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This work presents a novel parallel algorithm and architecture for finding connected
components in an image. Simulation results indicate that the proposed algorithm has an
execution time of N2+6N-4 cycles for an N×N image using an architecture containing 4
parallel processors. The proposed hardware can process a 128 × 128 image in 0.8574 ms
and uses only 4 processors, compared to 0.85 ms and 128 processors for the work of
Ranganathan et al. [14], and 94.6 ms and 16384 processors for the MPP [22]. Among the
advantages of the novel architecture are modularity, expandability, regular data flow,
and simple hardware. These properties are extremely desirable for VLSI implementa-
tions. Additionally, the execution time of the algorithm is independent of its image con-
tent; thus, it is quite flexible.
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1. INTRODUCTION

Connected component labeling is a conventionally used image processing procedure.
The input for this procedure is a binary [1-3] or gray level image, while its output is a
symbolic image. All connected pixels with the same input value are assigned the same
identification label, which is a unique name or index of the region to which the pixels
belong.

Since the shape of the object contour can be arbitrary, connected component label-
ing is essentially a global operation; thus, it involves significant data computation and
communication between the pixels in the image. To solve the above problem, several
sequential algorithms [1-8] and parallel algorithms [9-14] have been proposed. The clas-
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sical algorithm makes only two forward raster scan passes through the image but requires
a large global table for recording equivalence labels, as described by Rosenfeld and
Pfaltz [5]. In the first forward pass, the image is processed from top to bottom and all of
the equivalences are stored in the equivalence table. Meanwhile, the minimum current
equivalent label is extracted and recorded in the equivalence table for each label. The
second forward pass is then used to reassign each label with its minimum equivalent la-
bel. Although this standard technique works, it is unsuitable because of the large number
of distinct regions in a large image. In such cases, the number of distinct regions can be-
come rather large. The iterative algorithm by Haralick [6], unlike the classical algorithm,
stores no equivalence table, and consists of an initialization step and a sequence of
top-down label propagation followed by bottom-up label propagation iterated until label
change ceases. However, the execution time of the algorithm depends on the image con-
tent. A space-efficient two-stage algorithm that uses a local equivalence table was pre-
sented by Lumia et al. [7]. The algorithm uses a forward raster scan for the first stage and
a backward raster scan for the second stage. Both stages use similar operations per-
formed during the period of execution. The equivalence table is declared for each row of
the image. For each row, the processing time can be divided into two passes. In the first
pass, pixels are assigned a label according to their connectivity with their neighbors, as in
[5]. Any label equivalences are found and included in an equivalence table for processing
at the end of the row. The equivalence table determines the minimum equivalent label of
each existing label, and a second pass is made to correct the labels assigned to the pixels
in the row. By resolving the regional equivalences in each row, the bottom row of each
region is guaranteed that the minimum label is assigned to any pixel in the region. The
key advantage of Lumia’s algorithm is that it processes label equivalences on a
row-by-row basis. Lately, Suzuki et al. [8] proposed a sequential local operation algo-
rithm. The algorithm combines ones in the [5-7]. Although, it has been shown that the
algorithm is more efficient than the conventional sequential algorithms in [5-7]. But, the
execution time is directly proportional to the number of pixels in connected components
in an image. Therefore, the execution time of the algorithm is dependent on the image
content. Furthermore, Nicol [15] presented a systolic array using the sequential two-pass
raster scan algorithm. The algorithm is similar to that of Lumia except that label equiva-
lences are found on-the-fly rather than stored in a table which is processed at the end of
each row. When two labels are merged, label equivalence is generated and used to relabel
the N most recently labeled pixels in the raster scan, producing an image of size N × N.
This algorithm has a processing time of 2N2 + 2N cycles. Ranganathan et al. [14] re-
cently proposed a systolic algorithm and architecture. The algorithm’s total required
processing time is 2N2 + 5N cycles, for processing an N × N image using an architecture
containing N parallel processors. Fig. 1 illustrates the time-space diagrams of the five
algorithms in [5-7, 14], and [15] for an N × N image. The time duration M (Merge) col-
lects the connectivity for each region in the image executed by PE’s in this period. The
task of assigning new labels for each pixel in the image is executed in time duration R
(Re-label). Table 1 lists the differences in the required PEs number and execution time
for [5-7, 14, 15] and the novel method.

