﬁed
objects is constructed as follows. Initially, the boundaries of the OIJ.IGS SI are » il;itia,l
}L].Il.(l (:O'dml with respect to their orientation. These codes ar(? tht_?ll oat.; ef[ afq Jemlu“nn
. urce ;rflxln(:s onto the cellular architecture. The cellul.ar arcllutec‘f,ure ? ar éS 1;30ntal md
?1(1) ’riz';lJ(-‘ am.l cach cell propagates its code to the fourr nelglllb(?rmg cells ( ’TV(:;;KO); those (‘(P]lS
IZW{; vc'rtical neighbors) at each time step. The \forornm dl?gmi:; COI::‘I;SH; “y Con-sm;éts
which receive different codes from their “.eighbors-- the E;gon e;::asc) ;)rf the boundaries
Voronoi diagram of edges (horizontal, vertical and diagona Seilzieﬂwd At v
of objects instead of objects itself. In Chaptelr 6, we .Dropc‘lse , .[ s, s T
VO[‘OI.IOi diagram of objects, based on Euclidean distance, on a binary

i ' ixel and is suitable for
thod involves only local neighborhood operations for each pixel ¢
method involve

VLSI implementation.

3.4 Computation of the Hausdorff Distance

| «arv images A and B. If ng and np are Lhe'number of foreground
Consider two binary lm(ie straightforward method of computing h(A, B) or h(A, B)
pixels of A and 1.31 the;l the worst case, n4 and np equal n?. Baettor.a‘lgorlthmS e
siew Clirigng) Siros Anlirjlezlir-time sequential algorithm for Hausdorff distance between
available in Hmmh.lre. k metric is presented in [Sho89]. The algorithm computes the
ima,ges based on Clty-b-lucc es and Hausdorff distance is computed from the?e .l'.ranstFm
distance transforms Ofﬂ;l]agS;)] has extended the computation of Hausdorff C,hsm.lme FO
values. Thesuthor of [ lod a linear-time algorithm for the computation is ‘gl.vlen in
any L' distance H.letrlc '3“'1 h(res complex arithmetic operations and the possibility of
[Sho91]. The algorithm 111‘13 m on shared memory machines is briefly discussed. The
parallelization of the a]gf)u oL e for image matching is discussed in [HIKKR93]. Here, the
usefulness of Hausdorff dlsfﬂ;crﬂ distance to compare portions of patterns in images.
authors define paptijl I--Izl:e :1} model in an image at least partially, by computing the
"This is used to locate a

vee i iti .{ a ITl el I](_I I.uh test ilna. e,
I‘ L e bef“ een all I‘(:laLlH! [)OSItIOIlS o1 a ()d a e 1es g
\rti H scdorlt distance Rii=e

|SF; .I'tl'rll als (1(11‘” C

i . . oo LT P T_}lj’)]l/pI
I ! ‘ S iven l]. ﬂl ,12| 1 |y1 J
] I 1 l 1“1(:{)\“ 1-‘1‘."0 p()il](:S (."I:] y y[) (|.n(l (.L‘Z ) yg} 18 tg"\-(n .V [|
1r I e ! R ance bet A i s Z . ance i‘ L‘ metric.
(.‘ i } e l( 1‘-‘ 'q [l [118',] i{ (l!ld Ell(‘[ldeaﬂ (_llﬁt ance 1s ] e
Jil' £ }ll-)(:k { iS ance 1s L
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This computation is time-consuming. Even though some speed up tachniques have beelli
developed in [HKR93] which uses EDT, further improvement is desirable. The ?penc
can be increased by means of parallel computation methods. Some parallel algorithms
and their implementations are available in literature (MT95, ADP96a, ADP96b] for
the computation of Hausdorff distance between images. These implementations are ' Cha ter 4
carried out using massively parallel computers. In some other work [YPC95, YCZP_%]‘ p
parallelization is achieved by means of distributed systems. To the best of our knowledge,
no VLSI implementation is available in literature. In Chapter 7 of this thesis, We propos®
a method which is suitable for VLSI implementation.

Cellular Architecture for Euclidean

Distance Transformation
3.5 Conclusions

We have surveyed the work on the computation of various distance transforms and thel
| ! . i di an of the

approximations, construction of skeleton and Voronoi diagram and computation of ti
. ) ) . | . .

Hausdorff distance. Many sequential algorithms have been cited for solving all thes

y E . ~ient
problems. However, when image size is large (say n > 100 for an n xn image), effictel
sequential algorithms are insufficient for time critical applications.

4.1 Introduction

Parallel solutions on general purpose architectures have been proposed for qome
problems but much less is known about VLSI based solutions. Our efforts to obtain

YaTs Tt . e . . l ' - . -t
speed up while maintaining cost-effectiveness have culminated in algorithms that explo!

T i tance transformation and a
Earlier chapters present the definition of the FEuclidean distance t l ation el
RARIEY SR S . : jon have difticulties 1
ocal nterconnesion | LeaatEEan | ils are g1ve" ! The prior algorithms for the transformation
Jerc y ype of characteristics of cellular structures. The details are g ceview of prior work. The pri
from the next chapter onwards.

VLSI implementation

' : : i lidean Distance
e propose an algorithm for the computation of Euclidea s
In this chapter, W ¢

g 1 1 in a cellular
H 1 1 ble to VLSI im lementation 1n & cellu
T E T I' al onthm is amena

Iransform (‘DI). he a p

architecture. Besides, the algo

¥ G - volves simple arl . : slghtiaacd
ol s el chitecture consists of identical cells each having a simple
architect

rithm computes the Nearest Neighbor Transform (NNT).

thmetic operations performed in a 3 %3 neighborhood

of each pixel. The cellular

i orister » aleorithm has been
binational logic of a few adders, comparators and registers. The alg :
combinational logic o1 a 1t

reported in [SNBS98].

i lerive the main results that are helpful to describe our
In the next section, We€ derive

algorithm for computing DT and NNT.

TH-2715_964102 N
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39 CHAPTER 4. CELLULAR ARCHITECTURE FOR EDT
columns
4.2 Mathematical Foundations for the Algorithm o

We begin with a review of the definitions. The Euclidean distance transformation of ?lm
image [, consisting of foreground F (0-pixels) and background B (1-pixels), converts the

binary image to a multi-valued image in which each pixel py is assigned the Euclidean
distance d,(pp) between py and the nearest background pixel in I.

The nearest neighbor transformation of a binary image is an assignment, to ecach
pixel pg, of a two component displacement vector (Az(po), Ay(pg)) which points to
the nearest background pixel. 1t is also called as signed or vector Buclidean distance
transformation [Ye88]. The Euclidean distance de(po) of the pixel py is given by the

magnitude, /Az?(pg) -+ Ay?%(pg). If the pixel py is at the location (7, ), then its nearest

neighbor is at the location (z + Az (py),y + Ay(po)). Even the city-block and chessboard
distances can be obtained from the displacement vector. T
by [Az(po)| + [Ay(po)

Figure 4.1: Nearest integer Euclidean distance d and

displacement vector (Az, Ay) of pixels from a pixel at
he city-block distance is given row i and column j. The center of each cell of the grid
| and chessboard distance is given by max(|Az(py)|, |Ay(po)l)-

represents a pixel.
Let D(po)

be the square of the Euclidean distance d.(pg) between the pixel py and its
nearest background pixel. It can also be given by Az?(pg) + Ay?(po). Note that D(po),
Az(pp) and Ay(po) are all integers since the coordinates of a pixel are integers. Further,
let d(po) be the nearest integer approximation of de(po): that is, it satisfies the inequality
(d(po) ~ 0.5)* < D(po) < (d(po) + 0.5)2. In other words, d*(pg) — d(py) < D(py). Also,
D(po) < ¢ (Po) + d(po) since D(py) is an integer. The error in the integer approximation

is + 0.5 pixel unit. Figure 4.1 shows the values of pixels within
(Az, Ay) values from a pixel at row ;

The next iterates (VEL]U.GS for D(k+l)(p0)1 A:E(k+1)(p0): Ay(k+l)(,p0)’ k= 01 11 21 “')-are
Obtained as follows. The expressions use the pictorial representation of the 3 x 3 neigh-

borhood of pixel po denoted by Ng(po) shown in Figure 4.2. If p is a corner pixel in

the image, then its neighbors inside the image are only of interest.
b
4 pixel units and their

and column j of a binary image.
In the proposed method for o
and (Az(p,), Ay(pg)) for every
is computed using Az(py)

k+1) = in [Az?+ Ay?] (4.2)
DD (po) psergg(lpo)[ '
mputing EDT and NNT, we iteratively compute d(po)

pixel py in the binary image. Whenever necessary, d.(po)

where
A and Ay(pg). The iterative procedure involves initializing
' f(.PUl)w A.?J(Po)s D(po) and d(po) of all pixels py with respect to the given image. The lﬁx(k)(p")‘ foridi=0,aeh (4.3)
nitialization is g follows. Az; = IA:E(")(P:‘N +1 fori=23,4,6,7&8
Az© — A0 Y T for i = 0,3&7
x (Pc)) = Ay )(p@) = D) (I”U) = d© (PO) lAy(”(Pz)l 0 5 1 s (4.4)
Y = |Ay(k)(pz)|+1 forz = y Ly Ty dy )
0
X meF
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y—-1 y y+1
z-1| ps |ps sz
T Ds Do "

z+1| ps |pr| ps

Figure 4.2: Pixels in the 3 x 3 neighborhood of pj.

The quantities Az; and Ay; are positive and gives the minimum number of horizontal
and vertical steps required to reach the nearest background pixel. In the expression for
D®*+(py) given by Equation (4.2), the nonlinear squaring operation makes implemen-
tation using combinational logic expensive. We therefore rewrite D¥+1)(pg) as follows.

D¥V(p) = min [D®(py) + AX; + AYj] (4.5)
mENE(po)
where
i 0 for i = 5
B K o OEt= [}, 2 (4.6)
Q’A'IJ (p;)l-i—l for i = 2,3,4,6,7&8
0 for i =0,3&7
Amz{z - . . (4.7)
AY® P +1 fori = 1,2,4,5,6&8

The remaining quantities, namely the com

- ponents of the displacement vector and the
distance value of pixel Do,

are updated as follows. lAiz(k*”(pO)[ and |Ay*+(py)| take

tim corresponding values of Az, and Ay; that yield D® ) (py) in Equation (4.5). If more
t ] ; !
1an one neighbor p, » then [Az*™+D (o) and |Ay*+D (py)]

of py give rise to D¥+1)(pg)
take Awx; i 1 ini
ke Az; and Ay, corresponding to minimum ;. The signs, Saz(po) and Say(po), of

AzF (pg) and Ay*+ (pg) are given by

F_ ] .
S ( ) + if Pi € {I)'Z:pﬁvp"l}
D Ag ) - !___l' .
Po if p; € {ps, p7, g ) (4.8)
; ( ] Sdm[pi) if Di € {pﬂ:pl:pﬁ}
Daz(Po) is '+ if p; is in (g — jov :
Al e 16 i ( Dth row, *» i Pi1s in (z + 1)th row and it is the sign of
z(p;) if p; is in row . Slmilar]y SHEL L ervmicy
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4.2. MATHEMATICAL FOUNDATIONS FOR THE ALGORITHM

4 if p; € {pa,ps,p6} -
Say(po) = { '~ it pi € {p1,p2, ps} (4.9)
Say(pi) if pi € {po,p3, pr}

If the pixel po is at a distance k from the nearest background pixel, then d®)(p,) = k
and D®)(py) < k* + k. d(po) can be given iteratively as follows.

d*tD(pg) = min [d.(k)(pu), k+1: D%V (pe) < (k+1)2 + (k+ 1)] (4.10)

As far as hardware implementation is concerned, the values of Az(py), Ay(p) and
D(pg) at each iteration have to be stored in memory elements. D(py) is however quite
large in magnitude. Hence, its computation needs a complex digital circuit and large
storage space. To reduce the storage and the hardware complexity, we define a quantity
dr(po) in terms of k and D(pg). However, once dy(pp) is initialized, dE'HI)(pG) can be
eXpressed in terms of d}k}(po) and other quantities without involving D(pg). The iterative
Computation of dy(po) has the following initialization. :

0 Po € B

iy (4.11)
—00 0 u

df(o) (p[)) = {

. . ']
At iteration k + 1, ds(po) is given by

—_—

Po) depends on k. Even though the displacement vector of p, is
will get updated for successive iterations because the updated
for computing their displacement vectors. The updation is
is is because, once the distance values are computed, the term
d?(ﬁnl Since the neighbors are at a distance less than 2
form values in the next two iterations.

¢ IN_QL(;: The computation of dg(
“Und out at some iteration, ds(po)
:{a llfl!s are used by the neighbors of po
rrt)thmg but adding 2k at iteration k. Th
Xpie N (o) [dgi] in BEquation (4.12) becomes
Sl tmits from Po, they always receive the trans
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d,r(kH)(i‘Ju) = (k+1)2+ (k+1) — D*+(py)
= 20k +1) + (k2 + k) — D®+(po)
= 2(k+1) + max,,eng o)l (k* + k)

~DW(p;) — AX; — AYj] (4.12)
= Q(k *= 1) -+ max,,‘,GNE(m}[dJr(k] (})i)
~4Xp— AY)

—= Z(k -+ 1) 4+ Ina.xm.eNE(po)[dﬁ]
where dj; = d;®)(p;) — AX; - AY..

d®*D(py) can now be rewritten as

A0 o) = minfd® (o), k+1: a0 () 2 0] - (4.13)
The proposed algorithm is based on the following results.

GE ) = 2k +1) + max [d I
Pi€NE(po)

where dy; = d/®) () - AX; - AV,

(185D ), 18y # 40 p0))) = (A, Age) (4.15)

where 4 corresponds to pixel Di

that satisfies E 3 ‘ e e
Az;, Ay;, AX; and AY; § Dquation (4.14).  The quantiti

are given by Equations (4.3),(4.4), (4.6) and (4.7).

' ;
. . ol F’ if p; € {I’Q:P:h?')ri} :
z\Pp) = = ]f D; € {PGJ’T:PS} (416)
SAa:(I'»‘i) if p; € {Pm?’la.”ﬁ}

'pi € {pa, ps, ps}
. ilp e {Pl,}Jz,Ps} (4'17)
6&?}(7)1;) if D € {pﬂrpfhp?'}

The following sectiop describes t}q

S&y(i’?u) =< '

algorithm.
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4.3. ALGORITHM FOR COMPUTING EDT AND NNT

4.3 Algorithm for Computing EDT and NNT

In this section, the pseudocode of the proposed algorithm for computing EDT and NNT
of a given binary image is presented based on the results obtained in the previous section.
Given a binary image of size n X n, the Euclidean distance values d, and the nearest
neighbor transform values (displacement vectors (Az, Ay)) of the background pixels are
set. to zero. The corresponding values for the foreground pixels are computed iteratively
from the previously computed Az, Ay and d; values of the neighboring pixels. The
algorithm builds the contour consisting of equidistant pixels at each iteration whose d
values (nearest integer approximation to d.) equal the iteration number. The transform

values of these pixels are computed.

ALGORITHM: EDT-NNT
IQP—L‘E_ Given binary image, consisting of foreground and background pixels.

QMQ_ The integer approximation d(pg)' to E.uclidean dista:nce anld NNT. value
(A-’L‘(po), Ay(py)) of each pixel pg in the given image; d.(po) is obtained using values of

Zl:f:[pn) and Ay(po)-

St e e
2UCp 1: Initialization

The initialization of Az(po), Ay(po) and dy (o) is given by Equations (4.1) and (4.11).
To avoid initializing with co, we assign a flag done to each pixel py whose value is set to
L whi the transform values of the pixel are computed at any iteration. The details are

a8 follows.

A2 (po)] = 18y (po)| = d (po) = 0

I

Sax(po) = Say(Po) = 4
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1 ppeB
0 }')[}EF

done(pg) = {

Step 2: Iterative process

At each iteration k > 0, the vector (Az, Ay) of pixels whose d values equal k are

computed. The pseudocode for the iterative process is as follows.

k=0

while there exists pixel p such that done(p) =0
for all pixels py do in parallel

switch (done(py))

LI: {Transform values have been computed}
Update d;(po) by adding 2(k + 1)
break {switch done = 1}

0: {Transform values have not been computed}
if there exists p; € Ng(po) such that done(p;) =1
Compute d}k'{'l)(pn) as in Equation (4.14)
by considering only the nei
if (A (py) > 0) do
d(po) =k +1
Compute 1Az (po)), |Ay*+ ) (po)[) as in Equation (4.15)
Assign the signg Shz
done(py) = 1
end if
end if

break {switch done — 0}

ghbors whose done(p;) = 1

end for
k=k+1
end while

TH-2715_964102

(po) and S ay(po) as in Equations (4.16) and (4.17)

4.3. ALGORITHM FOR COMPUTING EDT AND NNT

The above procedure runs until the done flags of all the pixels MF\' set -t.o L. This
means that the transform values of all pixels are computed. In each 11,-emtlon, ETII tl{e
pixels are processed in parallel. The computation of transform values in each pixel is
carried out depending on done flag. If done is 1, then Lh.e 1;1'-a115f0rm va.lueé have been
already computed. Hence, d; is only updated. The up('latlon is done by adding 2(k + 1_)
to the existing value of dy. On the other hand, if done is .0, then we che(-:k the done ﬂa.g?
of neighbors. If there exists some done set to 1, then df 1:.% computed usm.g the-vlall:liesf ;)
neighbors whose done are set. If dy > 0, then (Az, Ay) is computed. d is assigned the

iteration number and done is set.

4.3.1 Working of Algorithm: An Illustration

Let us illustrate the working of the algorithm for a 5x10 image with two backgrozld Z‘X'
els at, the image coordinates (3,3) and (3,8). The Vall.leS O'f done, dy, "[(‘i]) de an:l (atjli:;)n yo)f
for different pixels at different iterations are shown in Flg.ure 4!.3. 1(? D;OI-f-ign-dir.ltes
transform values is shown by arrows. The arrow from a pixel p’ to a pixel p t:

that the neighbor p’ of p” satisfies the equation for computing d;(p").
Consider the pixel po at row 3 and column 5 at iteration k£ = 2. Only the Ilelgl'lk;m;
onsider the L po at o re -6.-
Piy i = 4. 5&6 of py (refer Figure 4.2) have done(p;) = 1. Their dyi values are -6,
1y = 4,9 0 A

: . lumn 4, and
and -6 [dy;] is -2 which corresponds to ps, the pixel at row 3 and colt
and -6. max|dy;| 1s -

ati ¥
12 (po), Ay(po)) is computed from (Az(ps), Ay(ps))- Tlfe pro'pagwtlon?
ty (IUU) =2 (A.’L(T)O tiaat qtcu‘ting from the backgr()llnd piXClS gives rise to 8-ary

i : es '
Information (transform values) T fiveilins curvesniiid To thiEleveld

ing t ixels.
trees? with the roots being the background p

i in an image gives the
twl I ixels are in the trees. The maximum value of d i ge g
al which the pixels are .

maximum of heights of all trees.

