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The recon�gurable mesh w as originally prop osed as a massiv ely parallel com-

puting mo del in the late-1980s [27,28,12,29]. A review of the algorithmic literature

[30] suggests that a ma jor area of emphasis has b een on i ) fundamen tal problems,

including sorting and arithmetic, ii ) problems in v olving regularly structured data,

suc h as matrices and images, in areas suc h as graph theory and image pro cessing,

and iii ) geometric problems, where the amoun t of input data is sparse compared

to the size of the recon�gurable mesh. Ev en though asp ects of the recon�gurable

mesh ha v e b een incorp orated in to the comm unication of the MasP ar mac hines [31]

and the Gated Connection Net w ork of the Image Understanding Arc hitecture [6],

most of the algorithmic results in this area are of purely theoretical in terest.

In this pap er, w e consider problems in lo w- and in termediate-lev el image pro-

cessing. These problems include histogram, con v ex h ull, nearest neigh b or, and

comp onen t lab eling, to name a few. Giv en an n � n digitized blac k/white image,

distributed in a natural fashion one pixel p er pro cessor on a mesh of size n2 , e�-

cien t mesh algorithms ha v e b een constructed to solv e these, and related problems,

in O ( n) time [32]. While the mesh algorithms to solv e these problems on n � n

image input requires 
( n) time, the running time of our algorithms to solv e these

problems on a systolic recon�gurable mesh of size n2 is a function of the O ( n) input

time, the O ( n) output time, and either �(1) or �(log n) in termediate pro cessing

time.

W e in tro duce a practical, scaled-do wn v arian t, of the recon�gurable mesh. The

in ten t is to pro vide a computing engine that will signi�can tly impro v e the p erfor-

mance o v er a large set of related algorithms on a realizable 21st cen tury arc hitecture.

The rest of the pap er is organized as follo ws. In the next section, w e review the re-

con�gurable mesh and in tro duce the systolic recon�gurable mesh. In Section 3, w e

presen t e�cien t algorithms to solv e a v ariet y of related problems, predominan tly in

the area of in termediate-lev el image pro cessing. Finally , in Section 4, w e conclude

b y discussing a n um b er of op en problems using this no v el mo del.

2. The Architecture

The systolic r e c on�gur able mesh (SRM) is a v ariation of the standard r e c on�gur able

mesh (RM) mo dels. Therefore, w e �rst de�ne the recon�gurable mesh and then

extend this de�nition to that of the systolic recon�gurable mesh.

2.1. RM

The mesh with r e c on�gur able bus , or r e c on�gur able mesh (RM) of size n2 consists

of an n�n arra y of pro cessors connected to a grid-shap ed recon�gurable broadcast

bus, where eac h pro cessor has a lo cally con trollable bus switch , as sho wn in Figure 1.

The switc hes allo w the broadcast bus to b e divided in to subbuses, pro viding smaller

recon�gurable meshes. F or a giv en set of switc h settings, a subbus refers to a

broadcast bus o v er a maximally connected subset of pro cessors. Except for the

buses and switc hes, the recon�gurable mesh is similar to the standard mesh. It

is w orth noting that, lik e the mesh, the recon�gurable mesh of size n2 o ccupies

�( n2 ) area, under the assumption that pro cessors, switc hes, and a link b et w een

adjacen t switc hes o ccup y unit area. F urther, notice that from a theoretical p oin t
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of view, there is no need to include the basic NEWS (north, east, w est, and south)

connections in the mo del, as the recon�gurable bus can b e used to pro vide these

connections in �(1) time b y cycling through a simple set of four switc h settings.

Processor

Switch

Bus

Fig. 1. A recon�gurable mesh of size 16.

While v ariations in the recon�gurable mesh mo del exist in terms of n um b er of

pro cessors, la y out of the pro cessors, pro cessing p o w er, comm unication primitiv es,

and so forth, a reasonably generic set of parameters includes the follo wing.