Connected component labeling can be implemented either sequentially or in parallel.
From the perspective of real-time applications, most of the existing sequential algorithms
for connected component labeling do not meet the execution time requirements. Hence,
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the use of a parallel algorithm is indispensable. Table 2 lists several parallel algorithms
using a 2-D array. Clearly, those architectures are too expensive (for example N2 proc-
essing elements), their hardware circuits are complex (such as, pyramid or tree architec-
tures) and difficult to manufacture. The number of PEs must be reasonable to make the
parallel architecture suitable for VLSI implementation. Consequently, for practical ap-
plications, the number of PEs must be fixed and usually must also be smaller than the N
× N (N ≥ 1024) image. A parallel algorithm for connected component labeling is pre-
sented herein. Although, the algorithm is shown to have an execution time of N2 + 6N − 4
cycles for an N × N image, its architecture contains only 4 parallel processors, suitable
for VLSI implementation, and its execution time is independent of the image content;
making it quite flexible. The proposed hardware can process a 128 × 128 image in
0.8574 ms using only 4 processors, while the method developed by Ranganathan et al.
[14] takes 0.85 ms and 128 processors, and the MPP method [22] requires 94.6 ms and
16384 processors, as shown in Table 3.
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Fig. 1. Time-space diagrams of the five connected component labeling algorithms in [5-7, 14, 15].
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Fig. 1. (Cont’d) Time-space diagrams of the five connected component labeling algorithms
in [5-7, 14, 15].

Table 1. Comparison among the different algorithms in [5-7, 14, 15] and the novel method.

Author Hardware Architecture PE Execution Time
Rosenfeld [5] 1 PE + N2 memory 1 3N2 cycles
Haralick [6] Iterative 1 2mN2 cycles
Lumia [7] 1 PE + N memory 1 4N2 cycles
Nicol [15] 1 PE + N register 1 2N2 + 2N cycles
Ranganathan [14] Systolic Array N 2N2 + 5N cycles
The Novel Method Linear Array 4 N2 + 6N − 4 cycles
m: the number of using backward pass

Table 2. Comparison among several parallel algorithms using 2-D arrays.

Author Hardware Architecture PEs Time Complexity

Nassimi [16] N × N Mesh N2 O(N)

Miller [17] N2/3 × N2/3 Mesh N4/3 O(N2/3)

Kumar [18] N × N Mesh of Tree N2 O(logN2)

Lim [19] N2 EREW PRAM N2 O(logN)

Miller [20] Pyramid N2 O(N1/2)

Cypher [21] Hypercube N2 O(logN)

Cypher [22] N2 EREW PRAM N2 O(logN2)

Agrawal [23] N2 EREW PRAM N2 O(logN2)
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Table 3. Time comparison among the works of Ranganathan[14], Nicol[15], Cypher[22]
and the novel method.

Item Author Hardware architecture PEs
Clock
cycle

Execution Time

1 The Novel Method Linear Array 4 50ns
0.8574ms

N2 + 6N − 4 cycles

2 Ranganathan[14] Systolic Array 128 25ns
0.85ms

2N2 + 5N cycles

3 Nicol[15] 1PE + N Registers 1 40ns
1.32ms

2N2 + 2N cycles

4 Cypher[22] MPP 16384 100ns
94.6ms

O(logN2)

The rest of this paper is organized as follows: section 2 presents a parallel connected
component labeling algorithm based on four scanning passes. Section 3 then presents the
corresponding linear array architecture and also analyses the time complexity of the ap-
proach. Conclusions are finally made in section 4.