4.3.2 Complexity Analysis

f the proposed algorithm depends mainly on the while loop since
The time complexity of the p :

xec
| ithi -done are €2
the statements within for do . i
all the plxels

uted in parallel for all pixels. The loop runs
een computed. This means the number
Until the transform values of

T om—— __.__.—-————ﬂr"”_il node has at most 8 children
2 . ik ich eac
An mn-ary tree is a tree in whic
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4.4. SIMULATION RESULTS OF ALGORITHM

of iterations equals the maximum distance value d that a pixel takes in the given image.
The worst case scenario is when there is only one corner background pixel. This is the
length of diagonal of rectangular image grid. For an image of size m, x n, it cannot,
be greater than /m? + n2. Let n = max(n,m). Then the maximum length would be
V2n which implies a time complexity of O(n). The space complezity of the algorithm
is O(n?), since the algorithm needs constant space to store Az, Ay, d, d; and done for
each pixel.

Remark 1 The algorithm runs until the number of tterations equals the mazimum d

value that a pizel takes in the given image. Since the image has fized number of rows

and columns, the mazimum d value is also finite. Hence, the algorithm converges in
, s,

finite number of iterations.

The identical local operations performed in a local neighborhood of each pixel make
the algorithm feasible for VLSI implementation in a 2-D array of locally connected
identical cells. Before describing VLSI implementation, we provide some simulation

results of the algorithm.

4.4 Simulation results of Algorithm

The algorithm has been implemented in C and simulated on z;;fqt_le;ntial téozll)illtel‘ (IIIIIT
9000 series 700 J Model J200 workstation with .64 MB RA.M).. ) I]as ']);l?entlest (:( :npzo-!u':
binary images containing different types of objects as f(nlegmuiu‘ ;l 1:; ,ejl. ::i‘til; f_fm
shown in Figure 4.4. The integer dism“?e vah.m’ i) ('Omlpulr(tft ;y‘ | ;‘irllgl“‘.ﬁl 4. For
every pixel p has been transformed into intensity lf:'.ue]_s ﬂ.I'lf p f; e ;Ifl | g.b{, 1. : o
largér distance values, the pixels are assigned darker mterm; ay"Va u?s;.l L (f;n e]t:ll)sef‘«e(
from the figure that the pixels are less dark al?ng t.he' b'01tm :1.1‘ 1(31;12)%]0({1;:;1(. lf‘$ a-ll" e
darker while moving deep inside the objects. The equidis ‘9?11, cor { .ur% .i' l Ol(fglt.m[n( S

N - i Pigrure 4.4. The contours correspond to the distance values
i>il l_n;ages are ld.ls? sho;‘vil l:\; o can observe from the plots that the contours are parallel
Viich are multiples of 4. We ce

‘ hject.
to the boundary of the corresponding ob]
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4.5 VLSI ARCHITECTURE

4.5 VILSI Architecture

11i dware wi > array of cells,
Tl sed algorithm can he implemented in hardware with an n X n array |
¢ proposed ¢ ; o o ‘ ‘ g e iy
[Sach cell is a sequential logic consisting of storage elements for Az, Ay, 75 i
Lac e O od e - . . I 1 are imnp e-
/ These are stored in binary form. The computation of these values }]
rone. il P : . — ents such as
ted by pure combinational logic circuits or using data processing elem N
memed by ' : - ts Az, Ay. g and
lder/subtracter and comparator. The size of the stor age elements Az, u, d; !
ENSi M J i it in size Y are representec
ize of the image and done is one bit in size. Az and Ay 5 I
. s onifife ion cifia i it i Saz and S being "4’ o | otherwise.
i sign magnitude form. The sign bit is 0 for Sa,, Ay | p
o0 REgHiifude - 1 | bits to store them. can
: m] and [log, n <
T i require [log, -
'he magnitudes Axz| and |Ay] ‘ ' _ o
; | . e ez = [VM? + n?]. The size of d; can be derived
be stored in [1085 dymaa] bits where 'maz

as [ollows.

: (k) b §
iterat he 7) 1s bounded b
If'a pixel p receives jig distance values at some iteration &, then " (p) ¥

e been computed, d;(pg) need

i initi , form values have

2k as per itg definition, Ajse once p’s trans ) . e

’ - v+ 2. Updation is nothing but

to be updateq in the next two iterations, i.e., £+ 1 and k + 22{; F2(k + 1)+ 2(k + 2)

adding 2(k + 1) and 2(k + 2) to dfk)(b)‘ The value of d;(p) upto 2k -

[ 8 T ol i e -'f ) ' - . f- ‘)(71 in]a e
' nber of iterations for ap m g

is usefu] for ¢ ati ince the maximum nur

IS usefu] for (.()Inpui,a.t,lo?i-/_sf;(ﬁ] the size of storage clement d, of any cell can be

S gz, where oz = [/mZ+1?], the size

[log, 6,0z ] bits.

Fach cell is connected to its neighboring eight cells ‘Jhll'(lJUgl‘l which ijﬁ r;c'eives 4“;0
values qt'o;(--‘d in the neighbors. The neighborhood connectivity is shown 111 1 lg:fi iSIdO
Thes i:(['(!‘-l“‘}llli(;]'l n-uml_)er k is generated by an external counter or by a cm_mtut wpl y wa
the .rv;ll ir.t'.qjolf and the cells are updated synchronously wi ‘th 1‘espe(:t.. tnF Tm (fx ;r Gna. clock.
The .h.locl: (‘liagrmn of a cell with its inputs and outputs is shown in Figure 4.6,

C . ) ) . p .
I'l T i mponents in the combinational logic (CL) o1 (A;;._’ Qy) and d; ar
The different cor 2L g a

as [ollowsg.

CL for (Az, Ay)

L implements the computation of |Az| and lAy,’_ f“” in Eflll?l-f-ioz (.4-15)1- Al?llllzlzl\"ﬂil\'::‘:
he compygation of Azi and Ay; for i=1 to 8. 1 hF‘ '\’Flllll(‘-S of }:z‘,?: :T( '21( )I)T{‘m-d
v Equationg (4.3) and (4.4). This requires an addition of { t(.) the l"\ a :1;9 [A ;’f.]z lw;dq
AY(P:)] received from the neighbors Pi. Hence the computation of (JAz|, |Ay|) ne .
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cell under
. consideration

B L] (] neighbouring
cell

—— connectivity -

Figure 4.5: Neighborhood connectivity of a cell.

clock to neighbours

to neighbours

|

to neighb?

b

dy
Az, Ay
—9
Am,Ay,d;,done
of neighbours | |
Olisdor i
L ighb
(A2, Ay) T
counter valye cglntm[
signals

ko—

Figure 4.6 \__

Block diz
1agram of a cell, (., Combination Logic.
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12 incrementers, 6 for computing Az; values and another 6 for computing Ay; values.
Assigning the signs of Az and Ay do not need specific combinational logic.

CL fDI' d}'

The computation of dy is given by Equation (4.14). The computation of dy; involves
an addition and a subtraction for 7 = 2,4, 6&8 and only a subtraction for i = 1,3, 5&7.
Finding the maximum of all values of dj;, i=1 to 8, requires a comparison logic for its
implementation. The computation of AX;, AY; and 2(k + 1) do not need logic gates
or data processing elements. To realize the computation of d; in a combinational logic
with data processing elements, 8 subtracters and 4 adders are required for computing
all the values of dj; and 7 comparators are needed for the comparison logic. Altogether,
the computation of dj requires 8 subtracters, 5 adders (one more for adding 2(k + 1) to

the maximum of all dy;) and 7 comparators.

Operation of Hardware

The cellular array is first initialized with the image by loading done of background

pixels’ cells to 1 and object pixels’ cells to 0. All other storage elements are loaded with
0. Then the cellular array and the external counter are EIHOV\‘J'G,C] tct run synchronously
al clock. Each clock pulse corresponds to one iteration and all the cells
at each clock pulse. The updation is stopped after d,,o.

d and (Az, Ay) of all cells give the transform values

with the extern
are updated simultaneously
iterations. The final contents of
(EDT and NNT) of the given image.

, of the cellular architecture depends primarily on the delay
OI - .

2 yeratl o
ki lue to interconnection between cells are negligible because the
due

due to a cell. The delay
: . 5
cells are locally connected. We ha
- cy u
terms of the maximum clock frequen ¥

e designed a cell in order to estimate the delay in
sing VHDL targeted to Xilinx FPGA.

4.5.1 Design of a Cell

and d; and a D flip-flop for keeping the flag

2 &l < . ) < Ayl
The co) has registers for storing |Axl, | 1Al)

. d and sign Dits Saz and Sp, since (|Ax
done, Jered storing @ ¢

We have not consic
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=+
is sufficient to compute actual Euclidean distance and to solve the chosen problems, e &
viz, computation of skeleton, Voronoi diagram and Hausdorff distance. The design of S 8 i =
combinational logic is carried out hierarchically as follows. First, the computation of 2 3 2l ‘E: %O
dri = ds(pi) — (AX;+AY;), i=1 to 8, in Equation (4.14) is performed. The computation 5 _(—JTQ 2 =
of AX; + AY;, i=2,4,6 & 8, requires four adders, one for each i. Two's complement - % ~
. . . N - E | =
addition is performed. The value of AX; is either 0 or 2|Az(p;)| + 1. Similarly, AY; is. = 5 8 3
In binary representation, 2|Az(p;)| + 1 is nothing but shifting |Az(p;)| left by one bit A * 5 o
and setting LSB to 1. For example, if |Az(p;)|=0101", then 2|Az(p;)| + 1 is “1011”. - feq =2 -
A logic circuit is not required to get the value of 2|Az(p;)| + 1. A two’s complement = - =
subtracter is used to subtract AX; + AY; from d 7(p:) for each i. The size of input and - . = = | .- " (_%J_“
output ports of adders and subtracters is taken as the size of d s- The construction of an s e =& - =l =
. ) — . 10q B3 - =
N-bit adder/subtracter can be done with N full adders [Man96]. This adder-subtracter - I - =
logic (ADD-SUB module) is shown in Figure 4.7. = f [ ? -
The INC module computes Az; and Ay; given by Equations (4.3) and (4.4). The com- = =38 3 ~ =
putation requires twelve incrementers, 6 for implementing Az; = |Az(p;)|+1, i=2,3,4,6,7 109 = -
; . . v s et *
& 8, and another six for implementing Ay; = |Ay(p;)| + 1, i=1,2,4,5,6 & 8. An N-bit ” = g
incrementer can be constructed using N half-adders [Man96]. @ = i o8 =
5 =3 g2 g 2 T
Once dp;, Az; and Ay for i=1 to 8 have been computed, these values are given to g [ B &
) : =
a MAX module along with done(p;) and borrow bits (b;) from the subtracters of the = e — ~

ADD-SUB module. The MAX mod

ule has seven CMP-MUX (comparator-multiplexer)

dpy) 21Ax(pyi+l dey)

S | —
modules a i g e -
i r:.angej ;n three levels as shown in Figure 4.8 to compute max[dy;], i = 1 to <2 z 3
, in Equation (4.14). - - g |=<—
o 1q ) 1( ). In the figure, max(dy;] is denoted by dyp. Further, the MAX 0q
module & he v : : =
ule allows the values of Az; and Ay;, corresponding to the 5 that yields dy. These [ — _ =
values are denoted by Ay m and Ay, = =5
a e -e——l— e . i)
The CMP- : S =15 3 = BE -
he CMP-MUX module takes two setg of inputs, set, — d Jone(p;)s - o ) < B |—— %_f:*
b;} and set, = {dse, Az, Ay, done(py). | 0 3¢t = {dyj, Ay, Ay, done(p s0q = = 5
and a multiplexer that ot 1_! e Pk), k}- It has g tomparator to compare ds; > Ay S =% S
. _ puts either Set; or set, de yendi " spl inpub =,
of multiplexer, set; 8 output wher | k @epending on the value of sel inp G = =
U S | — = . S Bl 3 =]
15 generated using the output, cmy fe 0 while set, is output when sel=1. The scl 2 e 2 B
. C PR emp of comparatar - = ° =,
bits. The comparator is Qi s mparator an( the values of done and borrow oq E =
. d 4 ]. r) 1 i) 1 § =
itk done(p;)=1 o8 s g € simple case of Comparing two unsigned binatry &
- by ) a i a 3 1
emp=1 means g, N | ue of d,!j is valid. b.—1 means d . is pegative and . 3 dder-subtracter logic generating e =
i 1i > dyk. The valye of sel for ’ > @y 18 106 L Figure 4.7: A 7). The block ADD indicat
Fhe comnanengg of the CMP-MUx cevlor different cages is tabulated in Table 4 dp(p;) — (AX: + A.}’-')' e I :; f)(c'-:;er e
module i shown in Figure 4.9 adder and SUB indicates a subtracter.
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is sufficient to compute actual Euclidean distance and to solve the chosen problems,
viz, computation of skeleton, Voronoi diagram and Hausdorfl distance. The design of
combinational logic is carried out hierarchically as follows. First, the computation of
dpi = df(p;) — (AX; 4+ AY;), i=1 to 8, in Equation (4.14) is performed. The computation
of AX; + AY;, 1=2,4,6 & 8, requires four adders, one for each i. Two’s complement
addition is performed. The value of AX; is either 0 or 2|Az(p;)| + 1. Similarly, AY; is.
In binary representation, 2|Az(p;)| + 1 is nothing but shifting |Az(p;)| left by one bit
and setting LSB to 1. For example, if |Az(p;)|=“0101", then 2|Az(p;)| 4 1 is “10117.
A logic circuit is not required to get the value of 2|Az(p;)] + 1. A two’s complement
subtracter is used to subtract AX; + AY; from d 7(pi) for each 4. The size of input and
output ports of adders and subtracters is taken as the size of d #s

N-bit adder/subtracter can be done with N full adders [Man96
logic (ADD-SUB module) is shown in Figure 4.7,

The construction of an

]. This adder-subtracter

The INC module computes Az; and Ay; given by Equations (4.3) and (4.4). The com-

putation requires twelve incrementers, 6 for implementing Az; = |Az(p;)|+1, i=2,3,4,6,7
& 8, and another six for implementing Ay, = |Ay(pi)| + 1, i=1,2,4,5,6 & 8. An N-bit
incrementer can be constructed using N half-adders [Man96).

Once dgi, Az; and Ay; for 1=

1 to 8 have been computed, these values
a MAX module along with done

(pi) and borrow bits
ADD-SUB module. The MAX modul

modules arranged in three levels ag g
8, in Equation (4.14),
module allows the v

are given to
(b;) from the subtracters of the
e has seven CMP-MUX (comparator-multiplexer)
hown in Figure 4.8 to compute max|dy;], i = 1 to
In the figure, max[dy;] is denoted by dsar. Further, the MAX
alues of Az; and Ay, corresponding to the i that yields d sar- These
values are denoted by Az, and Ayyy.

The CMP-MUX module take

b;} and set), = {dg, Axy, Ay, done(py)
and a multiplexer that Outputs either g
of multiplexer. sef. i

is generate

8 two setg of inputs, set; = {dy;, Ax;, Ay;, done(p;),

» bk} Tt hag o comparator to compare d;; > dyk
on the value of sel input
put when sel=1. The sel
done and borrow

case of Comparing two unsigned binary
1s valid. b=

for difr erent, ¢

numbers. done(p;)=1 means the valye

* tdy;
cmp=1 means dr;j > dy.

The value of sel

;‘MP-MUX mody]

1 means dy; is negative and
ases is tabulated in Table 4.1-
Figure 4.9

The components of the (

€18 showp in
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/]\ |
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o
)
CMP-MUX
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Figure 4.8- MAX
0 module. set; indieat _ QO = =
dth-T:';Ayi,done(m) and b,;.lmdlcates the set of inputs = SR g

4.9: CMP-MUX module. The module has-a compara-
.9: and an AND-OR logic for generating sel. The
ate the sets {dg;, Az, Ay;, done(p;),b;} and

Figure

tor, a multiplexer

set; and sebx indic

{dk, Azi, DYk done(pr); k-
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Table 4.1: Value of sel for different cases of inputs to
CMP-MUX module. “-” indicates “don’t care”.

i
[ - i | 0 | emp || sel comments
do”g[%) donf}(pk) b-J (—k -p - Both dy; & dyy, are invalid
1 0 -1-1 - 0 dy; is only valid
0 1 -l-1 - 1 dgi is only valid
1 1 010 1 0 | Both are valid and positive. d i e
1 1 0101 0 1| Both are valid and positive. d 1 > dyj
1 1 L1 1 0 | Both are valid and negative. d 7i > dyk
1 1 L1710 1} Both are valid and negative. dr > dy;
1 ] 011 0 dy; is positive. dy is neg;?t?ve
1 1 110 - 1 dy; is negative. dyy is positive

The dj),, outpuf by the MAX module,
number generated by an external counter.
The output dr(po) of the adder is given as
and Ay, of the MAX module are

done flip-flop is input with
with the

is added to 2k where k is the iteration
Generating 2k does not need . logic circuit.
input to the register ds. The outputs, Axay
given as inputs to the registers Az and Ay. The

In the design, the registers and flip-flop are loaded
uring the rising edge of the clock. From the switch and if

algorithm in Section 4.3, it is clear that the clock is activated only
g conditions are satisfied.

logic 1.
available inputg (
statements of the

when the followin

L. done of cell is not set,.

At least a value of done of neighbours ig logic 1.

de(py) is positive. Ip two’s

comple
the MSB is (.

Ment representation of dr(py), this means that

> case of register dr, the clock is cti
et cndn be the signal whose v
can be generated usin ]

OR lc ic ciremn:
shotwn in Figure 419 IIC cirenif

I Activated when ¢} conditions 2 and-3 are satisfied-
- .
alue is 1

We call the cell designe

d aboye
basic cell is given below

a ; T . 1g Of
S basic cepy I'he Mplementation of the design
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Az(po), Ay(po), ds(po), done(py)

[ Storage elements .
clock
| [&] (a0
i Az, Ayng, dyyg
done(p;)

MAX

INC ADD-SUB

| —
1 |
Az(p:), Ay(p:)  di(ps)
1 =1to8

dyi, b;

Figure 4.10: Different modules of a cell.
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Implementation

: ind its
The design of the basic cell has been coded in VHDL’93 (see Ap_Pen;llltiril)ﬂ;Lion of
functional behavior has been tested in ModelSim, a package fm: f”nCt'.wn It ]“(‘ P~
VLSI design. A set of input/output signal configurations, derived from u :C, (.lmign- -y
examples presented in Section 4.4 of this chapter, has be(;:n used to test o ;l-lts Sl
discrepancies between the outputs of the designed circuit and -expect_.‘ec (-) I;\_{O(IlelSim
been detected. In Appendix B, some results of the functional simulation in

i he desi s been carried
are provided. After the functional testing, implementation of the design has b
out.