� An exclusive write , in whic h one pro cessor p er disjoin t subbus is p ermitted to

broadcast a w ord of data to its subbus, whic h is a v ailable to all pro cessors on

the subbus.

� A c oncurr ent write , in whic h m ultiple pro cessors are p ermitted to sim ultane-

ously broadcast a single bit of data to their subbus, where the logical OR of

the bits is a v ailable to all pro cessors on the subbus.

� A unit-delay br o adc ast , in whic h all broadcasts tak e �(1) time.

Therefore, in �(1) time on the generic recon�gurable mesh mo del, ev ery pro cessor

can p erform a �xed n um b er of arithmetic and Bo olean op erations on the con ten ts of

its o wn lo cal memory , ev ery pro cessor can set the ph ysical comm unication pattern

b et w een its four bus lines, either an exclusiv e write or a concurren t write can b e

p erformed on ev ery subbus, and ev ery pro cessor can receiv e information sen t to its

subbus.

2.2. SRM

A systolic r e c on�gur able mesh of size n2 consists of n2 pro cessors arranged in a

t w o-dimensional grid o v erlaid with a grid-shap ed recon�gurable bus. See Figure 2.

Ev ery pro cessor con trols a lo cal switc h that can b e recon�gured during ev ery clo c k

cycle to con trol the ph ysical connections b et w een its four bi-directional bus lines,

realizing an y of 15 p ossible com binations. Without loss of generalit y , assume that

data is input from the left side of the systolic recon�gurable mesh, one column of
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Processor
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Fig. 2. A systolic recon�gurable mesh of size 16. Each generic processor contains a switch that is
under local control and can be used to con�gure the four bus lines in any of 15 possible combina-
tions. Input is from the left and output is to the right.

data p er unit time, and ev en tually output from the righ t side, again, one column

p er unit time. Note that it is p ossible to design a systolic recon�gurable mesh,

where the input comes from left but it is output from the top (see Algorithm 2 of

section 3.5).

Giv en mn input items to b e pro cessed on a systolic recon�gurable mesh of size

n2 , the computations on the systolic recon�gurable mesh fall naturally in to three

phases. The �rst phase can b e classi�ed as the input and pr epr o c essing phase ,

where at time t, n data items are input and a (small) �xed n um b er of op erations

are p erformed o v er some subset of the tn items that ha v e b een input th usfar. After

completing the input and prepro cessing phase follo wing time m, the static c om-

puting phase is p erformed on the O ( mn) items curren tly a v ailable in the systolic

recon�gurable mesh. Finally , the output and p ostpr o c essing phase consists of pump-

ing the data out, t ypically n items p er unit time, and p erforming a (small) �xed

n um b er of op erations on the remaining data, un til all of the output has b een pro-

duced. Whenev er p ossible, it is desirable to design an algorithm with the prop ert y

that it do es not ha v e a static computing phase and that the total running time is

k ept to a minim um.

Similar to the recon�gurable mesh, v ariations of the systolic recon�gurable mesh

are p ossible. In this pap er, w e consider t w o suc h v ariations. They include the

1. bit mo del (BM) , where individual pro cessors can op erate on a �xed n um b er

of bits of data in unit time, and the

2. wor d mo del (WM) , in whic h individual pro cessors can op erate on a �xed n um-

b er of 2 log n bit w ords of data in unit time.

F or b oth v ariations, w e assume that concurren t writes of a single bit (for BM) or

w ord (for WM) of data to a subbus is p ermitted if the v alues are iden tical. W e also
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assume that in unit time a bit (for BM) or w ord (for WM) of data can b e broadcast

to a subbus and read b y all pro cessors attac hed to that subbus. These assumptions

are all reasonable and realizable in terms of designing and implemen ting a VLSI

c hip or a b oard that can b e used in a w orkstation en vironmen t. F urthermore, ev ery

step of an algorithm designed for the w ord mo del can b e sim ulated on a bit mo del

v arian t in O (log n) time, where a w ord is log n bits wide.