2. BASIC CONCEPTS AND THE PARALLEL ALGORITHM

Rosenfeld [5] and Lumia [7] demonstrated that connected component labeling could
be completed within two scan passes of an image. Based on their concepts, significant
space remains in time-space diagrams for these algorithms (see Fig. 1), thus providing
the possibility of performance improvement using a few processing elements and a
well-chosen parallel data flow. To overcome the complexity of connectivity relations in
the parallel manner, the proposed algorithm adopts the concept of divide-and-conquer.
By using the PE number for connected component labeling, the algorithm can be classi-
fied as follows. First, the typical algorithm only using a processing element (PE) for
connected component labeling was described in Lumia et al. (refer to Fig. 1(c)). Assign-
ing pixels are labeled according to the connectivity with their neighbors. When any two
labels are merged, the label equivalences are generated and entered into the equivalence
table of the row in duration M. The equivalence table is then resolved to determine the
minimum equivalent label. The label of the pixel is then re-labeled in duration R accord-
ing to the content of the equivalence table. Following the re-label cycle, the label of the
pixel is guaranteed to be correct with the minimum label [7]. Consequently, when two
PEs exist, PE1 of processing row 1 in cycle R simultaneously enables PE2 of processing
row 2 in cycle M. The 3 × 3 neighborhood is considered herein. The connected compo-
nent label of the preceding neighboring pixels in the row must be ready for use by the
current pixel. Consequently, the input data flow of the preceding row must be two cycles
ahead of the current row (refer to Fig. 2). The time-space diagram is shown in Fig. 3.

Recently, Nicol [15] designed a systolic array using a PE and N register hardware
architecture. Their approach resembles the method using two PEs. The merger of two
labels generates a label equivalence record which is used to re-label the N most recent
labeled pixels in the raster scan, for an image of size N × N (refer to Fig. 1(e)). In Fig.
1(e), Nicol’s algorithm contains significant space remaining in the time-space diagrams.
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Fig. 2. Adjacent pixels of pixel P(x, y) (a) in the forward stage and (b) in the backward stage.
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This excess space allows for possible performance improvement; if PE2 of processing
row 2 and PE1 of processing row 1 can record its label equivalence, and the label equiva-
lences of PE1 can at the same time propagate to PE2, then the duration M of row 2 can
advance. Therefore, when two PEs are used, the label equivalence produced from row 1
can propagate to row 2, and PE1 and PE2 can then conduct parallel processing in duration
M. Fig. 4 shows the time-space diagram. However, the start of execution in row 3 must
be delayed until the ending time of row 1 with PE1.
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Similarly, for three PEs, label equivalence produced in row 1 can propagate to rows
2 and 3, and label equivalence produced from row 2 can propagate to row 3. PE1 of
processing row 1, PE2 of processing row 2 and PE3 of processing row 3 can then work in
parallel. Based on the above-mentioned concept, the time-space diagram of using N PEs
is shown in Fig. 5. From the perspective of hardware implementation, the Nth PE has to
synchronously deal with itself, and the label equivalence is propagated from the 1st to the
(N − 1)th PE. Consequently, the hardware circuit becomes very complex, and the proc-
essing time increases owing to the increasing N. Table 4 lists the different algorithms
using the PE number. For example, when N PEs are used, the Nth PE must have N − 1
data paths which receive label equivalence from (N − 1)’s PE to the 1st PE, and must
then store these label equivalences sequentially in the label equivalence table. The Nth
PE thus needs (N − 1) cycles per pixel and N2 memory cells to complete the task. When
the space-time diagram (refer to Fig. 5) is used, the time complexity of the algorithm is
easy to analyze. For each PE, it will process 8N-4 pixels, but in reality (N − 1) cycles are
required per pixel, meaning that the total execution time is 8N2 − 12N + 4 cycles for N
PEs. Hence, from Table 4, the optimum approach is to adopt a set of two PEs for parallel
execution.
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Fig. 5. Time-space diagram of the method using N PEs, where the Nth PE can receive label
equivalence from the 1st PE to (N − 1)’s PE.

Table 4. Comparison of the algorithms using the PE number.