. ' - differcnt
The design has been implemented in Xilinx FPGA (see Appendix C) for differ

o Xilinx.
sizes of the image. The design has been mapped onto one of the target devices of

s i . . ) - of lo r1C
The appropriate device has been chosen taking into consideration the number of log

blocks and pins in the device. The specifications of the target device are

3 T the
family:XC4000; device:4036XL; package:BG432; speed grade:-2. Further details Of o
device are given in Appendix C. The chip obtained from the implementation has be
optimized for speed. The

. a1 I
area in terms of number of flip-flops and different, Xilinx F1I (J:X
. . . " - ; 0
logic components of the chips obtained for different sizes of images are presented in Tab
4.2.

as follows -

The interpretation of results is as follows.

The number of different flip-flops and
buffers in the table age consistently

increasing as image size increases. This is because
ases as image size increases (see Table 4.3). In the
s Az and Ay are directly taken as the outputs of cell
e registers. DFFs are used for re
are fed back to the components of the cell. Th
clock signals in the design.

One is given to register d; and anothe
are needed,

the size of registers in the cell incre
design of cell, the outputs of register
and hence OUTFF ;g used for thes

lone
gisters d; and don
since these outputs

srived
ere are two derive
Hence two global buffers

of the image increases. T
and

r to other registers:
The number of input buffers increases as the size
e the size of input lines for {he quantities Az, AY
age size increases. The n
tputs of the cell

his is becaus
dy of neighbors increases ag im

same as that, of DFF because the ou
in the cell. FMAP increases ag ima,
total numbers are 498
of the incre

g i
umber of output buffer

are the outputs of memory Olo’lmnijs.
BE Size increages byt HMAP does not. However, thel*
» 614, 696, 765 and 780 for differe
asing complexity

. . U '_;'_1.1_15(3
nt image sizes. This is be
of Combinatjoy a1 logi
combinationa] logic such as a

c.
dders ang “OMparatorg depend o the size of the image:
TH-2715 964102
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I'he sizes of the componen
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Table 4.2: Number of different Xilinx FPGA logi(:' com}
onents of chips obtained from the .lmpleI["l(-EIltFltl()l'l 0
I;)lm design of basic cell for different sizes of images.

Image size | - 1P | mvar | 10F | onur | outes
N x N BUQFG Dgf‘ FI;124 o il . 8
e 2 10 516 98 167 10 lg
e 2 11 616 80 192 11 ]_4
= 2 12 644 121 217 12 16

;ngé?)g 2 13 658 122 242 13 1
56 X

: : . Ing design

. DFF: D type flip-flop; FMAP,HMAP: Mapping

] al Buffer; DFF: D type flip ' . : put Buffer;

BUI.TG.' GIOITH look-up tables; IBUF: Input Buffer; OBUF: Output Bu
using I anc OUTFF: Output flip-flop

I e i B i e li el‘ent SizeS Of ill‘l ges.
o 2 :)1 A Of ]Cglstu 2r'S fOr 4 ” da
ﬂ,bl 7 43 D17

Image size | Size in bits
N x N Az | Ay | df
16x16 4 4 | 8
32x32 ) D 9
64 x 64 6 6 |10

128x128 7 7 |11

256 x 256 8 8 |12

s12x512 || 9 | 9 |13

| s
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Table 4.4: Results obtained after placement and routing

of FPGA components listed in table 4.2 for different
sizes of images.

Gate |
1 Net
Image size | Clock | C path e
N gx N || (MHz) | delay (ns) | delay (ns) CI;? IIOFI; (2(;;171;
43 2 B!
16x16 6.67 165.41 12
3232 5.5b 180.79 19.96 293 | 187 2;;}{
64 x 64 5.23 213.22 22.81 340 2}43 et
128%x128 4.66 230.32 22.86 375 371 iy
256%x 256 4.66 243.26 24.82 384

i ke : Block
C path: Combinational path; CLB: Complex Logic Block; TOB: 1/O Bloc

After mapping the design onto a Xilinx device, placement and routing of FPE“;Z
components have been carried out. The results obtained after placement and r?“ rthe
are presented in Table 4.4. Since there is a limit on the number of 1/0 blocks m{.
selected device, more than one device is needed for implementing the cell correépon.( mgl
to images whose size exceed 256 x 256. As the size of image increases, the combinationa

. . 2 1r .L't}CfS
logic blocks and 1/0 blocks of FPGA increases owing to increase in the size of regis
and combinational logic.

- . : . i . . 01‘
The clock frequency is neither consistently increasing n
decreasing. This is bec

ause only the bus width increases as the image size increases. The
random change seen in the clock frequency and delays is expected since the placement
and routing schemes implemented in Xilinx FPGA randomly
tries to get the best out of this starting point.
from Table 4.4 is about 5 MHz.

corresponding to a 16 x 16 im

picks a point to start and
The average clock frequency as 809‘111
The layout of the chip for the design of basic c¢
age is shown in Figure 4.11.

Once the clock frequency hias been estimat

n X n image in VHDL hag beey designed b
them. The other component,

‘ al
ed, the overall cellular architecture of ¢

icati . onnecting
y replicating n? cells and interconnect
s of the architecture are a clock

V2n). The functional behavior 0
sted in ModelSim by giving im
V2] clock pulses and thep ve

a counter to count upto [
architecture has been te
the’design to run for [
Az and Ay of cells.

and a control logic lmvlllli

f the VIIDL design of t lg
fin

ages of size n xn as input, allow!

i s o C[S
rifying the outputs of the regist

Since a cellular architecture Consists of 1o¢
- He

to interconnectiong is negligible
of an image of size N X n can he

, duf
ally connecte identical cells, the delaj

1€, the time taken (Tenr) to compute the ED
estimate from the cloc

i DA
k rate ( f.) obtained from
TH-2715 964102
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Figure 4.11: Layout of the ch;
basic cell corresponding to @

btained from the implementation of the design of
0
g x 16 image.
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EDT equals
implementation of a cell. The number of clock pulses needed to compute r\/_in.l o
i ( | prer C
IFT/%R] The period (T¢) of a clock pulse is 1/f, seconds. Hence, TE;iTl g 9l
The number of images (N;) per second whose EDT can be computec
1e
architecture is greater than or equal to [1/Tgpr].

: for

Some results and comments for an image size 256x256 ar(.a given ln'()v\f;na\-;ﬁ::]&ﬁﬁ

this case is 361. The frequency of operation of cell correspondmg'to t, 118 112987 s

MHz. Tgpr is approximately 77 * 107 seconds and N is apprommately - her.lce e
much greater than the video rate, which is about 30 frames per second a

: : it -time applications.
computation of EDT on a cellular architecture is quite suitable for real-time app

: ermined by
The implementation results (speed of operation and gate count) are detsr o
% ' 3 expe =
the characteristics of the FPGA device chosen. Further improvements can be exp

: ot ‘hitecture
by an Application Specific Integrated Circuit (ASIC) implementation of the archi
presented.

4.6  Applications of EDT

EDT has potential applications in machine vision
tool for finding skeleton of objects, constru

dorff distance between images. In the ch
in detail and develop

and pattern recognition. It is a useful
cting Voronoi diagram and computing Haus-
apters to follow, we consider these applications
algorithms for VLS] implementation.

The NNT is usefy] for nearest nej
represented as a point in a 9. intege
image and a point cap be ma
can be represented
identify the clasg of

ghbor pattern classification. If each pattern IE_;
rspace Z?, then this space can be treated as D
pped to a pixel. A gi
as background pixels of an im
a new
of the pixel correspondin

: d tO
age. The NNT of this image 18 used

; i . or
pattern, which i nothing but the clasg of the nearest neighb

g to the new pattern.

vess
a1 eurVES
: ant points in digital ct
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4.7 Conclusions

The Euclidean distance transform and nearest neighbor transform are intlportami t;)O'lS
_— .‘ ssing.  In this chapter, we have proposed a paral%el algorlt,lm? for tu-elr
R -prom N binary image. The algorithm computes the integer Euclidean dis-
compuation ot al )‘ l::;uilidean distance. The exact Euclidean distance value and the
e and_'tl;(;)c‘:f(:)lfot:a.cll Ij)ixel.ca,n be obtained from the vector Euclidean dis.tance. The
S time O(n?) space. Due to simple, identical and local neighborhood
Algprithuishen B1r) 'ecl Jmethod of computation is suitable for VLSI implementation
operations, the P-FOPI:_JSI‘G S;lcll an architecture is presented. The implementation of a
i o cefular ar'ChlteL -Ju 11{:1% been carried out in Xilinx FPGA. From the implementation
o ;)f tl'lf 'm‘dll)l:::::cllefllakt the architecture can process an image much faster than the
results, 1t 1s 0 ]

i i ) l‘ iln El-ppliC&tiO 15.
\‘11 0 Ic . h [¢ n S e 1

i v > next chapter
| t three chapters, the applications of EDT are given. The next chap
In the nex g U 2 . .
ives the computation of skeleton of binary images.
gives the



Chapter 5

Computation of the Skeleton

5.1 Introduction

In the previous chapter, we have proposed an iterative procedure to compute EDT of
a binary image and designed a cellular architecture for the computation. One of the

problems that can be solved using distance transform is the computation of skeleton

of a binary image. As defined in in Section 2.2.1 of Chapter 2, the skeleton consists
of points in an object that are closest to more than one boundary point. It is a linear

structure representing the shape of an object. The skeleton based on Euclidean distance,

i.e., Buclidean skeleton, is invariant to the orientation of the object. In a discrete
image, extraction of a connected skeleton is a non-trivial problem. Different methods
of extraction given by various researchers have been discussed in Chapter 3 but a VLSI
architecture for extracting the BEuclidean skeleton is not available (to the best of our

knowledge).

In this chapter, we propose & method to find the Euclidean skeleton of a binary image.
The method finds the skeleton pixels while iteratively computing the Euclidean distance

gonal objects, the method gives an exact, connected skeleton
ion of the boundary. A parallel algorithm is designed for
all the pixels in parallel and computes EDT and

values. For an image of poly
which is insensitive to discretizat

the proposed method, which processes ! _
skeleton of an —— taneously. The algorithm is amenable to VLSI implementation
in cellular architecture The time and space complexities are same as the computation

TH-2715_964102
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of EDT. The time complexity is O(n) and space complexity is O(n?). A preliminary
version of this work is reported in [SN98|.

The background for the proposed method is given in the next section.

5.2 Background

Consider a binary image consisting of objects O (0-pixels) and background B (1-pixels).
The Euclidean distance transform can be computed by the algorithm given in Section
4.3. The objects are treated as foreground of the image. When visualizing the distance
value as the altitude on a surface, the ridges of this distance surface,' together with
the corresponding distances, constitute the skeleton. The authors of [SP90] propose a

method to find the ridges from the EDT of the image. They consider a 3 x 3 neigh-

borhood for each pixel of the transformed image where the pixel being the center of

the neighborhood. The ridges are those pixels which satisfy

one of the following two
conditions: (1)

their distance values are greater than or equal to the distance values of

their eight neighbors; (2) their distance values are greater than their neighboring two

sixels i i ; . . . .
pixels in horizontal, vertical or diagonal direction. From experiments, we found that,

this me't,hod gives a skeleton with missing branches as shown in Figure 5.1. This is due
to the limitation in the numbey of directions to four. This leads us to propose a method

Figure 5.1 (:L) _
borhood. (b)

TH-2715_964102
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to extract the skeleton (based on Euclidean distance) with a larger neighborhood and
includes more directions as shown in Figure 5.2. The method finds the skeleton directly
from the image and simultaneously computes the EDT of the image. Also it can be
cfficiently implemented in hardware.

5.3 Proposed Method: Extraction of Skeleton by
Detecting Ridge Points

In the proposed method for computing skeleton, a larger neighborhood, Ng (consisting
of seventeen pixels in a 5 x 5 window as shown in Figure 5.2) is considered for each
pixel. There are totally eight directions formed by each pair of neighbors lying along

Figure 5.2: Neighborhood (Ns) of a pixel for skeleton computation

i i i : ber of directions is twice that of a 3 x 3
A line connecting the middle pixel. The nun

. . : . number of directions helps in extracting the exact
neighborl Thi rease in the n
100d. This nc

skelet, The skeleton is (-ompllted by comparing the Euclidean distance value of each
‘leton. The skeleton 18 €

: : -shbors. It consists of all those pixels with distance
Pixel with the distance values of its n¢6

val :shboring two pixels in any one of the eight directions. In
Alues greater than their neighbo

i lue of a pixel is computed, we determine
the 1, Jon as the distance va e, _
Wh(,:. IZOD(.)Sed method, as ﬁ( 4 o it The derivations for the computation of EDT have

Uher it is a skeleton pixel OF FHE ‘ _
boen N ;'s a skeleto SP o 03 Out of which, the computation of (JAz|, Ay)), d;
vl 2 alrea y given 'ln ect ol

ang keleton The iterative equations for their computation
4d are useful for computing s eies

are y,
'eproduced below.
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0 peB
1220 (po)| = | Ay (po)| = DO (py) = d @ (py) = {

00 P € O

0 P EDB
40 (po) = { 0 s

df(Hl)(po) =2(k+1)+ max [dfi] where df; = df(k)(l’?i) - (AX; + AY))
Pi€NE(po)

where Np(pp) is the neighborhood in Figure 4.2 and

" 0 for i =0,1&5
AX; =
2|Az®) (p)| +1 for i = 2,3,4,6,7&8

Ay, =1 0 for i =0, 3&7
218y" (p;)| +1 fori=1,2,4,5 6&8

(|Azk D (o), my(’“'*”(mn) = (Az;, Ay;)

where

for ¢ = 0,1&5

A { 1Az )
+1| fori= 2,3,4,6,7&8

IACL‘(M (?)i)

for 4 = 0,3&7

Ay; = { |Ay(k](?}z’)'
for § = 1,2,4,5 6&8

Ay (p:) +1 l

and i correg ]
ponds to pixel Pi that gat; sfie :
1Shes Equation (5.3).
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(5.3)

9.3. PROPOSED METHOD

d* D (pg) = min[d® (po), k + 1 : d; D (pg) > 0] (5.9)

The computation of skeleton value of a pixel is done as follows. Let s(py) indicate
whether the pixel py belongs to skeleton or not. s(py) equals 1 if py is in skeleton and it is
0 otherwise. s(po) is initialized to zero. Whenever the distance value of a pixel is found
at some iteration, the skeleton value of that pixel will be found in the next iteration. We
propose two methods for finding the skeleton value of a pixel using the integer distance
d (Equation (5.9)) or actual Buclidean distance d, (:\/|A:}:|2 + |Ay|?) of neighbors in
the neighborhood, Ns, given in Figure 5.2. Method 1 uses d values and Method 2 uses
d, values. Let py be the middle pixel in Ng and (p’,p") represent a pixel pair along a
direction. There are totally eight such pairs. Let P be the set containing all the eight

pairs. If the distance vector of py has been found at iteration k,'z’.e., d(po) = k, then at
iteration k + 1, s(po) is assigned either 0 or 1 based on the following methods.

Method 1: Skeleton based on d values
Method 1 assigns one to s(po) if there exists a pixel pair (p',p") € P such that d(p)

is greater than d(p') and d(p"”).

1) (pg) = k and Ip,p') € Pld®(po) > d®)(p'),d®)(po) > d®(p")]
g(ki-l)( ): 1 a IO_
0 otherwise

(5.10)

Ill(r'}..lu iS,

(5.11)
(k+1 -
S )(Pl}) ] 0 otherwise

'Method 2: Skeleton based on de values
Method 2 is similar to Method 1, but instead of d, d,
y M€t '

The computation of ""'(PU) b
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is used.

, : 7 (k) ()
L d®po) = k and 3(p',p") € P{d, P (o) > 4, (), de® (po) > de(p")]
(k+1) =
S (po) 0 otherwise

(5.12)

The above can be rewritten in terms of d 7 as follows:

i g . I (k) /. " ]
(k) L d® (o) =k and 35, ") € Pld,® () < d,® (1), 4, () < d, )
=) = 0 otherwise (5.13)
at the actual values of d and d; of some of the
ay not be computed in previous iter
with the present values (00 and —o0)
these neighbors are greater than that
less than that of Do.

In the computation of s(po), note th

neighbors of py m ations. Bven if it is S0, comparing

f
is still valid because the actual d and d, values o

of py and the actual d s values of the neighbors are

The iterative procedures for the comput

ation of distance vector and skeleton de-
scribed above ¢

usly. At each iteration, their computation

at previous iterations. This leads us to design
hich the computation for all pixels is ¢
ased on the Equations (5.3)
the algorithm, we provide some analysis of

discretization in computing skeleton.

an be carried out simultaneo
pends only on the values computed
a parallel algorithm in

The algorithm is b

de

arried out in parallel.
» (5:6),(5.11) and (5.13). Before giving
the neighborhood window and the effect of

5.3.1  Analysis of Neighborhood Window

The method described for the Computation of skele

od window. Let ug consider g
eger. The pixels

F - der
ton uses the pixels along the bordc
of a 5x5 neighborhg

: o m 18
. general mn x m window, where m
a positive odd int

border of the window

neighboring pixels is 4(m — 1), which is illustrated in
M —1) directiong formed by
dle pixel. If the
Stccessive

along the
center pixel.

are neighbors for the
The number of these

There are totally 2(
a line Connecting the ypjq
5.4, then the angle hetweep

given by ¢, — 0(i) — o(

Figure 5.3,

. : : in
each pair of neighbors lying
along :

. Mronure
Is are numbered as shown in Figu
. : ; - 118
made by pixel numbered  and i — 1

pixe
(lil'ectious
¢ —1). That is,

0i = tan I[?"/T”f] — tan(;

= 1)/m)
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1
. . . ————————— . . .
P [ ]
o) Number of
* ! border pixels
9 E [ ] : Tn.-2 =2m +2 (m-?)
e : E s /; (TTL— .{)
> o
® @
® 0 g  _______ @ e @
m

' i ' indow.
Figure 5.3: Neighboring pixels in an m x m windo

B ssume that the
1)/2. The value of 6; decreases as ¢ increases. A .
where m/ = (m - i The minimum angle is 6,,, where @, =
ion tan~![.] gives the output in degrees. : R .. i
function te (o 1)/m'] and maximum angle is ¢, where 6, L.hb d i .
> g | i istanc s described in the prev
. i f skeleton by comparing the distance values.  nissediii o amicle
on OF 5T : ; ct whose angle i
— | to missing branches at the corners of an obje oo lnerior mgle
/0 missing o o o
section may leac | to 180° — 0. The possibility of missing branc i
— 0. . | e
cader ihan o aqua’ 10 ~ ' -m=25 ixel py is a corner pi
— 18[): 0, is shown in Figure 5.5 for m = 5. The Ijn p o
nteri i . i . The pixels p;, 7=0,1,10,
‘terior angle he pixels p;, i=1 to 16, are neighbors of po P
3 1 O iy ¢
of an object and the p

- ixels py, [=2
ixel k=11 to 16, have d.(px) > de(po) and the pixels p,
have d.(p;) = 1. The pixels px,

ir of pixels along any direction have their distance values
= no pair or pixels
to 9, have d,(p;) = 0. So, no |

: eleton by the proposed method.
| hence po does not belong to skeleton by I
less than that of po and hence

j whose interior cs
1 mpute skeleton of an object whose interior angl
i co e ske
indow is used to
Ilomte, an m x m window

or = 180° — 91‘
at the corners are less than O

{ i . e comments
| hence 0 increases. The following are som
.reases and he
decrease

increases it is no
the thickness of skeleton also increases and i
B fip TSRS skeleton based compression, storing thicker

As m increases, 0;

on increasing m. (1) e, the hi
el In application lik

1 1 w s /l Ilt()n il- lla‘l.antl 4{!(1 fol‘ a
(2) ’1‘1][3 COI]HGCt]V[t_}' Of LhC S k( c I l 3 g{ € “ : ‘
‘ i ‘ ‘E « ;-,' = i : i K (J C (}I_;e -10 ! E;() “rl 10 -|
& : -rI‘ > {', wLi) . : l]l.ant:][ 0 S .