3. Designing Algorithms

When designing algorithms for meshes or recon�gurable meshes, it is t ypically as-

sumed that the data already resides in the pro cessors. When designing algorithms

for the systolic recon�gurable mesh, this assumption no longer holds, as the time

to p erform input and output of data is considered in the complexit y analysis of an

algorithm. Denote a recon�gurable mesh of size n2 b y R , and a systolic recon�g-

urable mesh of size n2 b y S . Supp ose algorithm A requires t time on R . Then A can

b e sim ulated on S b y �rst inputing the n2 pieces of data in n unit-time steps, then

p erforming algorithm A on S in t time, then outputting the O ( n2 ) �nal en tries in n

unit-time steps. Therefore, the total time for sim ulating recon�gurable mesh algo-

rithm A on a systolic recon�gurable mesh is 2 n + t. Supp ose algorithm B requires

t0 time on a mesh of size n2 , where t0 = 
( n). Then, the total time for sim ulating

mesh algorithm B on a systolic recon�gurable mesh is 2 n + t0 . Note that in the

ab o v e t w o cases, the time complexities of the static phase are t and t0 , resp ectiv ely .

Therefore, if one w ere only concerned with an asymptotic analysis of algorithms

on the systolic recon�gurable mesh, then one could simply sim ulate an y mesh or

recon�gurable mesh algorithm in O ( n) time. (Notice that the class of O ( n) time

recon�gurable mesh algorithms prop erly includes the class of O ( n) time mesh al-

gorithms.) Ho w ev er, in this pap er w e fo cus on practical algorithms that can b e

e�cien tly p erformed on a realizable arc hitecture, suc h as a companion b oard in a

w orkstation targeted at image pro cessing applications. Therefore, our goal is to

design algorithms that not only eliminate the static phase, but whic h are complete

in no more than 2 n cycles. More generally , w e are concerned with

1. minimizing constan ts,

2. preserving the systolic nature of the systolic recon�gurable mesh, and

3. eliminating the static stage of the algorithms.

In this section, w e presen t some fundamen tal algorithms for the systolic recon-

�gurable mesh. F or con v enience and consistency , w e assume that the input to the

problems is a set of n2 data items fed in to a systolic recon�gurable mesh of size n2 .

3.1. Histo gr am

Consider the problem of creating a histogram of input v alues, where all suc h v alues

are in the range of 1 : : : n. The results will b e main tained in the last column of

the systolic recon�gurable mesh. Sp eci�cally , the total n um b er of o ccurrences of

v alue i, 1 � i � n, will b e main tained in SRM ( i; n). In this section, w e presen t an

algorithm that w orks for the w ord mo del and is easily adaptable to the bit mo del.
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F or the w ord mo del, ev ery step tak es O (1) time, while for the bit mo del, ev ery step

tak es O (log n) time.

The follo wing is an outline of the w ord mo del/bit-mo del algorithm. It describ es

the op erations p erformed during ev ery cycle in the input and prepro cessing phase

once the new column of data has b een input in to the �rst column of the SRM.

Again, assume that pro cessor SRM ( i; 1) has just receiv ed a data item with v alue

d.

1. Broadcast a single bit=1 along ro w i to SRM ( i; i).

2. Broadcast a single bit=1 from SRM ( i; i) to SRM ( d; i).

3. SRM ( d; i) adds the 1 receiv ed to its coun ter v alue, therefore it's coun ter is

incremen ted b y 1.