PEs Cycle/Pixel Hardware Architecture Execution Time
1 1 1 PE + N memory 4 N2 cycles
2 1 2 PEs + 2N memory 2N2 + 4 cycles

3 2 3 PEs + 3N memory 3
8 N2 + 16 cycles

4 3 4 PEs + 4N memory 3N2 + 36 cycles

5 4 5 PEs + 5N memory 5
16 N2 + 64 cycles

N N − 1 N PEs + N2 memory 8N2 − 12N + 4 cycles

Fig. 4 illustrates the adopted algorithm using a set of two PEs, showing that this al-
gorithm also has some space remaining in its time-space diagram. While row 2 performs
a re-labeling cycle in duration R, each pixel of row 2 is guaranteed to be labeled with the
minimum label, and the other sets of two PEs (for row 3 and row 4) can then move for-
ward and perform the merging cycle in duration M. The time-space diagram is shown in
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Fig. 6. In this situation, the algorithm only uses 4 PEs. Hence, a parallel connected com-
ponent labeling algorithm that needs four processing elements is proposed herein. This
algorithm employs a processing element for the pipeline operations performed on the
pixels in each row, and is divided into forward and backward stages, each of which con-
sists of the first pass (duration M) and second pass (duration R). In the forward stage, the
image is processed from top to bottom and left to right. The first pass of the forward
stage (such as, Pass 1) assigns labels to pixels according to their connectivity with their
neighbors. When two labels are merged, a label equivalence record formed by (L-old,
L-new) is entered into the label equivalence table and propagated to the next PE. Simul-
taneously, the connecting pixel is labeled with the minimum label. The label equivalence
table uses CAM (Content Addressable Memory) distributed-memory providing a PSMU
(Parallel Search and Multiple Update) operation. The label equivalence table aims to
determine the minimum equivalent labels. Meanwhile, the second pass of the forward
stage (for example, Pass 2) is made to correct the labels assigned to the pixels in the row,
using the information in the processed label equivalence table. Following the forward
stage, the bottom row of each region is guaranteed to be labeled with the minimum label
assigned to any pixel in the region.
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Fig. 6. Time-space diagram of the novel method.

The backward stage consists of two scan passes of Pass 3 (duration M) and Pass 4
(duration R), and the image is processed from bottom to top and left to right. Passes 3
and 4 are similar to the Pass 1 and 2 operations performed for each row during the for-
ward stage, respectively. The backward stage can correctly label with their minimum
labels.

Algorithm Proof
The two-stage works is formally described below in Property 1, Property 2 and the

Lemma. Lumia et al. used a forward raster scan for Pass 1 and a backward raster scan for
Pass 2, with the operations performed in each pass being similar. Each Pass is again di-
vided here into first and second passes. The first pass assigns labels to pixels according
to the connectivity with their neighbors, and any label equivalences found are placed in a
table. The equivalence table is aims to find the minimum equivalent labels, and a second
pass of each row is needed to relabel the pixels according to the equivalence table.
Meanwhile, Nicol’s algorithm removes the equivalence table of Lumia’s algorithm, and
uses an on-the-fly technique to relabel the set consisting of the N most recently processed
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pixels, for an N × N image. In the novel algorithm, label equivalences are processed in
parallel, and all label equivalences are stored in an equivalence table after Pass 1 (similar
to Lumia’s first pass of Pass1) and Pass 3 (similar to Lumia’s first pass of Pass2). Mean-
while, in Pass 2 (similar to Lumia’s second pass of Pass1) and Pass 4 (similar to Lumia’s
second pass of Pass2), the pixels are relabeled according to the minimum equivalent la-
bels found. The algorithm proof closely follows that in [7] and [15].

Property 1. Let C denote a top-maximally connected component. In Pass 1 and Pass 2, if
the leftmost pixel of the top row of C is assigned label L0, then

(a) no pixel of C is assigned a label less than L0, and
(b) all pixels in the bottom row of C are assigned label L0.