: °. (4) The computational
: ives 0, close to 180°. (
which gives

longer single pixel width.

: The
be sharp in a discrete image.

: wer window
be detected using a larger wil
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m' e
m —@
I
I
|
1e
0e @
le ° !
; |
| 1
| [}
I: m' = (m-1)/2 |
', |
' 1
m —@ o m —1
oL T N e © ©- - - e ©
!-._
m 1 1 0 1 TTIF —1

Figure 5.14: Angle between successive directions in an
m X m window.

complexity increases as m increases.

. :s:lle E;;‘j;l;es 0: ?nd;:m*TVS Fllfi width of a branch of skeleton arising from a corne’

= )’g . JJe.c 0'r 1.fe1 ent sizes of neighborhood window. The skeleton for a 3x3
Wmdo‘tv 's single pixel in width but the angle 0y is very small | lr 5 o low, thi®
angle is 18.43° more and the thickness of skeleton iS) e R DG ot
7 wind
O window, Fy

size gives best, results for di
TH-2715_ 964102

the 3x3 window. In the case of 7x

greater than that of the 5x
x5 window

. . ool
only slightly greater than ghat O

ow, 0y i ‘ . 15
» Oy is only 8.13° more and the thickness
Om exper : ' ab &
\ I experimental studies, it, is observed that
erent 11« r i . - 5
It images. This 1s due to following reaso”
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object

P4 13 P2

P15

P16

_.
™M
P2 Ps
P3 P

P1 ps Do

Figure 5.5: Possibility of branch missing at the corner
pixel po.

1. f, is considerably large to detect almost all the branches arising from corners.
. b %

9. Though the skeleton is slightly thicker than that of a 3x3 window, 5 x 5 window

leads to a better connected skeleton.

3. The complexity of computation 1s reasonable.

5.3.2 Effect of Discretization

: iscrete image, the boundary of an object
. , | objects. In a discre i \ :
in the boundary of polygonal Ob.

i N : e of the Cight} neighboring DiX@.lS at the
i i e 1ec cels v hose any one O
1S described l’).\’, the (}l_}_]b(.t pIx

1 Ld (1isa ha.cl{gl'ound pixel. Hence, the edge of a polygonal object in
chessboard distance O S ‘

straight except for the cases when the edges are horizontal

this as discretization noise. For example, see Figure 5.6(a). Due
or vertical. We refer to this €=

; : dary
: ‘hi i h [Cte l)(}lln ~ 3 5 a Hig
Lo this noise, the disc 0 would like to compute a skeleton which is insensitive
ne

a discrete image is no longer

appears to have more horizontal and vertical edges

and hence more vertices.

[n the figure, We can notice that no two neighbors along
o th i ariices. gt
hese spurious vertic
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Table 5.1: Angle 0, and thickness of skeleton arising
from the corner of a polygonal object for different sizes
of neighborhood window

Neighborhood Gy Skeleton
Window in degrees | Width
A%3 135°
5%5 153.43°
| Tx7 161.56°

any direction in the neighborhoods of the spurious vertex pixels belong to l)ackgmund-

Hence, by the proposed method, the spurious vertices do not, belong to skeleton and no

spurious skeleton branch occurs in the case of polygonal objects.

In the case of non-polygonal objects, spurious skeleton pixe
ample, consider a circular disc shown i Figure 5.6 (b)
disc consists of horizontal an( vertical ed
pixel marked ‘X’. By

this pixel, there exists

Is may occur. For ex-
. The discrete boundary of the

ges which is shown in the figure. Consider the

the proposed method, this pixel belongs to ske
two neighbors alo
to background. The actual skeleton

leads to spurious skeleton pixels for

£
leton because &

ng a direction in jtg neighborhood which belon®
of a disc is itg center.

Bt the proposed met.h()d
a discretize disc.

Hence, the method is sensiti®

ty of non-polygonal objects. The following sectio”
Mpute skeleton.

to discretization noise in the boundy

gives a step by step procedure to ¢q

9.4  Algorithm

In this section, a pseudocode of tha algor
EDT of a given binary i sortthm for finging g i sputivé
Y given binary image is Presented - HHg skeleton pixels and comp

Given a binary image of g [he algorithm C

15
Z€ N X n cont Al be summarized as foll0¥
TH-2715_964102

e
and background (B) pixels, b,

9.4. ALGORITHM

object pixel

background pixel \
3 o ole)

actual boundary of disc

o o 0 o)
0O00O0O0O0O0 o

0O 00O0O0O ® 0O 0 O o
O00O0O0O o0 0 0O o
0O00O0O0O0 () 0 O o o
O 0O0O0O0 e o ® o} © o
0O0O0O0O oo ® o} 5] o
O 00O eo o0 ® 0 o o
0O 00O oo o000 o) o) 0
O 0O o0 0900 0 ® o
O 0 O eje o0 @0 o) ) o
oo ele o0 00 0O 0O o
10 o/lejeo @0 0 0 000000000 O0O0
0 ejloje o000

sestil gt [EHEREL boundary of discretized disc

edge of discretized polygonal object
() (b)

Fi 5.6: Effect of discretization. (a) Discret.ization noise at the

lg“ref ' 1 rconal object. (b) Discretization noise at the boundary
ecflg('3 . 1121(1) il?sc Tht; pixel marked ‘X’ belongs to skeleton by the
of circu . 2

proposed method.

an distance vector (|Azl,|Ay|) of background pixels are

and the Euclide : ;
skeleton value s and the I Lues of the object pixels are computed iteratively from

: \OLTE ling v ; : :
set to zero. The correspondl g[ |Ay] and d; values of the neighboring pixels. At each

; Az ;
the previously computed | (|Az] |Ay]|) of those pixels whose d values equal the

i H i > es
llu(‘-‘l‘%ltlol'], the alg'cl'll'hm (.ombut ft,h()qp pi‘{elS whose (]A.T,L |Ay|) have been comput d
ite 3 ralues 0 =1 e
1t ‘ration number and the s val

In the previous iteration.

ALGORITHM: SKEL

I 11 IH i; .Lhe g-i‘r(‘.!l hiﬂdl‘y il]'lﬂ.go (-OI]S!S tmg {]] (]}_}j(\._(r_t alld
e I ¥ l!ll)]]!J t,(] 1e -

ha('kgl‘mmd pixels.
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Outputs: The outputs are the skeleton value s(pg) and Euclidean distance vector
(Az(po), Ay(po)) of each pixel py in the given image.

Step 1: Initialization

Similar to Algorithm EDT_NNT in Section 4.3, |Az|, |Ay| and d; are initialized
and a flag done is assigned to each pixel in the image. s is initialized to 0. The value of

done is set, to 1 when s and (|Az|,|Ay|) of a pixel are computed at any iteration. The
initialization is carried out as follows.

m-’fm)(?ﬂo“ = 1Ay(0)(ﬁu)l = dﬁrﬂ)(m) = ¥} (Po) =0

done(py) = { {1] jT;U i g
0

Step 2: Iterative process

At each iteration k > 0, the Buclidean distance vectors (|Az|, |Ay|) of pixels whose
d values equal k are computed. The skeleton values s of those pixels, whose (|Az|, |AY )

values have been recently computed are found out. These pixels are kept track of using

a flag re for each pixel py of the image, instead of checking d(pg) = k. rcis initialized

value, its r¢ value is set to 1. In the

ton value s of this pixel is computed, its rc is reset to 0 and doné
code of the iterative process is as follows.

to zero. Whenever a pixel receives itg (lAz|, |Ay|)
next iteration, the skele

is set to 1. The pseudo
R

while there exists pixel p such that done(

7 p) - 0
for all pixels py do in paralle]

switch (done(p,))

L: {Both (|Az|, |Ay|) and g have beep

Update ds(po) by adding 2(k 4 1)
break {switch done — 1}

computed}

TH-2715_964102

9.4. ALGORITHM

0: switch (rc®(py))
0: {Both (|Az|,|Ay|) and s have not been computed yet.

Do Euclidean distance vector computation}
if there exists p; € Np(po) such that (done(p;) = 1) V(re(p;) = 1) do
Compute d}“i}(pu) as in Equation (5.3)
if (4" (po) > 0) do
Compute (JAz®+D(py)l, |Ay**H)(py)|) as in Equation (5.6)
relft ) (pg) = 1
end if
end if
break {switch r¢ = 0}

1: {(|Az|,|Ay|) has been computed in previous iteration.
Do Skeleton computation}

ComputeSkeleton()
?‘C(k'H)(p()) — ]
done(py) =1
Update d}k_{_l)(p@) as in Equation (5.3)
break {switch 7¢ = 1}
break {switch done = 0}

end for
=k+1
end while

The function Compute Skeleton() for computing skeleton pixels by different methods
e tunction Gomputednt

is as follows.
17 Skeleton
Method 1 [[Equation (5.11)]: ComputeSkeleton()
-_— s -

_ . 1 iteration, if d values of p and p  are less than k.
In Bquation (5.11), at (k + 1)t

then (he (|A ] IA |) | s must have been computed already. Hence, s(po) can be
e their x|, ) and : ’

| ' one(p) as follows.
“UMputed by testing done(p) and done(7
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if 3(p,p )(done(p) = 1) A(done(p”) = 1)])
s(po) =1

Method 2 [Equation (5.13)]: ComputeSkeleton()

if (3(?;,?9”)[(d,r(k)(}”) > df(k} (1)) /\(df(k)(i””) > df(k](iﬂa])])
8(100) =1

The above procedure runs until the done flags of all the pixels are set to 1. In each

iteration, all the pixels are processed in parallel. At any iteration, one of the following is
carried out in each pixel: Euclidean distance computation, skeleton computation and no
computation. The choice depends on re and done fla
(1Az],]Ay) and s have been computed

depends on k, the iteration number.
s h

gs of the pixel. If done is 1, then both
already. Only the value of ds is updated since it

If done is 0 and rc is also 0, both (IAzl,|Ay|) and
ave not been computed yet. Hence, we perform the Euclidean distar
First, dy is computed if there exists some nei ghbor whose
already. If d; > 0, then (|Az|, |Ay))
case when re = 1, computation of g
Also d; is updated. The time

1ce computation.
(Az|,|Ay|) has been computed
of the pixel is computed and re is set to 1. In the
is carried out, done is set to 1 and e is reset 1o 0

and space complexities of the algorithm are as follows.

5.4.1 Complexity analysig

he time complezity of the proposed algorithm for

) (& | 0 | | , . - [y | ].l tll(
I)lll-; 0“(,.

skeleton values of all the pixels

e been 0 g . terations equals the number of
Lhe number of

. value th; :
the time complexity is O(n) for an 1, .nt a pixel t,

: oD 1
is O(n?), since the algorithm pe

df and the flags done, re ang

depends on the maximum dist

ance tterations for computing EDT

akes in the given image and henct

> Space complexity of the algnril-h”‘

eds congt

Sstant space

PPALE 10 store the S ) nd
s for each Dixel > values |Az|, |Ay|,d a

TH-2715_964102 '

5.5. SIMULATION RESULTS AND COMPARISONS

The identical local operations performed in a local neighborhood of eac. piaci wane
the algorithm feasible for VLSI implementation in a cellular architecture. Before de-

scribing VLSI implementation, we proviGe some simulation results of the algorithm.

5.5 Simulation results and comparisons

The algorithm has been simulated on a computer to test its performance. It.has been
implemented in ANSI-C on an HP 9000 Series 700 J Model J200 “lfork?tatlon. hThe
skeletons computed by the algorithm for different objects are shown in F.‘lgures 5.7,5.8
and 5.9. The reconstructed objects from the computed skeleten and distance values

are also shown in the figures. The distance values are given by Az®+ Ay®. The
Ll el . - . = -
reconstructed object is given by those pixels within the circular discs whose centers are

skeleton pixels and radii are the distance values at the skeleton pixels. Figure 5.7 and

Figure 5.8 show the skeletons of different types of polygonal objects [O'R94] computed

by Method 1 and Method 2. These skeletons match with the expected actual ones. The
by Method 1 a : :

kelet computed by Method 2 have better connectivity than the ones computed by
skeletons

Method 1. For instance, see Figure 5.7(c) and Figure 5.8(c). But, in both methods,
ethod 1. nee, €

the skeletons give exact reconstruction of objects. The rotational invariance property
he skele

. based on Euclidean distance can be seen in Figures 5.7 (a) and (b). Figure
ng}‘ql{TIOtjonStl 8sekolotons of the non-polygonal objects. They are different from their
5.9 shows the skele

] ones. For instance, the actual skeleton of an elliptical object is a medial
expected actual ones. st .
while the computed one has extr

polygonal objects (Figures 5.9 (d)-(f),(j)-(1)) is

a branches at the ends of the medial
line segment,

The reconstruction of non-

line segment.
o <tra branches.

exact and it is unaffected by the e

based on Euclidean distance, computed by the proposed
n, base

ﬂfVe (Z()Hl[]('l.]-@ L]-]{-_‘. skeleto } S l on Utlli!r distan(-.es tllﬂ.t are (‘.OITlIH(]]lIy us E‘.d iI] iIIla
I i ( P ( ia()[ll. )E]-rl 0(

ot from
g, (2127 and the size of the image is 240x240. We have

[KIK87] and shown in Figure 5.10(a), has been
processing. A test In

_ . o ig a polygon
considered. The object is @ 1 y

. i ‘t’

- erent dis . .

generated skeletons from diff . tborhood N, shown in Figure 5.2, we generate all
e neig

Lborhood. Figure 5.10(b) shows the skeleton obtained
1bor :

mputed by the brute force method. The brute

ance transforms. Since our algorithm for com-
ance

; : th
puting skeleton is hased on .
e nelg

” 0

nsform €€ : . M .
an listance value of each pixel by finding the min-
. distance ve

3 111
the skeletons using the san

Y Tet e tll
from the Buclidean distance

idlear
e REuclidea
force method computes the E
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(o)

gonal ghj
2 Jects computeq by Method1

3.5. *SIMULATION RESULTS AND COMPARISONS

(m)

Fi 5.8: Skeletons of polygonal objects computed by Method?2
igure 5.8:

and the reconstructed objects:
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()
Figure 5.9 Skeletong
non-polygonal objects

(k)

(1)

d Method 9 of
tructed objects.

Compute] by Methoq I an
and the recons

TH-2715_964102

9.6. VLSI ARCHITECTURE

imum of the Euclidean distances between the pixe.l and every kbelmci{g;;)uc:; a};:;:-fn;:l':
have taken this skeleton as a template for comparison. The s (?e F(‘)i uress 10(c) and
ity-block distance and chessboard distance transforms are sh(.)wn .m g b. ) e
gl%(;) These skeletons differ from the Euclidean skeleton in Figure 5.%0(d)fat 1;)}?:
; : * ' rom t
branches pointed to by arrows. Figure 5.10(e) shows tfhe ;i;?::;: i(;bctjrzlslfdered to be
chamfer 3-4 distance transform of the image. The cham erb cormgpad] By b T
a good approximation to the Euclidean distance and can be ) [‘)asonably -
( g Wbor 1 operations with the chamfer mask. The skeletcufl '1s 1-e : o )
e orhood op bject shown in Figure 5.10(h) has deformities in its shape elcause
the reconstructed objec at match the exact Euclidean distance values. The arrm‘vs in the
the diStm-me ales dufno ities. The skeletons generated by the prODO.SQd a-lgor‘th‘?l are
figure pom-t. to Lh:z d(;: F)I‘:;d : -10(g} and their reconstructed objects usm.g the magnitude
show in Flg”"i? :;.ilqtzince vectlor are given in Figures 5.10(i) and 5.10(j). Tlhe- sk;-letorz
. ‘30?111)“;9“1(;(] 1 is shown in Figure 5.10(f) and the on(la by l\/Iethoijl Sl:rllrllcti;gﬂuof
gmm(ra)te(’fl)z qkelletons are similar to the one in 5.10(b) and give exact rec
5.10(g). The s

objects.

i [ chamfer, city-block and chessboard di.stance trans]f()-rms 121(1113213
The Compum.tlon i d operations and can therefore be implemented in a, c

through local neighborhoo iit _block and chessboard distance tra.nsforms differ t"rcnili
array. But the skeletans fr(f]m skZleton based on chamfer distance is reas?nably g£00
the Enclidean skeleton. '] . oorly. The proposed algorithm generates the S}‘{elet.ol?s
but it reconstructs Lhe.object P_l ton and reconstruct the objects exactly. From the
Al iy e Eudldeanl ill(:tf the skeleton using Method 2 is better connected than
ind that the:

. However, from hardware
[ 1 (see Figures 5.10(F) and 5-10fg))th 4 3, Fioum Tresrarulfe, £

the one using Methoc hod 1 is better than Method 2.
ation point of view, Metho generated skelatons have no branches

= ) 1 . a: )
simulation results, it is fo

implement,

: the
onal objects, _
Is also observed that, for polyg tization noise in the boundary.

5.6 VILSI Architecture

Algorithm EDT_NNT, Algorithm SKEL can also
Of g(}l'l

i - ntation - where each cell represents one
Similar o the VLSI implemel \ n x n cellular array

1
. . re by a
be Implemented in hardwat
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e |
()
Figure 5.10-
Tucte 3 ,
(b) SI.CCIQLUH from Eyep . (’.({lmag@s_ (a) Test image taken from, [KK87].
(¢) City-block skeleton of fbest iy TaNSform Compute by brute force method

skeleton of gegt image. (f) Euclidg } | d) Chessb(_)a_,,d skelotop (o) Chgifier
Skelatoy, Compute by M il ) 1amfer
N e “ethod 1. (g) Buclidean
» 1) a g) tucelic
(i) ang (j) R.emrm!.rnctm_i images of (e), (M)
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5.6.  VLSI ARCHI TECTURE

pixel of the binary image. A cell consists of storage elements |Az], |Ayl, d 738, done and
re. The size of storage elements |Az|, |Ay| and d; depends on the size of the image
and s, done and rc are one bit in size. Each cell is connected to its neighboring cells
through which it receives the required values stored in the neighbors. The neighborhoo(
connectivities required for both the Buclidean distance tomputation (Figure 4.2) and
skeleton computation (Fignre 5.2) are provided. The overal] neighborhood connectivity
of a cell is shown in Figure 5.11. The dashed lines show the connectivity for skeleton
computation and they carry either done or dy value of neighbors depending on the
method implemented. The thick lines show the connectivity for EDT computation
and they carry all the stored values except the s of the neighbors. The computation

i connectivity for
1] EDT computation

connectivity for
T skeleton computation

/ i A ~ -
Y 1 \ ~.
O 0 0 g o
Figure 5.11: Connectivity of a cell

i a ] A-]‘ 1 A' and s 1s 1 [)IOI .
. A AL LT G ]

and the cells are updated synchronously with respect to an external clock. The block

diagram of a typical cell is shown in Figure 5.12.