The three steps of the input and prepro cessing cycle outlined ab o v e, tak e o(1)

time for the w ord mo del and O (log n) time for the bit mo del. There is no static

computing phase in this algorithm. In the output and p ostpro cessing phase, in

ev ery cycle, ev ery pro cessor except those lo cated in the last column, passes the

v alue of its coun ter in lo c kstep to its righ t neigh b or. Then ev ery righ t neigh b or

that receiv es this v alue adds it to its curren t coun t. Ev ery cyle in this phase tak es

O (1) time in the w ord mo del and O (log n) time in the bit mo del. The �nal results

of the histogram will b e ready as so on as the image lea v es the mesh. The results

will b e stored in the last column, where the pro cessor in the dth ro w of the last

column has the coun t of o ccurances of the v alue d in the image.

Theorem 1 The histo gr am pr oblem for n2 input items in the r ange of 1 : : : n

c an b e solve d on the wor d-mo del (bit-mo del) systolic r e c on�gur able mesh of size n2

using only a smal l �xe d ( �(log n) ) numb er of br o adc asts p er input and pr epr o c essing

cycle, eliminating the static phase, and outputting the r esults up on c ompletion.

3.2. Convex Hul l

Consider the problem of marking the extreme p oin ts represen ting the con v ex h ull of

an n� n binary image. While the results for the histogram problem just presen ted

w ere stored in a con v enien t predetermined lo cation of the SRM , for this problem

the results will b e main tained along with the image. That is, the v alue of a pixel

at p osition ( i; j ) will b e main tained as part of a record that also includes a 
ag

indicating whether or not pixel ( i; j ) is an extreme p oin t of the image. It should b e

noted that this \mark ed" 
ag will b e set to true after the completion of cycle t < n

( i.e. , after t columns of the image ha v e b een input and prepro cessed) if and only if

pixel ( i; j ) is an extreme p oin t of the restriction of the image to the righ tmost n� t

subimage.

Giv en the w ord mo del, eac h input and prepro cessing cycle consists of the fol-

lo wing. Similar results ha v e app eared in literature, see [33].

1. In lo c kstep, shift the image to the righ t while inputing the next column of

data in to the �rst column of the SRM .
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2. P erform bus splitting in column one of the SRM for the purp ose of iden tifying

the topmost and b ottommost blac k pixels that w ere just input.

3. Mark these pixels as extreme p oin ts and broadcast their co ordinates to all

pro cessors.

4. Ev ery mark ed pixel uses the co ordinates of these t w o new extreme p oin ts,

its p oin t, and its previous extreme p oin t in en umerated order, to determine

whether or not it is to remain mark ed as an extreme p oin t.

5. The extreme p oin ts that precede these t w o new extreme p oin ts in the en u-

merated ordering are iden ti�ed and their lo cations are broadcast to these new

extreme p oin ts.

Notice that as the data 
o ws from left to righ t in a truly systolic fashion, the

mark ed �eld and preceding p oin t lo cation �eld for eac h pixel remains tied to the

pixel data. Therefore, once all of the data has b een input, the data ma y b e output in

a natural fashion. Again, it is imp ortan t to note that the static stage is nonexisten t.

F urther, the output and p ostpro cessing stage is reduced simply to outputting the

highligh ted/mark ed image.

Theorem 2 Given an n�n binary image and a wor d-mo del (bit-mo del) systolic

r e c on�gur able mesh of size n2 , using only a smal l �xe d ( �(log n) ) numb er of br o ad-

c asts p er input and pr epr o c essing cycle, eliminating the static phase, and outputting

the image in lo ckstep fashion with no additional work, the c onvex hul l of the image

c an b e marke d.

3.3. Ne ar est Neighb or

Consider the problem of determining for ev ery blac k pixel in an n�n binary image,

the co ordinates of a nearest blac k pixel. As with the previous problem, the input

image will b e fed in to the SRM in a natural fashion, one column p er input and

prepro cessing cycle, and for eac h pixel, the co ordinates of a running nearest neigh b or

will b e coupled to the pixel. During the output and p ostpro cessing stage, when pixel

( i; j ) is output, so will the co ordinates represen ting a nearest neigh b or for pixel ( i; j ).