Proof: Lumia et al. has proven some properties when one PE is used for forward raster
scan: “Let C be a top-maximally connected group of ones. In Pass 1, if the leftmost pixel
of the top row of C is given label i, then (a) no pixel of C is given a label less than i, and
(b) all pixels of the bottom row of C are given label i.” The novel algorithm uses four
PEs, where every PE can record its label equivalence, PE2 can receive the label equiva-
lences of PE1, PE4 can receive the label equivalences of PE3, and every PE can relabel the
pixels according to its equivalence table. Therefore, following Pass 2, the bottom row of
each region is guaranteed that the minimum label assigned to any pixel in the region.

Property 2. Let C denote a top-maximally connected component. If Passes 3 and 4 are
applied to the image, and the bottom row of C is all labeled L0, then every member of C
will be labeled L0.

Proof: Similarly, when one PE is used for the backward raster scan, Lumia et al. have
proven this property: “Let C be a top-maximally connected group of ones. If after Pass 2
operates on the bottom row of C, the bottom row is all labeled i, then every pixel of C
will be labeled i by Pass 2.” If every PE can record its label equivalence, PE2 can receive
the label equivalences of PE1, and PE4 can receive the label equivalences of PE3, then
every PE can relabel the pixels according to its equivalence table. Therefore, following
Pass 4, the first row of each region is guaranteed with the minimum label assigned to any
pixel in the region.

Lemma Let C represent a maximally connected component. If the leftmost pixel of the
top row of C is assigned the label L0 by Pass 1, then following Passes 2, 3 and 4, all pix-
els of C will have the label L0.

Proof: If C is maximally connected, then it is also top-maximally connected, the Lemma
is thus made true by Properties 1 and 2.

In these four passes, the image rows are scanned and processed in parallel. During
the forward stage, let the set of adjacent pixels of the pixel P(x, y) be defined by Nf (x, y)
= {P(x − 1, y − 1), P(x, y − 1), P(x + 1, y − 1), P(x − 1, y)} (refer to Fig. 2). The label L(x,
y) is calculated for pixel P(x, y), x, y ∈ [1, N], based on P(x, y) and Nf (x, y). Each row is
scanned from left to right and top to bottom. However, the connected component label of
the preceding neighboring pixels in the row must be ready for the current pixel to use,
and the input data flow of the preceding row must also be two cycles ahead of the current
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row. In this scanning fashion, the label L(x, y) for pixel P(x, y) is calculated in PEi after
it receives the information PL(x − l, y − 1), PL(x, y − 1), and PL(x + l, y − l) calculated in
PEi-1 during the last three cycles and PL(x − 1, y) calculated in PEi during the last cycle,
where PL(x − 1, y − 1) includes the pixel value P(x − 1, y − 1) and label L(x − 1, y − 1)
of the pixel at (x − 1, y − 1). Similarly, during the backward stage, the label L(x, y) is
calculated based on P(x, y) and Nb (x, y) = { P(x − 1, y + 1), P(x, y + 1), P(x + 1, y + 1),
P(x − 1, y) }. Each row is scanned from left to right and bottom to top. Thus, the values
and labels of the required adjacent pixels are always ready before calculating the con-
nected component label of the current pixel.

The input image is an N × N multivalue image I = {P(x, y), x, y ∈ N} and the output
image is a label map that assigns a unique label (for example, an integer number) to each
maximally connected component in the image. During the processing time, the label
equivalence table EQTABLE represents a set of equivalence relations that formed by
(L-old, L-new). The L-old label is the old label of one pixel belonging to the region,
which is relabeled using the L-new or new label. The label equivalence table uses CAM
(Content Addressable Memory) distributed-memory providing a PSMU (Parallel Search
and Multiple Update) operation. Meanwhile, a CAM module allows content to be up-
dated with an L-new, based on the condition that the L-old is equal to its content.