The combinational logic (CL) for computin.g (|Az|, |Ay|) and d; has beer‘l describe'd
in Section 4.5 and the CL for computing s 15. as fOHUWS-_ Thle Cﬂmplltafﬂoil of s is
performed by the function ComputeSkeleton() if rc of a PIXO] rs. set, ‘to 1, jlle func-
tion ComputeSkeleton() of the algorithm by Metht}d ! nv::eeds testmﬁg s ('lonﬁ liags
of neighbors. This is easily implemented using few logl.c glates- -Fh@ function C.mn-
;JuteSkp,fpmﬁ( ) by Method 2 compares the dy values of neigh )or.-s with tha.tj of -pu, Since
there ] 1 ; ilborq 16 comparators are needed. The complexity of the circuit needed
iorll:\fI:frlT Ialn:g\ ery .lf,‘sq when compared to the one needed for Method 2. As Method 1

*thod 1 is very less

e ic of Method 1 is less com dlex than
e combinational logic o plex than that
tests on]y single bit flags, the com

of Method 2.
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se of ¥ xels C 0 V. other storage elements a
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he cellular arr
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he external cloc
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alec s I . : ‘
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iterati
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Table 5.2: Number of different Xilinx FPCA logic components of
chips obtained from the implementation of the de

sign for compu-
tation of skeleton by both methods.

Injl\?g: ?\lfze BUFG | DFF | FMAP | HMAPD IBUF | OBUF | OUTFF
1616 4 10 | 433 71 142 9 8
32x%32 4 11 018 97 167 10 10
6464 4 12 607 84 192 11 12
128x128 4 13 660 119 ALy 12 14
256x 256 4 14 667 123 242 13 16
BUFG: Global Buffer; DFF: D type flip-flop: FMAP,HMAP: Mapping design
using I and 0 look-up tables;

IBUF: Input Buffer; OBUF: Output Buffer;
OUTFF: Output flip-flop ’

Table 5.3: Results obtained after placement and routing of FPGA
components listed in Tah]e 0.2 for dj

r different sizes of Images
Image size | Clock C path Net Gate
N x N (MHz) | delay (ns) | delay (ns) | CLB | 101 count,
16x16 T2 159.66 19.43 248 | 159 3025
32x 32 0.9 193.41 17 297 | 187 3670
64 %64 5.3 201.30 19.28 336 | 215 | 4164
128x 128 4.99 220.05 20.07 372 | 243 | 4693
- 3
1 256 %256 | 5.2 215.42 18.94 383 2?1_J 4699
C path Combinatjor path; CLB. Comp :

- The foyr global buffers are needed for four
iemory elemepyg (1)
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df (3) re and (4) done

as the outputs of cell ang DFFs . Sare Ag and Ay whose outputs gre, dire(‘t.ly taken
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of cell. :
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' 'Si
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for differey, nput, i, 50 gned i HDL oy tested funetionalls hip for the (.lf image by both
.{MS' yout of ¢t 6 binary
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' ing sKkeey
computing
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Chapter 6

Construction of the Voronoi

Diagram

6.1 Introduction
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where
AX — 0 t=0,1&5
21Az®(p)| +1 i=23,4,6,7&8
AV — 0 1=0,3&7
20yP ) +1 i=1,2,4,5 6&8
and
(1az® D (), 1855 (o)) = (Az;, Ay;) - (6.4)
where

A { 1A ()] i=0,1&5
4B +1 i =2,3,4,6,7¢8

Ay; = { As®m)i=0,387
AyB @) +1 i=1,245 688

f ;
and @ in Equation (6.4) corresponds to pixel p; that satisfies Equation (6.3)
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6.3. ALGORITHM

5. pe is connected to pgw and psw is connected to py. pw is the north neighbor of

Psiv.

This is illustrated in Figure 6.4(1). The conditions for establishing the connectivities
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6.3. ALGORITHM

(0) .
1820 (pe)| = 18y (pc)| = " (pc) =0

1 =
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C a4
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rl\l = . . i
ie connectivity flags of object pixels are
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N(pe) = b(pn);

NE(pc) = b(pvE);

Step 2: :
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teger approxim
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1e b of these pixels are set t
35p0nds
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Fioe s
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.1[ l}} ] 1
iere exists p; € Nyy(pe) such that b(pi)=1d
Compute d+0) (pc) as i i 1
7 "(pe) as in Equation (6.3)

if ((I.[;H]}(uc_,\, > 0\ do
&@K’/f/f‘f (A" e |, (By®+ U (pg)
as in Equation (6.4) o
b(pc)=1 {binary value}
Set the connectivity flag
{flag corresponds to the pixel from which

L v C

end if
break {switch  — 0}

15 received }

1:
U{(|1A'r|, |Ay|) has been computed}
pdate dj(p) by adding 2(k + 1)

: y of
.ft(he Iremaining seve flagf}hy TR
if (B L
v[s((iw)) VIN(o) A sw (n)) v [NW
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o nd
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Zure

6.4(2)-(4)) et

if (SE(pyw) v (v
NW(pe) = 1( T o)
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break {switch b =1}

end for
k = k+1
until N, S, B, W, NE, NW,SE and SW Hags_remain unchanged for all pixels

In the above procedure, at each iteration, all the pixels are processed in parallel.

Depending on the value of b(pc) of each pixel pc, different operations are carried out

— 0, displacement vector has not been computed already for pe.
s computed, b(pc) is set and the connectivity
ives df(pc) 1 also set. When b(pc) = 1, pc

(pc) is only updated and the connectivity
ntil the connectivities are fully
s are fully

in pe. When b(pc)
Il df(pc) > 0, then (IA:L‘(PC”: |zﬁ?/(i"c)|)
flag corresponding to the neighbor which g
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ged for successive

establishment is carried out-

established after the b values of all
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chan
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1terations.

Step 3: Identification of Voronol pixels
he pseudocodc for identifi-

. figoram. T
Let vor(pe)=1 denote pc belongs to Voronoi diagraim

cation of Voronoi pixels 15 8 follows.

5 in parallel
_B(pe) VW (0e))

for all pixels pc d
if (=N (pe)V ~Spc)V
vor(pc)=1

else vor(pc)=0
i WwS.
iti _ lgorithm arc as folle
The time and space complexitics of the algot

6.3.1  Complexity A2
ithm i8 dgtermined by the repeat-until loop.

d algortt . od for total dilation and an additional
: els of the dilated objects. The

rI‘ . . , 0 ose
he time complexity of the propP . require
n integer distance
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The time taken by the
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if there existik}fl}e Nyi(pc) such that b(p;)=1 do
Compute d; " (pc) as in Equation (6.3)

if (4" (pc) > 0) do
Compute (|Az™1(pc)], |Ay*+D(pe)))
as in Equation (6.4)
b(pc)=1 {binary value}
Set the connectivity flag
{flag corresponds to the pixel from which

the Euclidean di
. ean distance in -

. formation i :
end if tion is received}

end if
break {switch b = 0}

I:U{(|A3:|, |Ay]) has been computed }
pdate d;(p) by adding 2(k + 1)

E. A 1 .
{Bstablish connectivity of p by comput;
the remaining seven flags) -Omputing
it (7
1 \E[f;([pw) VIN(c) A SW (py)
) pc) A N]W(p )]
s)| VISW
Wipe) =1 | (

Jv [NW (pe) A S(psw)]
pc) A N(psw)))

(1)}

{suni]ar!y with pp oy and

3 e ) ‘ .
conditions in Figyye g 4(} § according to

2)-(4))

if (SE(?JNI_,V) V (N )
NW(pc) =1 B Won)) v (w (pe) A N( )
! Dw
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break {switch b= 1}

end for
k = k+1

until N, S, E,W,NE, NW, SE and SW flags remain unchanged for all pixels

In the above procedure, at each iteration, all the pixels are processed in parallel.

alue of b(pc) of each pixel pc,
— 0, displacement vector has

is computed, b(pc
is also set. When b(pc) = 1, pc

d and the connectivity

different operations are carried out
not been computed already for pc-
) is set and the connectivity

Depending on the v
in pe. When b(pc)
I d;(pe) > 0, then (|Az(pe)l, [Av(pe))
flag corresponding to the neighbor which gives d 1(pc)

ated object and hence ds(pc) s only update
out. The iterative process runs until the connectivities are fully

xels are set s are fully

f all pixels remain unchan

belongs to the dil

establishment is carried
¢ the b values of all the pi

ity flags o

to 1. The connectivitie

established afte f l
ged Or Successive

established when the connectiv

iterations.

Step 3: Identification of Voronoi pixels
1€ pseudococle for identifi-

)=1 denote Pc belongs to Voronoi diagram. Tl

Let tro:r‘(pc
as follows.

cation of Voronoi pixels is

do in parallel

for all pixels pc
-E(pc

if (+N(pe) V -S(pe) V

’Um'{pc):—_l

)V W (pc)

else vor(pc)=0
are as follows.

nplexities of the algorithm

The time and space ¢O!

6.3.1 Complexity Analys1S
; RO the re eat-until loop.
o d algorithm is detmmmed [ljf' l. P .
he time complexity of the proposet == quired for total dilation and an additional
, des t > I€ o «els of the dilated objects. The

, yinclu
the loor Jetween tl .
i nteger distance

r[1 .
he time taken by ities b
o nL1Es Ay 1
nect1vl [ to the maximuinl 1

bime t, for establishing {he con l
| for total dil?

h .
Umber of iterations needec
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value that a pixel takes in the given image. For an im
greater than v/2n and hence the time for total dilation i
of the objects in the image. In the worst case (

age of size n x n, it cannot, be
s O(n). t, depends on the shape

for instance, spiral shaped objects), ta
. . 2
is O(n?). The space complexity of the algorithm is O(n?)

, since the algorithm needs
constant space for storing |Az|, |Ay), dy,

b and the eight, connectivity flags for cach pixel.

The small local neighborhood operations of the a

Igorithm make it suitable for VLSI
implementation in a cellular architecture.

6.4 VLSI Architecture

The proposed algorithm can be im
cell stores |Az|, |Ayl, dy,
of these values is implem
and comp
of tl

plemented in an nx 1, array of identical ce

Ils where each
b a.Ild ﬂagS N, S; Ea ‘/I/; NE, Ni’{;’ SE &Ild SW r]wh erom I')ut'{atio][

ented using data processing elements sycl, as adders, subtracters
ge elements | Az, 1Ay, d; depends o the size
age elements (), S,E,W, NE,NW,SE. SW and b)
Il the eight, neighboring ce
ors and the neighborhood

arators. The size of the stora

1e image while {he other stor
are one bit in size. Fae

which it receives the v

lIs through
is shown in Figure 6.5,

The cell has ty

onnectivity
0 modules, viz., dilation module an ¢
establishment module. The dilation ;

onnectivity
nodule hag Components for distance ¢
and the connectivity establishment m

omputation
odule hag Components for establishing ¢
between neighboring pixels.

onnectivity

Bl cell under
consideratiop

[] neighbouring
cell

g Connectivity

Figure 6.5; Nf‘-‘-igllborhoo(l connectivigy

a cell.
T'he iteration number is Beherateq by

an €xterng) Counter and the cells are up-
TH-2715 964102
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. : = [-\I"I}l(_:'rl.l
;L 'tCI[ d - 1

e o i : . [ T y a (1 (j l] ‘
(late LS . 'Om lI] t I or

in Figure 6.6. The
cell is shown in Figure 6

clock

__+ to neighbours

; "
to neighbou

|Az|, |2yl

of neighbours

|Ax|, |Ayl, dy, b
of neighbours

CL for
|Az], |Ay|
counter value —

k

1 -]
to neighbours

Module

i
\
1

I

i

1

N,S,E,W
NE,NW,SE,SW
— of neighbours

to neighbours <——

binational Logic.

q cell. CL: Com

o D i 1 1(‘ i.(‘g[in ¥
= l.’ﬂ; LlIIll)
e | ) P(‘H ity ﬂag._-lrno\ 9 S
- connecd A
1 4.9.
i ' o 1

r 'S,
gs of neighbo?

of connectivity fla
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Operation of Hardware

The storage elements of the cellular array
in Section 6.3. Then the cellular array
synchronously for n? iterations

4, . L ven
are first initialized as in the algorithm gi

. T tre - 1un
and the external counter are allowed to

; - each clock
and the cells are updated simultancously at cach
pulse. After updation is stopped, the Voronoi diagram is given |

y those cells for which
any one of the four flags N, S, ' and W is 0,i.c., N A S A E A W

is 0.

6.4.1 Design of a cel]

The dilation module consists of the components of basic cel] (Figure 4.6) and the flip-flop
that stores the flag done in basic cell is used to g

tore b. Each of the eight input sets,
corresponding to eight, neighbors, to the MAX module (Figure 4.8) also includes an cight
bit code vector. The code vectorg are as follows.

Assume that the flags are arrangi?d
in the following order- N,S,E,IfV,NE,NIfV,SE,SW Then “10000000” is included 11
the set of inputg corresponding to north neighbor ang “00001000”
corresponding to north-east, neighbor, Sj

mil
corresponding bit, being set, to 1 is incly
output bit vector of the M
neighbor

o . » gef

1s Included in the s€
: e

arly, for other sets, the code vector with th

ided. Let “fostfW

" (e
fo-‘TfNWfSEfSl-V be Ul
If the

_ _ i
cell receives the distance values from ¢
it vector corresponds to

AX module.

at some clock cycle, then thig b

at neighbor.

1
flops for storing the flags an¢

For example, {] t > conditiong (Figure 6.4) for setting the flip-flops
; : > e mput to e ﬂlp—ﬂop W is at : in
. ® Beherated |y ) Ic circuit shown
Figure 6.7. At any clock cyelq Y the logic circuit sh

The design of

Xilinx FPGA has been carried

o
- DL anqg the unplemenr,a.ti{}n of the design tt
1t . 3
image sizes are tabulateq in Table . lhe COmponeptg of the chips obtained for (liﬂelf"“}
that of basic cell. The eigh add; [he mterDretaLlrm of these results is similar t
4.2 ‘col-rOS[)Unding to EDT .,

S, whep cory
s Are dyg ¢
for the clock inpy

. . pable
Mpared o Hpp entries in Tal :
s ] ] . Y ]l J
_ b to flip, flops yge 5 ‘-}’ flags. Ay additional BURE is med
OBUF are also due o the iu]-}m.q . (-(Jllllect,lvii

Y flagg.

: mnnct;ivit\r est

, 0
ablishment, modul®
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cndn
fw input to
W
b(pc)
SW(pe )
) N(psw )
W
B S(p )

E(py) NW(s )

N(pc @

SW(PN) NW( ) Sonw)

generating the in

puf to the

e 6.7 Logic circuit for
Figure 0.7

flip-flop W




6.5. SIMULATION RESULTS AND DISCUSSIONS
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P

Table 6.1: Number of different Xilinx FPGA logic com-

ponents of chips obtained from the implementation of : E
the design of cell for computation of Voronoi diagram :
Image size i ; : i e
N x N || BUFG | DFF | FMAP | HMAP | IBUF OBUF | OUTIFF i V: i
16x16 S B I I I 7 T A - ; : _
32%32 3 18 541 118 199 18 10 i
64x64 3 19 585 92 224 19 12 i
| 128x128 3 20 666 109 249 20 14 i = _
BUFG: Global Buffer; DFF: D type flip-flop; FMAP,HMAP: Mapping design _ : :
using I and H look-up tables: IBUF- Input Buffer; OBUF Output Buffer Btk Skt i s
OUTFF: Output flip-flop / gt B i %i (Bl 3
i s : E';LT : x:
8 DR e et -
Table 6.2: Results of placement and routing of compo- s ! | .ii | i
nents i‘n Table 6.1 i Jj T‘:aii it i
Image size [ Clock | ¢ path Net, 1 Gato | R B 35 _ il ’%’:
NxN_ | (MHz) | delay (ns) | delay (ns) | CLB | 10R ' R 5 T
BT T T o el L count, % Fts e
16x16 6.28 | 16566 | 13g5 2 3363 | e g R
r : 67 | 199 | 3363 L if g
232 562 | 19453 | 998 | a0 227 | 3772 IR e
64 %64 6.01 | 178.06 16.33 | 360 | or Y el e ]
128 198 . 255 | 4441 TR ; i
C path Cooro L2004 | 2134 | 300 | 943 4860 £
path: Combinationa] path; CLB: Complex Logic Block; 108 1 /O Block o "
rad {11
B
the cell. i “g
o
The results of placement, ang i :
and routip StehahicRpiinny : ST :
the.chip corresponding to 16 16 size ng :"e‘reported In Table 6.9 and the layout of :F;% i‘gjﬁ iﬁh i 1 L i i
cellular architecture R, boon dn ; I Image is showp in Figure 6.8, The entire ﬁfﬁﬁﬁ“i%’;» %; _ ; | h ; i it
siied and functionayly tested in ModelSim. ‘:gf': %ﬁ%ﬁi‘ ﬁ y | f& i iHii:
In the next section tho R Dl il 2 iz
b y L I)()rf()rmance of the al it .Rﬂ‘:ﬂa Hertiess 2 SERERE T i
. . e algorithy i« LR e ; i i
"Bt by Slmulatmg 1ton a Sequentig) Computer. " el in Phig/Seckion 8.3 E@%J“s %Eh i :};r i i t 5 7 ~.: g{*} +;
i i R i*h‘"'mﬂ; “ig.éé‘;
5;‘-.'. %-ﬂii;r i i : ' I it Heti if;:r
HE ._“‘.' i ) i i } h_!ij:;:-.‘fij
6.5 Simulat L . e
on Resylt . iR S 4 R e
S > it e e i e .
and Dlscussmns i H‘S‘H el il i : ‘E;%I?1J':? il }’ i
R st i ~::_-;L HEhy 1
The proposed lgorit _ iy i _;3 z} S BRI
r(}rmam; o a gﬂrlthrln has beey Simulateq on a ge : i ;?f% i}i it it % S f} ;
kst, f 123 been mplementeq iy, ANSLQ o ‘ Jq:ent]al COMputer t¢ (ost jts per” { %f ‘351% i;’g e e )
workstation wit AxAO0) W 8] . ‘ G ) i
' WIth 64 MB RAM. yy, have generatedn P 9000 serjeg 70, 7 Model 1200 o i e design of cell for
S0 - ; iz e IR T R
e test Mages using 5 graphic® i ,55 # Olg « 16 binary image
Figure 6.8 L
TH-2715_ 964102 :

computing



104 CHAPTER 6. CONSTRUCTION OF THE VORONOI DIAGRAM

package. The discrete Voronoi diagrams computed for these images are shown in Figure
6.9. The number of iterations needed to construct the Voronoi diagram of the image

F.igure 6.9: Voronoi dia
diagram of random poin
Separated objects.

grams of images,
ts. (b) Voronoi dj

(a) Voronoi
agram of wel]

most of the cages except

has a fa] ,
] . alse J
completely by object 2, but dpe s whenever 4y, branch which

the object 1. This is due tg i » the dilateq — s not enclosed

object 1. For
antageoys, This will be

Separate( objects with

i the cago of im 0is ady

A reg] ; - ' \
al Image. The image

TH-2715_964102
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Jeets and its implement

6.6. COMPARISON STUDIES )5

e 6.10: Voronoi diagram of objects. The arrow
re 6.10:

e ¢ branch.

points to the fals
f some workshop tools and
Figure 6.11(a) shows
d and then binarized

hosen in such a way

Tite photograph O

was obtained by taking a black and W llII:";)Scanjit 4C scanner.
. 1sing an

subsequently scanning the PEOL?TlhiS gra}r image is first sharpene

155, The threshold is ¢
with the threshold set at a 8ray value of 159

3 e backgr
f-hqt' the ()bj(’(‘tg in the image call be distinguis €

i diagram 0
omputed Yoronol . ' by
e 6.11(b). The LOII;IOen Constructed in 180 iterations w hile total
)e
diagram has

ison 0
ions. The comparison

studied next.

the image of size 260 x 30 a)
ound. The binarized

f objects is shown in

Image is shown in Figur

i?igllro 6.11(c). The Voronoi ‘ .
red after 95 iterat !
literature is

f the proposed method with

dilation has occur
the existing methods in the

) udies
' ison st
6.6 Compar te Voronoi diagram of ob-

of discré e .
h existing methods

uction _
of constrt apared wit

posed metho scture are ¢!