(Notice that while the distance to a nearest neigh b or is necessarily unique, there

ma y b e m ultiple near neigh b ors. In the case where m ultiple nearest neigh b ors exist,

the algorithm will record one suc h neigh b or.)

The algorithm mak es use of the triangle inequalit y . Giv en the w ord mo del, eac h

input and prepro cessing cycle consists of the follo wing steps.

1. In lo c kstep, shift the image to the righ t while inputing the next column of

data in to the �rst column of the SRM .

2. Use bus-splitting and broadcasting, as w ell as comm unication b et w een adja-

cen t pro cessors in the �rst column of the SRM , to determine for ev ery pixel

(whether blac k or white) in the �rst column, the nearest blac k pixel in the

column b oth ab o v e and b elo w.

3. P erform ro w broadcasts so that ev ery pro cessor SRM ( i; j ) learns the co ordi-

nates of the t w o blac k pixels determined b y pro cessor SRM ( i; 1).



Parallel Processing Letters

4. Ev ery pro cessor that con tains a blac k pixel of the image determines whether

either of these pixels is closer to its pixel than the previously recorded nearest

neigh b or, and if so, up dates its nearest neigh b or en try .

As with the previous algorithm, the data 
o ws from left to righ t in a truly

systolic fashion, and the desired information remains asso ciated with the input

data throughout the pro cess. Therefore, once all of the data has b een input, the

desired information ma y b e output in a natural fashion. Again, notice that the

static stage is nonexisten t and the output and p ostpro cessing stage consists simply

of outputting the required information as an image.

Theorem 3 Given an n�n binary image and a wor d-mo del (bit-mo del) systolic

r e c on�gur able mesh of size n2 , using only a smal l �xe d ( �(log n) ) numb er of br o ad-

c asts p er input and pr epr o c essing cycle, eliminating the static phase, and outputting

the image in lo ckstep fashion with no additional work, a ne ar est neighb oring black

pixel c an b e identi�e d for every black pixel in the image.

3.4. Minimum or Maximum

Consider the problem of �nding the minim um (or maxim um) v alue from a set of

n2 input v alues. Notice that this problem di�ers signi�can tly from the histogram

problem previously presen ted in that there is no restriction on the range of input

v alues. The algorithm is straigh tforw ard based on the w ord mo del. The details are

not sho wn as similar w ork has app eared in the literature [34].

Theorem 4 Given an n�n binary image and a wor d-mo del (bit-mo del) systolic

r e c on�gur able mesh of size n2 , using only a smal l �xe d ( �(log n) ) numb er of br o ad-

c asts p er input and pr epr o c essing cycle, eliminating the static phase, and outputting

a single value, the minimum or maximum value c an b e determine d.

3.5. Comp onent L ab eling

Consider the problem of lab eling an n� n binary image. A simple approac h w ould

b e to input the image in a natural fashion, apply a straigh tforw ard bit-p olling

algorithm to lab el the image [27], and then output the image in a natural fashion.

Notice that the time for suc h an algorithm is 2 n + log 2 n and that 2 con text switc hes

are required due to the inclusion of the static stage. It is p ossible to o v erlap the

static stage with the input stage b y p erforming bit p olling during ev ery input step.

This results in the image b eing lab eled b y the end of the input stage, requiring

n log

2
n time. The lab eled image can then b e output b y rep eating the previous

steps for another n steps (leading to a total running time of 2 n log 2 n) or b y con text

switc hing to n simple shift steps (leading to a total running time of n log 2 n + n).

Similarly , giv en an n� n adjacency matrix input, the log n bit p olling algorithm of

[6] can b e applied to ev ery input step so that in n log 2 n time the image is lab eled.

It b ecomes quite a c hallenge to pro duce an e�cien t algorithm that omits the static

stage and also a v oids rep eating the log n-time based lab eling sc hemes in eac h step.