The novel algorithm below uses the following notations.
A(x, y): the set of pixels belonging to Nf (x, y) or Nb(x, y) with the same input value

of the pixel P(x, y).
A(x, y) = {Af(x, y), Ab(x, y)},
Af(x, y) = {P(m, n)|P(m, n) ∈ Nf(x, y), P(m, n) = P(x, y)} (in the forward stage),
Ab(x, y) = {P(m, n)|P(m, n) ∈ Nb(x, y), P(m, n) = P(x, y)} (in the backward stage).
AL(x, y): the set of labels belonging to the label of the pixel in the set A(x, y), where

the label does not equal zero.
AL(x, y) := {L(m, n)|P(m, n) ∈ A(x, y)}, where L(m, n) is the label of the pixel P(m,

n).
ALE(x, y): the set of minimum L-new labels among the equivalence records with an

L-old label.
ALE(x, y) := {min (L-new)|L-old = L(m, n), L(m, n) ∈ AL(x, y), (L-old, L-new) ∈

EQTABLE}.
ADD: the function that adds an equivalence relation record (L-old, L-new) to the

label equivalence table.
SEND: the function that sends an equivalence relation record (L-old, L-new) to the

label equivalence table of the next PE.

Algorithm
for x = 0 to N + 1, y = 0 to N + 1 do /Initialization/

if (x < 1 or y < 1 or x > N or y > N)
then P(x, y) = ∞ (a large number)

/Forward stage: raster scan the image from top to bottom and left to right, /
/ the PEi processes image row y, where y = i + 4j, i = 1, ..., 4, and

j = 0, 1, ..., 






4

N −1. /
/Backward stage: raster scan the image from bottom to top and left to right, /
/ the PEi processes image row y, where y = (N + 1) − i − 4j, i = 1, ..., 4, and

j = 0, 1, ..., 






4

N −1. /.
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Main_program
begin /the work for image row y by PEi /

for Pass = 1 to 4 do
for x = 1 to N do

switch (Pass)
case 1: Label_New(1);
case 2: Relabel( );
case 3: Label_New(3);
case 4: Relabel( );

end for;
end for;

end begin

Label_New(k)
begin

if A(x, y) =� then
/The PEi processes image row y, where y = i + 4j, i = 1, ..., 4, and j = 0, 1, ..., 









4

N −1. /
if k = 1 then L(x, y) = y * N + x; /Give a new label/

else L(x, y) = min (EQTABLE(L-old = L(x, y)) ;
end if
L-old = L-new = L(x, y);

else
if k = 1 then L-old = max(ALE(x, y))

else L-old = min (EQTABLE(L-old = L(x, y));
end if
L-new = L(x, y) = min(ALE(x, y));

end if
Proc_Label( )

end begin

Relabel( )
begin

if A(x, y) =� then L(x, y) = min (EQTABLE(L-old = L(x, y)) ;
else L(x, y) = min(ALE(x, y));

end if
end begin

Proc_Label( )
begin

ADD (L-old, L-new, EQTABLE);
if (i is odd) then SEND (L-oldi, L-newi) to PEi+1 (EQTABLE);

/(L-old, L-new) will be propagated to the next PE./
else ADD (L-oldi-1, L-newi-1, EQTABLE);

/Receive (L-old, L-new) from the previous PE./
end if

end begin
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3. LINEAR ARRAY ARCHITECTURE

The above parallel connected component labeling algorithm can be implemented
using a linear array architecture to meet real time requirements. The linear array com-
prises 4 processing elements (PE) to process a binary or gray level image with N × N
pixels, as shown in Fig. 7. During the forward stage, PEi processes the image row i + 4j,

where i = 1, ..., 4, and j = 0, 1, ..., 








4

N −1. Similarly, during the backward stage, PEi

processes the image row (N + 1) − i − 4j. Initially, the image buffer stores the input bi-
nary or gray level image, and as the process continues, the buffer stores the label map.
Generally, PEi receives data from PEi-1 and calculates the label L(x, y) in row y in every
cycle. Because the data flow shifts one pixel per cycle, and the labels of four adjacent
pixels must be completed beforehand, the input image in the image buffer is skewed,
meaning that the clock cycle of PEi is two cycles behind that of PEi-1. Hence, for the
pixel P(x, y) at time t, the labels of P(x − 1, y − 1), P(x, y − 1), and P(x + 1, y − 1) are
calculated and passed from PEi-1 to PEi during the forward stage at times t − 3, t − 2, and
t − 1, respectively. The label of P(x − 1, y) is obtained and stored in PEi at time t − 1.
Similarly, PEi receives the labels of P(x − l, y + 1), P(x, y + 1), P(x + 1, y + 1), P(x − l, y)
and P(x, y) before it calculates the label L(x, y) during the backward stage.