In thig section, the pro - archit

. o l
ation 11 cellu

Nd VST architectures.



106 CHAPT. §
ER 6. CONSTRUCTION OF THE VORONOI DIAGRAM

Figure 6.11 (a)
Fars ;
Dy our method ig g
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Real im;
cal image, (b) Bings

iven by the

thick g

1ze( imn.ge_
C8Mmentg

) VDI‘OH()i di&g

ran
Lof (b) (:(mst,m(:l,cd

6.6. COMPARISON STUDIES

l .1\ sequential algorithm for computing discrete Voronoi diagram of arbitrary shaped
obiects 1 - : : . ¢ Y Shape
] jects is given in [AdB86]. The diagram is based on city-block distance metric %
a 1 ST ) . 1
gorithm first finds the exoskeleton (skeleton of the background) from the city-bl E
y-bloc

m of the background and successively obtains the Voronoi diagram by
cl.

distance transfor
akes only a constant number of scans

removing certain pixels from the exoskeleton. This t
am obtained by this algorithm is shown in the Figure

b), the Voronoi diagram is not smooth due to
The same algorithm is not suitable to compute
The algorithm performs only

over the image. The Voronoi diagr
6.13(a). When compared to Figure 6.9(

the characteristics of city-block distance.
ecan distance transform.
ations can not be performed in parallel

able for efficient VLSI implementation

Voronoi diagram from the Buclid

local neighborhood operations. But these oper

for all pixels in order to make the algorithm suit

on a cellular architecture.

hm for the construction of discrete Voronoi diagram and its V LSI
esented in [TTT97] for path planning
architecture is simple in design, but

efined in Section

A parallel algorit
n a 2-D cellular architecture is pr
aped robot. The cellular
ted here is different from the one d
The authors in [TTTY7] have constructed

of the objects are identified and

implementation i
of a translating diamond sh
the discrete Voronoi diagram construc

6.1. Also it is based on city-block distance.

the Voronoi diagram as follows. Initially, the
ation. These code

coded with respect to their orient
The cellular architecture st

values onto the cellular architecture.
four neighboring cells (

and cach cell propa.gates its code to the
at each time step: The Voronoi diagram consists of those cells which

neighbors. The algorithm actua
al and diagonal segmcnts) of the boundaries of objects

as additional branches depending on the
as fewer edges, the number of additional
y simple images of size

boundaries
s are then loaded as the initial source

arts its evolution in time
two horizontal and two

vertical neighbors)
Ily constructs Voronoi

receive different codes from their
(horizontal, vertic
Voronoi
whose pound

The authors in [TTTQT} considered onl
‘he of their algorithm. Figure 6.12 reproduces the

. operation , :
e op s Jaell i {TTT97]- But in general, the images are

is complex. For example, the
in [TTTQT] of a larger image

diagram of edges
instead of objects itself. The
number of edges. For objects,

diagram h
ary h

branches are tolerable.

32x32 to demonstrate th

T
Voronoi diagram of an image cOl

hape ©

1 by the a
[eral)le n

|: . .
arger in size and the s

tructec al branches and finding

.vfll‘mmi diagram cons addition
18 shown in Figure 0. 13(b)-
A path for a robot in LS yoronol d1367¢ | '
Our method {ructs the discrete Yoronol diagram of objects based on BEuclidean
- method constructs ¥
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g ... /

Figure 6.12
. = VOI‘ .
for a 32x392 im o

shape due to

diagram c

b . onstruct 1 o

a 5 e A
ge. Each pixel in the i d in [T I'rT9 (]

the magnification o th age has a square

¢ image. Black

squa
duares are Voronoi pixels

Figure 6.13; v,
© VOrongj (:

the algor no

. gorithmy j 1 diagy,

in [TTTgr;] N in [AngB]gI"L(r:])of objects
: - (b
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6.7. CONCLUSIONS

an distance values is usetul tor collision-

distance. The Voronoi diagram with its Euclide
g arbitrary shaped obstacles on a

free path planning of an arbitrary shaped robot amon

two di cracoal s : :
o dimensional rectangular grid. The motion of the robot can be both translation and

rotati : R cicy

ation. The Voronoi diagram has no additional branches except for a special case as i
Figure 6. - : - B

gure 6.10. In robot path planning, the additional branch occurring in the special case

is advantageous. This is discussed in detail in Chapter 8. The method is also efficient

to implement in a 9.1 cellular architecture.

6.7 Conclusions
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lidean distance metric
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an additional branch arises. A VLSI
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In this chapter, we have given a parall
of objects on a binary image. The diagram is

and the objects can have arbitrary

diagram exactly for most images excep

other but not completely) in which

is enclosed by an
truction in a cellular

implementation of (he algorithm for the cons
described. A comparison of the proposed method with some existing methods has also
been given.
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ations of Voronoi diagrafl are discussed in Chapter 8. The next

Some applic
on of Hausdorfl distance.

considers the computati
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for a 32x32 image.
shape due to the m
Squares are Voronoj pixels.

Figure 6.13:
Fhe algorithm
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distance. The Voronoi di
arbitrary shaped obstacles on a
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rotation. The Voronoi diagram has no additional branches except for a special case as in
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Chapter 7

Computation of the Hausdorft

Distance

7.1 Introduction

industrial assembly, document

where one encounters
g an object, for

auton'lat,ml
avigation etc.,
Jem involves locatin
ance 1s ve

ask domains s such as

.ecognition for n
The prob
The Hausdorfl dist
his chapter.

jcal t

brocessing ﬂppllcahonq Jandmark 1
nodel- based recognition:
o], in an image-
n is the focus of t

I‘ll & (&3
01

ry useful to

tl L g (&

whic
hich the computer has
[ts computat 10

as these.
ed by considering the fore-

solve pr
lve problems such
ges 18 compute

o 1ma
g in the intege
(0-pixe s1s).

gize wit h

r space. (Clonsider binary images

pt\veell L W
I\ 1 €1 [i .]O]I ‘l‘l B i 1

I'he Hausdorfl distance b
g as pomt sel

I(
ground pixels of two imagt:
foregrounds Fa and

consisting of foreground (1 -pixels) 2
s Aand B of same

H
ausdor(f distance hetweel two 1ma
[‘R 1S:

H (A, p) = max

"'I[lch d.(pn, I
A) = 2% (pp, Fa)i

where
1 de(Pas F) is the Buclidean

j'),‘. [;‘f?)‘ h(

— II'IEI‘{ d(’( Al

h(A, B) = pAEFA
(A, B) is the directed Haus¢ dorft distanceé from A 10 Biane
A and the reground 5 17 The Hausdorff distance gives

TH:2715 9
4
Istante W 0%een pixel pa©
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the degree i
of mismatch b :
. etween 1mag i

dieeaiing § . ges. Prior work
stance has been disct i on the computati

' scussed in Cha ; putation of Haunsdorft

apter 3. The H o
- ausdorff dist
stance has been applied f
. 1 applied 0T

image matching [HKR93, R
; , Rue9s). / ;
is useful for real-time i ¢95]. A VLSI architecture for ¢ :
eal-time image matching. r computing Hausdorfl distance

In this cha
apter, we propos
) pose a -
method suitable for VLSI implementation for findi
slementation for finding

- [ a50¢cd 011 ] C i-'. .- !

images and u E
ses the Eucli
. clidean di T
1stanc T

image matching is also expl T‘mw S -

s also explor S 93 _ di

plored. The following section d I o sdonl AR "
sect describes tl
s the method.

7.2
Method of Computation

The iterat;
. terative metho of findj;
on 4.2) using local nei o

integer approx

hi(A, B PProximations to h(A, p

R ! )= we itnratively dil ’ ) and Jll.(B’ A

ach iteratiop '
1,

pixels in i ary of t

, lage B ’ " ’he dl](
g WhOSe lnteger Eu(il,d 'lte(l FB
Aldean dis

- The bouny, -

& C([“idista!

1t contour
ghb ours for
orhood oper r the computation of EDT (5¢¢

ations ¢
can be .
at ) say | (;Ill)he(l to compute the 11(—!&1'(‘-5';
e Je !" . 1 ?,' /|
I'y based on Bucliq i ,B) and h,z-(B‘ /1) To (‘.()I'lll)“t'e
Aldean distance. | ) oat
at so e, by one pixel unit @
+ Some if, ; )
e iteration k consists of those

ce is k
s th Let us assume that imag®
ORe DIXQIS ) . pnpel
pa € 4 whose intes

when the d yisk. 1
e dilated f n other w ;
hf:'(A,B)_ The itfs Fu!ly Coverg o The(PA, Fn) i ords, we i

CUI]’[p“I. :
ation i
Of (_llql—
hy ,anCe

Y then coye

: dil
using th re ation h
are repr & h'Ul'h()od N lUantitjeg A Eli(lldf\a,n dist \g he
‘Produce 1, E\Do) as iy ¥ Ay and ¢ f stance TeqUif™
40 \V. A 1 {_‘igu Jf Or e . . qg
re 4.9, rach pixel py in an e
: hP 2L Po 1 o _
equ t’O”
i

d (k+1)
/

(o) = 23, )y

Fou

) 1% L
rlew,,:(p“}[df ”(i”i) = {AX; 4 AY)))

A&:{u
Q‘A.‘?:(k}(

where

(7.1]

TH-2715_964102 b0, 145

P=9
2,-3,4,(}3 748

79 METHOD OF COMPUTATION

A},;:{U i=0,3&7
2| Ay® (p)| +1 i=1,2,4,5,6&8
and
(102D (o), 18y * D (o)) = (Azi, Avi) (72)
where
s = { Az®(p)|  1=0,1&5
1Az (@) +1 i=2340 7&8

i = Ay®E @) 1=0,3&7
| Ay® (p) +1 i =1,2,4,5,688

and i in Equation 7.2 corresponds to pixel pi that satisfies Equation 7.1. Similar to
hi(B, A) is obtained by dilating Fa. The maximum of these two
(A, B), say H;(A, B). The error in
te the method with an example.

the above procedure,
est integer approxinmtiou to H

integers gives the near
pixel unit. Let us illustra

the approximation is &+ 0.0

7.2.1 Illustration
(a) and (b)- The image A has a

a circular object. The objects belong to the
ted Hausdorff distances hi(A, B) and
(A,B), the circular

o images A and B shown in Figures 7.1

and the image B has

e computation of direc
(c) and (d). To compute Ai
d object covers the rectangular

)erpositi()n of images and

at different instants. If

Consider tw
rectangular object
foregrounds of images. Th

hi(B,A) is lustrated in F
1S dilated iterativel

igures 7.1
y until the dilate
gure 7.1 (c) shows the suj
he dilated circular object
1.2 8 5 then it takes eight

r object and hi(A, B) = 8.

object in imnage B
object when B 1 placed over A. Fi
(0011('.@111;1"1(: circles) of t
ts correspo
lar object t

iterations for the dil
-ations depends

1 3
However, the actual pumber of iter
ing the recta.ngula.l 0

hi(b’,- A) is cmr'lpl S - Figure 7.1 (d). hi(B,A) = 3 since dilation has been
the circular object. A, B) is the maximum of hi(A, B) and h;(B, A).

out in three iter

the boundaries
e that these instan

ated circt

nd to iterations k=
the rectan gula
on the size of the o
hject until the dilated object covers

we assuin
o cover

bjects. Similarly

-ations.

ied out in parallel. The method is

carried
1 of tj‘.()I'III.)llta.tiOIl can be call

The above methoc
1ssed next.

orithm disct

formulated as an alg
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7.3. ALGORITHM

7.3  Algorithm

and B, the algorithm first finds the integer approximation

) from A to B, i.e., hi(A, B), by dilating B.
(p) and bp(p) represent the binary
and B. The pseudocode of the

i
Giiven two binary images A

to the directed Hausdorff distance h(A, B

Let p represent, a pixel at row 2 and column y. Let bA

+ and column y in images A

values of pixels at row
ation of hi(A, B) is as follows.

algorithm for the comput
ALGORITHM HD-AtoB3

Inputs: Images A and B.
Output: hi(A, B)-

h respect to

S_t‘l_)l Initialization
are carried out wit

The initialization of ba(p)s bp(p): Az(p), Ay(p) and d;(p)

images A and B. (0)
A (p) = Dy () = ) = ¢

1 p = le
h/‘l (p) = O p € Bﬂ.

1 p€ls
bp(p) = 0 p€Bs

Step 2: mtive Process : i '
otep 2: [terative prot o iteratively by setting b 5(p) to { for all pixels whose

The dilation of 1mage B is carriec *
istance equals the iteration pumber k- The ba(p) .
an distance €47 hen ba(P) = 0 for all pixels.

The dilation

of these pixels are

-ab

topped W

integer Buclide -
1S S

simultaneously set t0 0.

k=0

repeat iteration
1lel

for all pixels p d© in pard



R . f

switch (bg(p))
1: { pixel p is in dilated Fp }
Update dy(p) by adding 2(k + 1)

l = i
ha(p)=0 { ba(p) is set to 0 since per
break { switch bg(p) =1 } )

0: { check wh
if there ewcigither p belongs to dilated boundary of
Compu; ‘d?k{i‘;)e NE(p) such that by(p ) 1} of F }
e 7 (}U) as in Equatio 1)=14do
nv.l

s gkl
if (dy " (p) > 0) do

Compute (k+
(A.’L‘ 1)(}:)), Ay[k-l—l)(p)) 57 B
“quation 7.2

bo(p) =1
ba(p) =0
end if
end if

break { switch b(p) =0}

end for
k=1
until by(p) = 0 for all pixel
] s

IH th ab l
ove ltel‘at.l e pl‘OCCS h
e V V \S, when b (

covers Fy. T,
_ : e value of 1 o _
the maximu of k Elves } =0 for z
. & T T %(A,B all pixels. t} .
fﬂl](_)ws- ?}1050 t,WQ- Tlle hn ) h'i(B, A) iS comp es, 'tll(} ‘h_laf.e(l F;} flllly

me and spagce compl 'l uted similar]y. I,(A, B) i

v exities of t} ) e
he algorithm are a8

754 1m are

C()[n .
plexit
Y Analys;
ysis

I l L -
¢ I [! 1€ a{ e ) 1]

lation is baseq on Euclj
be greater than \/3,, &
plexity of the |
Az, Ay,d;, b,

Plexities are

1["’_]_1]_ ' Sun]lar 1ot

*an distap 0 the ¢

['lell(:ﬂ () nLe? fOI‘ an n x _(‘Onlplltat.]{)n ()f E S .
* On) itery; " image th DT. Since the

algorithy
thm ig O(Tg) i
al duired for
g()rltllrn he
ﬁl(’)w‘ ’ X -
l!lg sect: Stant, Spac - ]g
Sectiog pace for storl!
) ] .
> We discuss the uqc'fnlni-‘s‘q

e dilatj )
ation distance (-.;ulll“l’

dila-tion_

a
nd by for every
: I'he space com”

of !1‘1119(1 i g
ausdor(l digt .
_llsl,dn(:e for ima
age mag
alching
]
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7.4. IMAGE MATCHING

7.4 Image Matching

- s l.(lOI ff (llu :r].oll(‘ . J i i 1 1 e I

images. Two imé¢ , ; . ;
ges. Two iinages have a good match if the Hausdorff distance between them is within

This limit allows some perturb

e two images coincide. The follow

a tolerable limit i
olerable limit. ation between images. If the Hausdorfl

distance i he :
ance is 0, then th ing are some applications of image

matching.
an object to be picked by a robot has to be first located in the

The directed Hausdorfl distance is used to locate
f distance from the model to a portion of the test

es with the pattern in

In industrial robotics,
environment [Sch90]. a given model in
a test image. The directed H

as the model size,

ausdor
image, same gives how much the model match

that portion.

Jlications, one needs to identify

ver due to occlusion or due to
The Hausdorff distance canl be
Also, in the case of two point

e will move away from

1d pattern recognition apj

In many machine vision al
partly visible (eitl

jat are only
ice to detect the entire object).
of two shapes.
o] Hausdorff distanc

instances of a model tl

failure of the sensing dev
he comparison of portions
he classic

quite meaningful.

extended for t
ffer by just one point, t

sets which di
artial matching is

0. In these cases, P

7 4.1 Partial Image Matching

e has been attempted in [HKR93]. The
ting partial HausdorfT distance
ance limit. The details
and 1. These values
ages A

g Hausdorff distanc
atching by compl
comparing it with ad

Partial image matching usin
authors of [HKR93] have done image m
and B, Hy(A, B), and

sie s Billows. Let fa and fB be two [mct-liona.l values between 0 Hhe
Let Na and Np be the pnumber of foreground pixels in im
Pl P '

and fn; find K = |fa Ny| and L = LfBN;;J. Let the
listance to t foreground pixel in

anked. The pa
f the Ith ranked pixel in A. Similarly, h,(B, A)

| in B. The partial Hausdorff distance H,(A, B)
it d, if H,(A, B) < di, then the

ist

between images A

are gi\’f‘l] as il’lpllt.

and B. For the given fr
Is of A be ran

foreground P
i the dist

th ranked PIX€
iven dist

actions f4
ked by their ¢
ixels of Bber

f their neares
oreer 1 3
eground pixe rtial Hausdorfl distance
B and similarly the
from A to B, hp(A B),

of the L
(B, A)]. For @ &

1er part.inlh-’.