In this section, w e presen t three algorithms, all of whic h consider an n � n

digitized image as input. The �rst one is a simple three phase algorithm that w orks

for the w ord-mo del and w ell as bit mo del, and runs in 3 n cyles, eac h cyle tak e O (1)
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time in the w ord mo del and O (log n) time in bit mo del. The second algorithm is a

t w o phase algorithm for the bit mo del, whic h runs in an optimal 2 n cycles, where

eac h cycle includes a log n time bit p olling routine. Note that this algorithm receiv es

the input from the left, but outputs the data from the top ro w of pro cessors instead

of from the righ t column of pro cessors. The third algorithm runs in an optimal 2 n

cycles for the w ord-mo del. Ho w ev er, in eac h of the n output steps, the algorithm

includes a constan t time sorting op eration, whic h is not as desirable in practice as

it is in theory .

F or the �rst t w o algorithms presen ted in this section, the comp onen t lab els

assigned to the pixels will b e of the form < CR , CL , RT >, where CR is the index

of the righ tmost column con taining a pixel of the comp onen t, CL is the index of

the leftmost column con taining a pixel of the comp onen t, and RT is the index of

the topmost ro w con taining a pixel in the comp onen t.

3.5.1. Algorithm 1:

As with some of the previous algorithms, the comp onen t lab el record will remain

coupled to the pixel v alue as the pixel tra v els through the systolic recon�gurable

mesh. When a pixel is initially input to the SRM, the �elds of the comp onen t

lab el will b e initialized to < 0 ; 0 ; 0 >. These v alues will b e up dated throughout the

course of the algorithm. The follo wing is an outline of a straigh tforw ard comp onen t

lab eling algorithm for the w ord and bit mo del.

1. A t time i, shift the en tire image to the righ t while inputting column n� i + 1.

Create a connected bus o v er ev ery connected region. Next, ev ery pro cessor in

column 1 of the SRM that con tains a blac k pixel broadcasts the v alue n� i + 1

to b e stored as CL for its connected region. (Notice that after cycle t = n, all

n columns ha v e b een input and CL has b een prop erly determined for ev ery

connected comp onen t.)

2. F or t = n + i, for ro w i = 1 to n do: Ev ery pro cessor in ro w i that con tains an

upp er b oundary blac k pixel (white neigh b or to its top) broadcasts the v alue

i to b e stored as RT for its connected comp onen t. This v alue is stored in

the appropriate �eld b y a pro cessor represen ting a blac k pixel only if RT =

0. (Notice that after cycle t = 2 n, the v alues of RT ha v e b een prop erly

determined.)

3. A t cycle 2 n + i, the ith column of the image is output as follo ws: F or eac h

pro cessor in column i that con tains a blac k pixel, if CR = 0 then broadcast

the v alue of i as CR to all pro cessors con taining blac k pixels in its connected

region, including itself; Shift out. (Notice that after cycle t = 3 n, the nth

slice will b e output, and all pixels that are output will ha v e their correct �nal

lab els.)

Theorem 5 Given an n � n digitize d image, it c an b e lab ele d on the wor d-

mo del (bit-mo del) systolic r e c on�gur able mesh of size n2 using only a smal l �xe d

( �(log n) ) numb er of br o adc asts p er cycle, and outputting the image in lo ckstep

fashion, total ling 3 n cyles including a static phase.
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3.5.2. Algorithm 2:

The algorithms w e ha v e presen ted th usfar tak e the input from the left and output

the results to the righ t. Ho w ev er, in this algorithm, the SRM tak es its input from

the left and pro duces output to the top.

1. A t time i, shift the en tire image to the righ t while inputting column n� i + 1.

Create a connected bus o v er ev ery connected region. Next, ev ery pro cessor in

column 1 of the SRM that con tains a blac k pixel broadcasts the v alue n�i+1 to

b e stored as CL for its connected region. If CR = 0 for a comp onen t receiving

a broadcast, then set CR to CL . If CR 6= 0 for a comp onen t, then use bit

p olling to �nd the minim um of the curren tly stored CR 's o v er the connected

region and store that v alue as CR ; (After cycle t = n, the nth column has b een

input, and CL and CR ha v e b een determined for ev ery connected comp onen t.)