15 the distance s
ance lin

is max|h, (A, B)s ly

images match each ofl
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The a.bO'u’e pI'O('E’dL[['G f 11 i '][[ at C o
g Iti listance

S o S. “f ha m i i
- [y l(‘h a w

for parallel implementation. T
plementation. The modifi
S ied procedure uses the co

ay that it is suitable

ion 7.2. It does not . mputational method
) ) ! require the computati
pixels. The inputs to the procedure are same as ot

B, fracti
1.} ractions f.A and fz and a distance limit
dilated to a distance dr. That is, dilation is

istance values for all
above. The inputs are images A and
dL-' The foregrounds of the images are
carried out for dj, iterations. Let n’y be

res ive '
{:qpectlvely. These fractions are thep cor
A2 faand fiy > fp ¢ i o ey
| B 2 /B, then the 1mages are

only one fraction [ instead of f p
A
the computation of ['(A, B)
between images. It J'(A, B
value of f(4, B) :

' ith the input fractions faand fp. If
- artially matched. In our studies wv.
fa fo. We compute ['(A, B) -
» 1t can be seen that (A, B ’
) > f, then i ’
2 by i the images a
| ges ar
» better would he the matching e

input

[.5) = mini 1, ). From
gives the amount of matching
partially matched. Larger the

Remark 3 Hy(A, B)

_ gwes the dear ;
J'(A, B) gives the deg egree of mismatch

n : betwe :
ee of matching betwe €N wmages A and B while

en ?‘:Tn, (Lges_

]‘ 5 - 1
n the case of partial ima

Siidng g€ recogniti
& glven image [ with gnition, one woul(

a ¢ : 1
J'(;.) giving the extent EEt of templates 7, T, Tv. H nd the best match for
. o Ol ma 1 PN ere n

1<i< N. The gt o | teh betweer each template ; ) .“0 find the fractions
For partial img : latching temp) and the image [, i.e., f'(J,T;)
A€ Tecognition, we need not input hose /(1 7y) is the m o

The ut the fract; he
1¢ procedure for partia] image e
[ =\h nl

like to i

ate T}, is the one w
aximauril.

atchin
. g and T
Partial Image Matching Tecognition ig given below

Step 1: In .
» Input images A
S A and B, frgef:
) IaCI’.-I()n /‘

. a - .
Step 2: Dilate iy nd dilation limit a0

ages for d, i
ages for d, tterationg

Step 3: :
_ Find n', anq np.

! " i o l f; ‘ .
A . v e ]

at

- |
Nen:
i+ num -
(.OVG['(.\'d hy

ber of pixels i ;
pixels in [, ), dilated Iy

a v
Step 4: Ie coverg] by dilateq 2
Sk L 1“4‘

Ompute f
©J4 and i
B
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1

SIMULATION RESULTS

=]
G

-

t=n' /Ny, [ ="1p/Nb;

A=
Step 5: Compute f'(A, B). f'(A,B) = min{ f4, [}

Step 6: if ['(A, B) > [, images are partially matched.

Step 1: Input image I and templates T, 1 €% N.

Step 2: Compute Pl L& i <N.

(1,T;). The best matching template is the one corresponding
s Lif: L

4 !
Step 3: Iind maxi<i<y f

to this maximum.

7.5  Simulation Results

- images of size 150%90. First, the

il . | B as shown in Figures 7.2(a) and (b) have been
s 0 m'l( 1ceS computed by the algorithm are hi(P,B) =
s dlStall'L very less when compared to h,-(B,P) becaus.e
(P,B)];;. ’I;llc computati (B,P) for e){?mple :Z
of dilation of image rations a

f dilated images

ave taken characte

For the simul
images containing the

considered. The directed Hat

4 and hy(B,P) = 33 respectively. i

't Jharacter
character P is almost a patt of cha
3. The results

erposition ©

on of hi
P at different ite
and image P are shown.

demonstrated in Figure T
o, the sup

valuated using the
dorff distances by
al character

(a). In the

template P,

; as been €
tial image matching scheme has o
the part1d all od thecl
7.2. We have I : petween b
e jorfl distances Hylse] PR be 7.1
The Hausdo i jven in Table (-

AR attained with

or 1MAages in ot
(F distance oAl

l HH'USdOIf[ - B) and H (P,,m-,A) are very close
H(PyporB) o

.« quite 1arge In the case —
o tch the classical
hateh.
h for partial ima

shown in the figure. Als
assical Haus
he parti

ma
['he performance of

images shown in [Figure

the proposed algorithm.
te charact

79 are
. 5 is
images and templa
0 . i l
case of Ppar, though minim

the Haus
pimuin

the correct matceh, Hence,

( he mi
0 H(P,,,P). Also the
Minimum is att

Hausdorff distances are 1

he trm‘rcct 4!

ges.
xact mate

ibed in the previous gegrld:

R _
atching a0 ) have been computed

)t suit.able

tia
We have then trtmsul(‘.lf‘fl thel
e ) . ; wd ] :
Uhe digtance limit d;, has
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Table 7.1: .
o LiLodT]l!e Hausdorff distances H; and fractions
I'emJ 1 p : .)ctwe(?n the partial character ima n% li
emplate character images in Figure 7.2 o

PH P B A "1 P B A

or | 4547

A,;m 2; Jé gg Prar | 085 0.67 0.59
9 3 Aper | 072 0.60 0.87

(a) 0

vee l t, e i .

is ' i
maximum and in the case of A
partial characters

(b). Int ,

par, fr(Apar A) 1S )II . he case of Prmra / (Ppm'!P)

match well with their correspon l't 1aximum which implies that (he
ding templates.

—

~E A

(a) (b) 5
I

LLJEH
(@) kﬁFTH
Fi |
1gure 7.9. Charactey -

imageg
P - o, a
artial Characla((rrq) ’g))’(c) Template

par an ;
(l ‘Apn.r 0{

Chara(;f_ers
Pand A (4),(e)

PV oare is 1
:) S 5 (

given in Chapter g detailg of
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7.6 VLSI Architecture

Similar to the architecture for computing EDT, the proposed algorithm can be imple-
array of cells to compute the directed Hausdorff distance h;(A, B)
age B with the same size. Each cell represents
nsisting of storage elements

mented in an n X n
from an image A with size n X n to an im
one pixel of the binary image. A cell is a sequential circuit co
b, and by, besides Az, Ay and d;. The size of Az, Ay and dj depends on the size of the
image and by and bp are one bit in size. Bach cell is connected to its eight neighboring
nectivity is similar to the one for Euclidean distance
an be implemented by combinational
and bp to 0 and 1 depends

cells and this neighborhood con
The computation of Az, Ay and dy ¢
the setting of one bit storage elements b
al cell is shown in Figure 7.4.

computation.
logic circuits and
on d;. The block diagram of a typic

Operation of Hardware

ages A and B. That is, the

ling pixel belongs to F, or with 0 if the pixel

All other storage elements
allowed to run synchronously
The updation

The bs and bp of cells are initialized first with respect to im

ith 1 if the corresponc

b, of acell is loaded w
bp is initialized.

belongs to Ba. Similarly,
0. Then the cellular array and the external counter are
| clock and the cells are updated at each clock pulse.
¢ to 0. This is checked by an ext
integer approximation of

are loaded with

with the externa
ernal control

is stopped when the b4 of all cells are se
logic using OR gates. The value of external counter gIves the

h(A, B).
B, A) by initializing ba with image

The above operation is I'("-E"Oate‘] to compute hi

B and by with image A.

7.6.1 Design of 2 Cell

asic cell (described in

is similar to the b
The flip-flop that stores the

the flip-flop b4 is logic 0 and
endn is defined in

puting hi(A, B) .
al flip-flop for storing ba.
e bp-
hg =1 orw
o register df-

Che design of a cell for com

Sn(.ti(m 4.5.1) with an addition
] is used to stor

when

The input to

1y g -
lag done in the basic cel hen cndn =1 (

tha ' :
he clock to the flip-flop 18 al
&“{’l-itm 4.5.1). The clock is saimne

tivated

as the onc given t
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clock

| to neighbours : to neighbours
R I .
( F
A:L‘, A'y, df, bB o
of neighbours ) CL yAY
' counter value for dy of neighbours
k
CL CL
for ba for bp

to neighbours
—

to external ]
control logic

| CL: Combinational

Figure 7.4: Block diagram of a cell.

Logic-

(0)

Figure 7 9
> .30 Compypays
.P at differept it Dut.dtlon of h,
image g Tatlongp ! B r
' ((l) ((.) (‘{)>(h) . g*"'
M0, {1 e h8) i
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and (1) g ) and (i) Dilated versions 0-01;5 0
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Table 7.2: Number of different Xilinx FPGA logic com-
ponents of chips obtained from the implementation of
the design of cell for computing h(A, B)

Image size |
N x N | BUFG | DFF | FMAP | HMAP IBUF | OBUF | QUTFF
16%16 2 9 424 74 142 9 9
32x32 2 10 516 98 167 10 11
64 % 64 2 11 616 80 192 11 13
128%128 2 12 658 122 217 12 15
256 % 256 2 13 664 121 242 13 17

BUFG: Global Buffer DFF: D ¢

Table 7.3: Results of placement and routing of compo-
nents in Table 7.3

Image size Clock CL Net

Gate

N X N (MHZ) (lPl'l.}’ (nq] dela '

e L AEA) | el § y (ns) | CLB I0B | count,
o) OB B e i e i
el d. 190.77 15.55 "
6464 578 09 301 | 188 | 3657

181.52
128%128 | 4.81 1118

s 344 | 216 | 4194
. - 18.35 | 380 | 244 | 4671
; 2155& 209 | 20867 | gy 4
path:

. -J 3 /
Comhlnational pmhiﬂl_@_

The design hag been im
components of t}e chip
tabulated iy Table 7.9 The interpret :
provided for Tahe 4.2 2 atl

Xiliny FPGA.
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e
i . . < g al
ation [or different, image s17€S
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where (d,, d,) is the translation vector.
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8.4. APPLICATIONS OF THE HAUSDORFF DISTANCE
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8.4.
APPLICATIONS OF THE HAUSDORFF DISTANCE
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1ol arobot. A complete path
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asurement, cms.

rla [x [ v
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Appendix A

VHDL design of basic cell

(VHSIC is an acronym

are Description Language
that

jware description language

[t is a harc
levels of abstraction, ranging from the

em can be described hierarchically.

VHSIC Hardw
grated Circuits).
| system at many

The digital syst
e description.

an acronym for
Speed Inte
| a digita
level.
modeled in the sam

VDL is
for Very High
ed to mode
o level to the gate

also be explicitly

can be us
architectur
Timing can

led an entity in VHDL. An entity

onent for the entity Y. An entity
The entity

abstraction of a digital system 18 cal

another entity Y,

an entity declarat
| view of the entity;

A hardware

becomes a ComMp
at least or
for example,

description of the

1e architecture body.
the input and output

ains the internal entity;
\at represents the structure of the

behavior of

X, when used in
modeled using

claration descr
The
a set of interconnecte
ent o1 sequent
1tation can be spec

ion and

is
ibes the externa

architecture body cont
d components tl
ia] statements t
ified in a different

de
signal names.

as
hat represents the

for axample,
architecture body

as a se

rach sty
in a single architec

t of concurT

entity, OF
le of represel

the entity.
ture body.

s that describe the functionality

hich the process
A wvariable

or mixe
atement

A set of signals Lo W

le keyword process
» and a signal

pential st
] terms.
1:.atemeut after tl

he process S :
e to A variable using operator "=

A process si,a.iz.mnent contains seq
of an entity 1D sequent!

of a 1)01‘tion
S deﬁned in t

t.enw.ul'. assl
gns a v

i}

is sensitive i
assigmrwnt sta e N
assignment statement ass!

. . larations, such as compo-
' o a set of common declara .
‘ . ysed to store a
ration 18 UE

A packag® decla
&5 ¥



nents, types
e }I. s, procedures and functions. T

her design units (or entitie ) . These decl
consult, [Bha%]. S

rI‘ o
he different VISI architecture

VHDL (based
on IEEE std 1076-1993). A sampl
E ¢ code follows

VHDL Code

library STD,IEEE.
use STD.all, IEEE all;

pack
age declarationg j
& is
cons
tant declarations

const
ant dx_size;integ
er:

constant dy 3 =9. _
constant d¥;5129:integer-=g. ceil log M
1ff size:j Y 7T ced
constant cq ?e'l“teg°r:=13. . il log n
unt_s1ze;intege o= ceil log 6
r:=10; *sqre(M-2
" 4}1“23

end declarationg. _
' 2 CE'
il log sqrt(H"Q+N~2)

CMP-My
use Ib
work.declarat lock: thg co
entity cmp_p YAl mponent of
_mux ig < e MAX b
ock

B
IT_VECTOR(dx_g4 Jborr
-Size owl:in BI7. o
7 dxQ

BIT_VECTOR(4y «; downto 1.
BIT-VECTDR(dy-Slze dountg 1).
iff " . .
_Bize do“nto l)dlff:OUt
i done }

' Orrow.o
. out BIT-
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arations can f :
can then he imported into begin

using a use clau |
ause. For : '
or more details, the reader may
I o - ‘

S presented i
sented in Cl
14 . s
a]JtGIS 4‘-1" ]]aV(-} I}(x(;_n (l(‘ﬁigll(‘(l i“

end CmpHux_stT

use work.decla

entity MAX is

ports of AND gates
nlin(2)<=donel; Alin(3)<=not cmp; ALin(4)<

(5) port map(h=>hiin,2=>h10nt};

-- assigning the
—not borrow0; Alin(5)<=not borrowl;

Alin(1)<=donel;
Al:AND_GATE generic map

¢=done0; A2in(2]<=donei; A2in(3)<=not cmp; A2in(4)<=borrowl; A2in(5)<=borrowl;

A2in(1)
port map(h?in,thut);

A2:AND_GATE generic map (5)

~donel; A3in(3)<=not borrowl; A3in(4)<=borrovl;

A3in(1)<=donel; A3in(2)<
port map(hSin,A3out};

A3:AND_GATE generic map(4)

=not donel; A4in(?)<=don91:

A4in(1)<
ort map(ﬂ4in,h40ut);

Ad:AND_GATE generic map(2) P

gate

ports of an OR
01in(3)<=A3out; plin(4

Ulin(2)<=A20ut;
01lin,01out);

-~ assigning the
y<=Adout;

01in(1)<=ﬁ1out;
p1:0R_GATE port map(
ing the ports of a multiplexer
)¢=diff0;

diff_size+dx_siza)<=dx0:
ff_size+dx_size+dy_size

-- assign
MUXiinO(l to diff_size
HUX!inO(diff_size+1 to

f_size+dx_size+1 to di
ze+dy_size+1)<=borrow0;

¢=donel;

)<=dy0;

MUKlinO(dif
HUXlinU(diffdsize+dx_si

HUX1inO(diff_size+dx_size+dy_size+2)

- gimilar code for MUX1inl
iff_siza);

diff<=HU110ut(1 to d
etl to diff_siz

Xlout(diff_siz
(diff_size+

lout(diff_size+d
{diff,size+dx,size+dy_siz

et+dx_size);

diff_size+dx_size+dy_size);

dx<=MU
dy<=HUX1out
porrows<=MUX
done<=MUXiout

dx_size+l to
x_size+dy,size+1);
e+2);

HUXi:HUI port map(HUXiinO.HUKlini,HUXioub.Ulout);
CMPi:comp,gt port map(num1=>diff0,num2=>diff1,out_bit=>cmp);

uct;

diff_inS.diff,in&,diff_ins,diff_ins,
ECTUa(diff_siza downto 1)i

done_in
borro
g:in BIT;

POrt(diff_inl,

diff_in?.diff_ e
ons_in2.done_‘ ,dona_ln ;
rrovw_i row_in2,

5,done_in6,
done_int.d u_inS.borrou_in4,

n?,dona_inB,bo ni,bor

done_1 o, =
borrow_inE,borrou,inﬁ.borrou_ln?.sozr i;s Tz il i

; ; ina,dx_in5,dX-2E T A ,
dx_ini,dx_1n2,dx_1n3.dx,1n : dy-in3,dy_in4.dy_1n5.

BIT_VECTUR(dx_size downto 1); dy-inb i,

dy_in6,dy in?,dy_inB: in BIT.

BIT~VECTOﬁ(dif _size dounto.l).d
BIT. size

i i downto

ownto 1)
1))

dx_out:

dy_out:
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CELL is
end MAX; architecture CELL_struct of -
T_VE
5 r) return BIT_
. TOR;size:intege
architecture MAX_struct of MAX ig Fivnction shilft(din:BIT_VEC 1;

. to
diff_size down
; .BIT_VECTOR(
variable dout:
compenent cmp_mux

port(diff0,diffl:in BIT_VECTUR(diff_size downto 1);
doneO,donei,borrouO,borroul:in BIT;
dx0,dx1: in BIT_VECTUR(dx_size downto
dy0,dyl: in BIT_UECTBR(dy_size downto

begin
dout(1):="1";
for I in 2 to size+l loop
o
1);

dout{I):=din(I‘1);