2. During cycle n + i, the ith ro w of the image will b e output from top as

follo ws: All pro cessors in ro w i con taining an upp er b oundary blac k pixel

(white neigh b or to its top) with the v alue of RT =0, broadcasts the v alue i

to b e stored as RT in their connected regions; Shift the image to the top.

(After cycle t = 2 n, the nth ro w-slice is output to the top with the correct

�nal lab els.)

Theorem 6 Given an n� n digitize d image, it c an b e lab ele d on the bit-mo del

systolic r e c on�gur able mesh of size n2 using only �(log n) numb er of br o adc asts p er

input and pr epr o c essing cycle, eliminating the static phase, and outputting the image

in lo ckstep fashion fr om the top.

3.5.3. Algorithm 3:

This algorithm is quite di�eren t from those that ha v e app eared earlier in this pap er

in that there is a non trivial input and prepro cessing phase, as w ell as a non trivial

output and p ostpro cessing phase. The comp onen t lab el will b e represen ted as <

CL; CR; T >, where CL is the index of the leftmost column con taining a pixel of

the comp onen t, CR is the index of the righ tmost column con taining a pixel of the

comp onen t, and T is used to break ties in the case of distinct �gures with the

same CL and CR v alues. CL will b e computed for ev ery pixel during the input

and prepro cessing phase of the algorithm. CR will b e computed for ev ery pixel

during the output and p ostpro cessing phase of the algorithm. Since a n um b er of

�gures can o ccup y the same leftmost and righ tmost column of the image, for suc h

�gures, a tie-breaking sc heme will b e used to determine T during the output and

p ostpro cessing step.

Eac h input and prepro cessing cycle consists of the follo wing.

1. In lo c kstep, shift the image to the righ t while inputing the next column of

data in to the �rst column of the SRM .

2. Initialize the comp onen t lab els for all pixels no w in column one of the SRM

to < 0 ; 0 ; 0 >.
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3. All pro cessors that curren tly hold a blac k pixel of the image, connect their

bus to all neigh b oring pixels that also main tain blac k pixels. The result is

that there is a subbus o v er all �gures with resp ect to the restriction of the

image that has th usfar b een input.

4. Exploiting the concurren t write capabilit y , all pro cessors in the �rst column of

the SRM no w broadcast their column (with resp ect to the en tire image) lab el.

Note that during cycle c, this is column n � c + 1. All pro cessors receiving

suc h a v alue, store this in CL , p oten tially replacing a previous v alue.

After n of these simple input and prepro cessing cycles, all pixels kno w CL ,

the leftmost column of an y pixel in their connected comp onen t. Both CR and T

will b e determined during the output and p ostpro cessing phase. Eac h output and

p ostpro cessing cycle is concerned with those pro cessors main taining pixels in the

last column of the SRM that ha v e not previously receiv ed their �nal comp onen t

lab els. F or suc h pro cessors, the output and p ostpro cessing cycle consists of the

follo wing.

1. All suc h pro cessors that are curren tly resp onsible for a blac k pixel of the image,

connect their bus to all neigh b oring pixels also main taining blac k pixels. The

result is that there is a subbus o v er all �gures with resp ect to the restriction

of the image that remains in the SRM.

2. Exploiting the concurren t write capabilit y , all pro cessors in the last column of

the SRM no w broadcast the column (with resp ect to the en tire image) lab el

of their pixel. All pro cessors receiving a v alue store this in CR . Again, note

that at output cycle c, this lab el is n� c + 1. All the pro cessors that ha v e not

previously set the v alue of CR receiv e this v alue and store it in CR .

3. Unfortunately , m ultiple unique �gures ma y no w ha v e the same comp onen t

lab els in terms of CL and CR . The lab els are disam biguated as follo ws.

(a) Ev ery pro cessor in the last column that con tains a blac k pixel connects

its bus to its northern pro cessor if and only if that pro cessor main tains a

blac k pixel. In a similar fashion, ev ery pro cessor in the last column that

con tains a blac k pixel connects its bus to its southern pro cessor if and

only if that pro cessor main tains a blac k pixel. Next, p erform t w o bus

broadcast op erations in the last column of the SRM o v er these subbusses

so as to iden tify the topmost and b ottommost pixels in ev ery connected

comp onen t o v er the restriction of the image to this last column.

(b) Eac h suc h pro cessor in the last column of the SRM that represen ts a pixel

in the image at p osition ( i; j ) prepares a record ( CL; CR; i; j; T ). (Notice

that all suc h records ha v e iden tical v alues for j , whic h is included in

the record for consistency .) Sort these, few er than n, records using the

in teger pac king result of [35]. After sorting, all records with iden tical

CL and CR v alues will app ear in con tiguous p ositions in the last column

ordered b y their original p osition.
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(c) F or eac h top/b ottom pair (whic h are in adjacen t pro cessors in the last

column of the SRM) represen ting iden tical lab els, the b ottom pro cessor

will broadcast a bit and observ e whether or not this bit is receiv ed b y its

mate. This op eration is somewhat in tricate, in v olving sev eral ro w and

column broadcasts. This is done b y �rst mo ving the lab els bac k to their

original unsorted lo cation, and then using the standard tec hnique of o dd-

ev en bus splitting, the bits are broadcast to �nd the topmost-b ottommost

pair of eac h group ha ving iden tical CL and CR �elds.

(d) Finally , mo v e the lab els bac k, and p erform a bus-splitting-and-broadcast

op eration o v er the ordered set of data in the last column so as to broad-

cast a pro cessor ID to b e used as the T v alue in disam biguating lab els

with iden tical CL and CR �elds.

4. In lo c kstep, shift the image to the righ t so as to output the next column of

data (pixel and lab el information).

It should b e noted that there is no static stage in this algorithm. Ho w ev er, the

cost of the output and p ostpro cessing stage, while asymptotically constan t, requires

a non-trivial amoun t of w ork and is primarily of theoretical in terest.

Theorem 7 Given an n�n digitize d image, it c an b e lab ele d on the wor d-mo del

systolic r e c on�gur able mesh of size n2 using only a �xe d numb er of br o adc asts p er

input and pr epr o c essing cycle, eliminating the static phase, and outputting the image

in lo ckstep fashion with using O (1) sorting.

4. Conclusion

In this pap er, w e in tro duced a no v el arc hitecture, namely the systolic r e c on�gur able

mesh (SRM) , whic h is motiv ated b y com bining the concepts of massiv ely parallel

recon�gurable arc hitectures with that of attac hed systolic pro cessors designed to b e

used in sp ecialized domains. E�cien t algorithms w ere dev elop ed that ( i ) pro cess

the data up on input and output, while a v oiding an y pro cessing during a static

state, ( ii ) consist of simple op erations during eac h phase of pro cessing, and ( iii )

ha v e lo w constan ts and minimal total execution time. W e presen ted algorithms

for in termediate-lev el image pro cessing tasks including histograming, connectivit y ,

con v exit y , and pro ximit y . F or lab eling an n� n image, w e presen ted and discussed

three di�eren t algorithms. Op en problems include a generic (one without a sorting

routine and requiring 2 n cycles only) lab eling algorithm for the w ord-mo del and

a con v ex h ull algorithm that op erates e�cien tly on an image con taining m ultiple

�gures. Also, an in teresting extension of these problems w ould b e to in v estigate the

situation where the image is larger than the mesh.
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