1) end loop; . : loop

: ’ . dlff-slze

diff: out BIT_VECTOR(diff_size dounto 1); for I in gize+t2 to

done,borrow: out BIT; dout(1):='0"}

dx: out BIT_VECTOR(dx_size downto 1); end loop;

dy: out BITAVECTDR(dy_size downto 1)); return dout;
end component; nd shlft;

e
L
afg,df out.d
. e . af3 dfq'dfs,dfﬁ.df?-
ignal diff_tmpl,diff tmp?,dlff_tmpS,dlff tmpd,diff tmp5 signal df1,df2, ' Y

diff_tmp6,diff tmp7,diff tmp8: BIT VECTGR(d:ff_sizs downto 1)

signal dx_tmpl.dx_tmp2,d

ECTOR(diff_Bizn dow

1k_donedxdy,
,bor7,bor8,clk_
i bort bor2,bor3, bord, bor8,bor
X_tmp3,dx_tmp4,dx_tm o8 rd. o
o +4X_tmp5,dx_tmps, signa ) t DFF_in:BIT; G

dx_tmp7,dx_tmp8: BIT_VECTUR(dx_size dounto 1), cndnlclk_dlff,or_oud-qpll dxspll_dx7p11.dx8pll.dx_

signal dy_tmpi dy_tmp?2 dy_tm ; s |

2Uy_ dlY_ P3.dy_tmp4,d _tm E.d
dY-th7-dy_tmp8: y_tmp y_tmpg,

signal dx2pll,dx3pl
BIT_VECTDR(dy_size downto 1);

o 1)i
signal done_tmpl,done_t

3 downt 1,dy_out:
dx_size 11,dy8pll,
BIT-VECTO:rLi dygpn,dy4P11'dY5pn'dy6p X
mp2,done tmp3 done tm i 1 dyip K 133 : dd4in2aadd4°u y
= ’ -tmp4,done_tmps q signa ize dounto 1)i in.adddinl,a
b -tmpo,done_tp 6,bo size b3in,a
: orrou_th?,borrou_tmp3.borrow_tmp‘l,borrow_tmp5’b°rrow e 31}1)' rrow_tmpi, BIT-VECTGR(dY;inni adcm.ln?_add'Zauttsu 4d8ini,add8in2,addBout,
B ’ ' : 1 sublin,a ; d6out ,sub7in,a , to 1)
begin signa’ = d6int,add6in2,ad VECTOR(diff_size down
c 1 subbin, & ST addout :BIT_
mp_muxl: cmp_mux . i ' addou :
S ? P?rt map(dlff_lnl.dlff_inz.done inl,done_in2. 4 ; . addoutinl,
-inl, x~1n2'dy-1“1-dY-1n9.diff tmp1,done tmp1 b , orrou_1n1.horrow_1n2, . cide
cmp_mux2: ep _mux . ’ »BOTTow_tmpl,dx tm 1,dy_tmp1) - rs in the
dx_in3,dx fn4 d p?r; map(dlffﬂlna'diff'in4'd°ne-i“31d°ne in4 borrzu iya ?p ) begin s and 4 adder-subtracte
un o =in3,dy ind dite pypo d ' -103,borrow_ing, subtracter v
TP-MUXS: CPMUX Port map(dizs ing gipn T2 POTOY P2, dx_tmp2,dy_tmp2) ; — <= shlft(dyl-‘”‘slze)éiin af1,borl);
dx_in5,dx_ing P ~1:15,dxff_mﬁ.done_inS,done_inG.borrow in5,borrow_ing sublin % ort map(diffl.st .
o c;p m;x ;0 t. Y-lnﬁ.dlff_tmp3.dona_tmp3.borrow tmp3, dx tmpa‘dy ;m " w_1in6, subl: subN P
- : _ = e . R i ydx_ Jdy_ : Y
d%.in7,dx_ing,dy_in7 ::de;fz-IHY’dsz_lna'dona-i“?.done in8,borrow_in7 birr in8 < shlft(dx2'dx-51zei‘
- e - 'QOY-1n8,diff = ' - » ow_1in8, inl <= . ; .
CMP_mux5: cmp_mux po t ) -thQ-d°“G~tmp4.borrou_tmpq dx_tmpd g add2in _ shlft(dYQ'dy'slze dzin2,°Pe“'add2°ut)'
dx_tmp1 g . o map(dlff'tmpl‘diff tmp2,done_tmpg d e OPAL s add2in? <= t map(addZinl-ad bor2):
=k T orhone_tmpl,done or £2,bor2);
cmp mux: . mp2,dy tmpl,dY-th?.dlff_tmps,donE tmps on _th?.borrou_tmp1,bgrrou_tmpg, add2: add:rN Et map(difleaddgout,d
= " CMP_muX port map(g; A = PEOTTON_tmpS, dx_tmps g . subll po
dx_tmp3, dx tmp4, dy tmpapé 1:f thS,dlff_tmp4,done_tmp3ldona it b Po.,dy_tmp5); cub2:
mp_mx7: ep wdy_ mpq.dlff_tmps’dOne — - »OTTOV_tmp3, borrow_tmp4, (de'dx_slze). bord);
dx trp o P-TUE POTE map(difs PS5, dif_tmp6 done 4. oYXOu.tmp6, dx tmp6,dy_tmps) ; sub3in <= shift (aiff3,subdin.df3:
X_tmp5,dx_tmpg d a ! - ) °“°-tmp5,don ; Lt map i
end MAX struct. P:ay_tmps, dy tmp6,diff out,done_gyt borr °-Emp, borroy tmp5,borrow_tmp6, sub3: subll po
H OW_out, dy out,dy_out); o dx_size):
; = shlft ! s}t :
addainl < Shlft(dyg,dy_slze)- saain2, open, addout)
_______________ in? <= 8§ d4inl,2 :
hhhhhhhh EDT cell e adagan N PDI’t map(ad dddout .df’ipborll)
ise vork declarations.aly; 0 TTTTeeeseeel add4: adde . map(diffa'a
n e . . oT
entity CELL ig cub4: subll P
port(clk,donel_donag d i gize); 5V
dx1,dx2,dx3,dx4 : ones‘d°“54-dones.dnnas,dOnET a . Ein €8 gh1ft(dyb, ?;fS SubEi“-de'bo
4 1' BRI ’dX5'dX5'dx?.dx8-1n BIT vEcTgR réoned:in Byt sub pN port map(diffS:
y .d}'?:dya.dy’i.d‘.v'ﬁ.dyﬁ.dy?,d},s:in . (dx_size downge 1) cubB: su e
dlf‘fi'dlffzedlff3.diffq.diff5 dif . R(d)’_size dountg 1), (dxsldx_,slze H
BIT_VECTOR(d; i PTHEL6,di117 444 ; ' .4 ¢= shlft ize): add6out)
i iff_size downto 1): %4 in add6inl « 6, dy_si in2,0pen:
dx:out BIT_VECTOR(4 ' 10 BIT vECrgp ( .9 ¢= sh1ftldy g6int,add 6)
bt ¥_8ize downt, D gy i Count _gi,4 dountg 1) add6in y port map(ad s £6,bor6)i
f i -
Tout BIT“VECTDE(dlff_Size downto 1), i vECTDR(dY~Bize doy add6: adder diff6,2
end CELL; » dong out BIT) . nto 1),

subf: subll
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3 or doned or done5 or donef or

done
or _out<= donel or done2 or

8 .

done7 or done8; ot s
. = (not done_out) and or:out ? e
sub7in <= shlft(dx7,dx_size); o S -
sub7: subl port map(diff7,sub7in,df7,bor7); o

ddout(diff_size));
is the MSB of df

(cndn or done_out);
add8inl <= shlft(dx8,dx_size);

add8in2 <= shlft(dx8,dy_size);

dn;
clk_donedxdy <= clk and cndn

e and df to diff
add8: adderN port map(addﬁinl.addBinQ,open,addBout};

ign done_out to don
sub8: subll port map(diff8,add8out,df8,bor8);

diff ¢= df H

== Aass

done <= done_out;j

-~ .incrementing dx and dy of appropriate neighbours

end CELL_struct;
incly:

incrementer generic map(dy_size) port map(dyl,npen,dylpll);

inc2y: incrementer generic map(dy_size) port map(dy?.open,dy2p11);
-- similar component instantiation for incdy, ineSy, incéy, inc8y

ine2x: incrementer generic map(dx_size) port map(de,opgn,dx2p11);

port map(dx3.open.dx3p11):
-~ similar component instantiation for incax

ine3x: incrementer generic map(dx_size)

» inebx, inc7x, incsx

== MAX logic

done3,done4,don55,doneﬁ

== MUX in the output side of MAX
MUXout: MUX port map(df_out.df,addnutinl,done_out];

== adder in the output side of Mpx
Process (addoutint)

variable temp:BIT_VECTOR(dif
begin

temp(1):=10,

f_size downto 1);

for I in 2 to count_size+i loop
temp(I):= k(I-1);
end loop;

if (diff_size » (count_size+1)) then
for I in count_size+2 to qif
temp(I):= »g,

end loop;

end if;

f_size loop

addoutin? <= temp;

end process;

ADDERout : adderN ROEL maP(addoutlni.addoutinﬁ
77 addout carrjeq df valye °Pen,addout)
-~ regs
DFF_in <= 1.
REGdf :

REGdx
REGdy

.clk_donedxd

»dy) .
ldﬁnehout} = ¥ y] '

clock inhibitiey

TH-2715_964102



Appendix B

Functional Simulation in ModelSim

sed to check the syntax and the functional behaviour

ModelSim is a software package u
ing the design in hardware. The

of the VHDL code of a VLSI design before implement,
o trace design problems and to fix them by

s the designers t
s of different components of

al simulation allow
als to the design and checking the output

function
giving input sign

the design.
cells in the thesis has been

The functional simulation of VHDL designs of different
carried out in ModelSim. The VHDL design of each cellular arc
ith different images. For example, the function

sted functionally w
) of basic cell in ModelSim is given below.

hitecture has also been
al testing of VHDL

e

code ( Appendix A

a 16 x 16 image has been considered. The sizes of the

herefore 4, 4 and 8 bits respectively. The external

esting has been carried out by giving different
Is at different configurations. The

The basic cell corresponding to

Az, Ay and dj are t
The functional t
respond to pixe

storage elements
bit counter.

counter is a d-
g. The test inputs cor

input, test signal

configurations are as follows.

Configuration 1
yeen computed. The flip-flop

distance

(01011)s,

values have 1

| whose distance
Jave the components of

registers Ar and Ay 1
2k. Fo

The cell corresponds 10 2 pixe
o 1 and the

only dj 18 incre

done has the valu ) _
¢ iteration number k =

TH'J'ZMSI_%M@Z(' ase,

mented by

165
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APPENDIX !
B. FUNCTIONAL SIMULATION IN MODELSIM

the design has been run for
waveforms at different signallsgi:zs 3-f1d.a clock trigger has been given at 50 ms. The
The signals done_old and dif f olds at different time instants are shown in Fi u.r'o B l'
logic of the basic cell. These ar_e (1 represent the feedback inputs to the ('ombgigr t ' l
Tt BhBosnes e s s e 1:hvallles stored in done and d; before '(.10(:] lra"(_)ﬂi.
af:tivated and only the clock clk_di f e clock f;gk_donedmdy to Az, Ay ar}dz do; .r-lF',g.(?Ij
given by dif f. The value of df}f ls / T:O dy is activated. The ()Ul;l'}li'f of ‘ ‘ _IS 11(?1,
af ] 1s verified for different values of k 'nlld d: ;E}IQI;; e
> a L F - eid.

—

k. B
K [mnu '

i oid [

| ——
Ick_donedxdy | \‘)

i E: TR :l
: '.

Ick_dif $

i

IIII;lIIE
|
ms

0

Entity:cell Architecture:cell stnuct

|

|
50
Date: Thu Mar 25 11 29:55 1999

Figure B.1
ire B.1: Result,
esults of functi
ctional testing of VIIDI, dos;
+ design of hasi
asic cell corre-

sponding tc

O configrats

and the cloe ;suration | i

clock trigger has 1 n ModelSim. The des;

s been >4 eSlgIl haﬂ b(\(.\n ru [‘ 1{ (
Chan e n for 100 ms
~hange of state
state occurs after

clock tri
ngger. clk. k4
TIFIIR (l » . 1 H rﬁ}:f ] J
eclared in VHpI, {1\({ f’Jld (.Ik_dm'z.er.’,:m_ly clk i
SIgn. ¢ e I'] '-}d'*'-ff and dif f are the sig-
» ioexternal com er qui
ounter output;

dif [ old: o
done, d:::. ':Jr{]n[]tmnjs of dy before .1”6: clock to ce
d dy; c1}; change of state of cell: ¢/
: I etk _donedrdy: cloc
contents of ( f]{J'.tLdy.z( ok lI({)'
1 after change 0

state of col] dif f: clock to df' dif f
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Configuration 2

to a pixel whose distance values have not

mputed and the distance values of neighbors have also not been computed.
lements of the cell have the value 0. This means that diff _old and
All the inputs from the neighbors are also 0. For any

put, the clocks to t
vated which shows t

We assume here that the cell corresponds

yet been €O
Hence, all storage ¢
done_old are applied the value 0.

value of k and a clock trigger as in
These clocks are not, acti

he storage elements are displayed
hat the contents of storage

in Figure B.2.

olements do not change.

P —

Jolk_donedxdy /

Jolk_diff ————

|I1i‘l|l

150 ms

|||||1|||

|
100 ms

|t b

0

| |
50 ms

Entity:cell Archlleclurezcell,slruct Date: Thu Mar 25 1:31:31 1999

| of basic cell corre-
and clk_dif [ are

the caption of

HDL desigt
1k _donedz dy
are defined 1D

i st fv
. B.2: Results of functlonal testing O
¢ B.2: Rest'® ion 2 in ModelSim: clk, ¢

o configurat
b & , and they

[“igur
Is Jeclared i VHDL desigt

sponding
the signa
Figure B-1
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Configuration 3

Here t}
1e cell corres
sponds to a pi
. ixe :
the distance values of some fI” I whose distance values have not beer
of the neighb  not been computed and
not receive its di ghbors have . e
ive its distance v een comput .
) alues at th : puted. But the ]
e next iterati . the pixel does
COII‘CSI)OH(]S t . 1teration. An i
o the pix . An inst )
el at row 1 stance of this confi '
distance v v 1 and column 5 at i his configuration
e values of | n o ab iterati i
s of left bottom nei eration 1 o
. ) nelghb i m Plgurc 4.3. 'The
in the next i : or of this 3. The
’ xt iteration. the nj pixel have alre:
lon, the pixel d . ; ready been conr ;
oes not receive its distance values. Thi rputed, B
°s. This instance was

tested in M ;
e odelSim a
nd the w
the clock tri > wavelorms are sh o
. : shov L
trigger correspond to next iterat; vn in Figure B.3. The waveforms aft
ext iteration. aveforms after

Iok _ J

k%

Idﬂnes [\\

o
W

e ——

hdnedgy
{ Cn'(__dlﬁ : : :

lc

I | |
) | 0 ms
Entiy.cell Architecturezcall styct Date: Thu M

- Tnu Mar 25 1

0

I

100 mg ' 1
1:32:26 1999 50 ms

Figure T
q _1g1_11(-: B.3: Results of funet:
-sponding to confi guration

in the VD] .
. J (leﬂ] n e
of Figure B gn. clk, clk_donedy - CUK, K, done6 et :
TH-2715_964102 1 and the rest are thfof?rf?} and clk di f f "1rre t(; ?Ie signals doclatcc
he outputs of storame. > defined in the capti
P he caption

tora
dAFe ple <
ge elements of a neighbor.

asic cell corre-

Configuration 4

is similar to the previous configuration but the pixel under consideration receives
t iteration. An instance of this configuration corresponds

1 and column 5 at ‘teration 2 in Figure 4.3. In the next iteration
Jues from its left neighbor. The inputs corresponding
1 and the computed values at the output ports of

This
the distance values at the nex
to the pixel at Tow
eceives its distance va

the pixel 1
are given to the desigr

{o this instance

ihe cell are shown in Figure B.4.

Ic:i N ENE— ‘

Jolk_donedxdy

ok i

[done ,///J
|

150 ms

50 ms
Date: Thu Mar 95 11:33:15 1999

Entity:cell Amh‘ﬂe—clurezceu_stmcl

ctional testing of VHDL design of basic cell corre-
| are the signals declared

i Ial.;id clk.dif [ are defined in the

[Figure B.4
f the storage elements of

sponding to ¢
i / , design. €M
i B MHE, - gt are the outputs 0

son of Figure B.1 and b



Appendix C

Xilinx FPGA

) consists of rows of gates and programmable

An FPGA (Field Programmable Gate Array
clectrically programming the

s. Any arbitrary design can be implemented by

connection
FPGA is even reprogrammable and also has a

connections within hours at low cost.

large number of pins/contacts.
r . ) g -
The Xilinx FPGA devices are organized as

The blocks are connected by pro-

yv FPGA devices.
ded by 1/O blocks.
<« FPGAs use SRAM (Static RAM) technology to

s well as dynami-

Xilinz is a vendor fc

of logic blocks surroun
The Xilin
hat the hardware may be reused a
al logic and registers. The

an array
rconnects.
\ections, so t
block contains both combination
n small look-up tables.
r inputs, the logic blocks are easily

g;mmnmble inte
control the intercont
reconfigured. The logic

al logic 1s implemented i It can be configured to

cally
(:Uml)ination

implement any func
The interconn

e connections to cot
rough the array.

tion of five variables. For wide
ection scheme includes fixed connections to adjacent blocks

concatenated.
nearby blocks, and potential connections to

general purpos inect the

nes running th

long i
include XC3000, XC4000,

n multiple families which
AM based FPGAs and

ee families consist of SR
al purpose. Any family can
f operation of a logic circuit
depend on the chosen
There are,

In

ard devices i
The first thr
All Xilinx devices are gene

Xilinx sells stand

X (5200 and X (19500 series.

X (9500 has complex PLDs.
Jement any type of logic.
"GA components used for
Ctenerally, ller devices are fast

g that make ¢

The maximum frequency O
implementing the circuit
er than the larger ones.
e appropriate than others.

imp
and the 1
sma

Xilinx device.
however some feature ertain families mor
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172 APPENDIX C. XILINX FPGA
[

ic or HD o connoe -
1s the schematic or
tem software reac : then finds a near-
5 relopment. SyS ion into logic blocks, th
e The Xilinx deve Sk the design 1nto _ o i
XC4000 family, the look-up-table architecture and the dedicated carry structure are ' IL The software first Pa[tltlonj :'hnlly selects the interconnect rmltmg‘dC.)Ilize ;ill(;
P, ) : ) . —_— 1. . circuit. block, and fina sele low loaded into t
- - di . ' i igits igna C3BNE AR 11(_'.:1.1,10118, this 2 , for cach b ’ . vhich can be downlos :
T e T dhe b dlglm]l S':gklml pr{)'(: P‘PgC‘AI pvhich provide optimal placement serial bit stream 1S produced whic lected Xilinx FPGA device.
ily is iate. It also has high-performance, 1igh-capacity 1AS-V o complete, A ¢ . the selected Xilim "G des
family is appropriate VLSI I)] ile avoiding the initial cost, long development design 18 cm“ll. islgonel‘a”y called as programming ‘ofine the combinatorial circuitry,
el o o OMOS o 111e ( l( lg t | Tl } FPGAs combine hardware. This these configuration bits control or de They also define the registers,
: inherent ri tional masked gate array. These FPGAs combine . ice, these ¢ - y al
cycle, and inherent lnsk of a,} .COHW;H ;ORAM g » (lyo PP Inside the devi i ‘thie T/O buff
architectural versatility, on-chip select-RAN memory with edge-t red a a

S c , structure
ops, inter onnect struc
it

i ; t slew rate.
modes, increased speed, abundant routing resources and new,

ip-fl
sophisticated software flip

put { lireshold and outpu
to achieve fully automated implementation of complex, high-density,

i ormanc in
high-performance
designs.

BUFG, DFF, FMAP, HMAP, OUTFF, IBUF, and OBUF
of a device in XC4000 family. BUFGs are glob
DFF, FMAP and HMAP are

are some of the components
al buffers which are used for clock signals.

kept inside the complex logic blocks of device. DFFs are D
type flip-flops which are used for registers and flip-flops in a given de

are fed to the combinational logic of the design. FMAP and HMA
and H look-up-tables. The F look-up-t

sign whose outputs
P corresponds to I
able has 4 inputs and 1 output and H look-up-
TFF, IBUF and OBUF are kept inside the 1/O
al logic of the given design is mapped onto these
are output flip-flops which ensure minimum del
output pins. These are assigned to those memory elements in the d
are directly taken as the outputs of the design.
between the input pin and the internal FPCA logic. An IBUF
signal. Similarly, OBUF is output, buffe
is needed for every signal that le
that is taken from QUTFF.

table has 3 inputs and | output. OU

blocks of the device. The combination

tables. (_)UrTFFS ay Of -Sig“als K8 l.he

esign whose outputs
IBUF is input buffer which IS p]a.{_:(‘,fl
is needed for every inpub

r which is placed before an output, pin. OBUF

aves the device but it is not, needed for an output signal

The details of the device XC4036XL are as follows:

Maximum logic gates

36000

Complex logic blocks 1296

[/0O blocks 288

Flip-flops 3168

FFastest speed grade %))

Clock to pad (ns) 6.5
Package B(G4392 has 225 pins.
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