Image buffer

Row 1+4j
data input

Row 3+4j
data input

Row 4+4j
data input

Row 2+4j
data input

delay line of length
(2j+1)(N+4)

<L-old ,L-new >

PL(x, y)

PL(x-1, y)PL(x+1, y-1)

delay line of
length 2j(N+4)

delay line of
length 2j(N+4)+2

delay line of length
(2j+1)(N+4)+2

PE PE PE PE
����

i i

Fig. 7. Linear array architecture.

3.1 Processing Element

Based on the parallel algorithm, the operations performed in PEi include:
(1) comparing the input values and labels of four adjacent pixels in Passes 1 to 4;
(2) outputting the input value and label of P(x, y) to PEi+1 and the image buffer

(only the label).

After considering all the necessary operations, the structure of PEi shown in Fig. 8 is
proposed. Two input ports are required to receive the information from the image buffer
and PEi-1. The pixel values and/or labels from the image buffer and label equivalence
<L-oldi-1, L-newi-1> from PEi-1 are received from Ports 1 and 2, respectively. Meanwhile,
in Passes 2, 3, and 4, the input data of PEi needs P(x, y) and L(x, y); thus, the input data



A PARALLEL CONNECTED COMPONENT LABELING OPERATION 365

Fig. 8. Organization of a PE.

of Port 1 is connected to the image buffer. For calculating label L(x, y), the data path
from PEi-1 is also required so that the input values and labels of three adjacent pixels in
row y − l, and the label equivalence that was created by PEi-1, are obtained sequentially
through Port 2. These input values and labels, and the label equivalence are input with
two delay units, and the output label of P(x, y) from PEi is returned to the image buffer.
Consequently, the input data required from row y − 1 is ready before calculation of the
label of P(x, y) in the connectivity logic (CL) begins. Meanwhile, a feedback loop is es-
tablished to link the output of CL through a delay unit to the input of CL. This path pro-
vides the label of P(x − 1, y) to CL. Finally, the output is sent to PEi+1 and the label map
memory.

3.2 CL

To determine the minimum label of the four adjacent input values that are equal to
the value of P(x, y) itself, a 4-input NOR gate, an incrementer, three multiplexors, four
XNOR gates, and two 4-way comparators are used in CL, as shown in Fig. 9. If the ad-
jacent input values are not the same as the value of P(x, y), then the incrementer will as-
sign a new label to L(x, y), namely L(x, y) = y * N + x. The output of the comparator is
the label of P(x, y), which is also passed to PEi+1.

3.3 Relabel Shift Register

The relabel shift register (RSR) is shown in Fig. 10, and contains an MUX, a w-bit
XNOR, and four registers. If the pixel label L(x, y) is the same as the old label L-oldi,
then the label L(x, y) is relabeled using the new label L-newi; otherwise, it remains unal-
tered. The value of P(x, y) is simply propagated through the register.

3.4 Label Equivalence Table

The label equivalence table provides the minimum label of P(x, y) used for connec-
tivity logic. When two regions were merged, a label equivalence containing the old label

Connectivity
Logic
(CL)

Reg.

Data input
(from image buffer)

Data input
(from )

To

Port 1

Port 2

Reset
Pass 1

L. Eq.
Table

PL (x, y)

PL(x-1, y)

PL (x+1, y-1)

PL(x, y-1)

PL(x-1, y-1)

PL(x+1, y-1)

PL (x, y)

Clk

PL(x, y)

RSR

RSR

Pass 3

Reg.
PEi-1

< L-old , L-new >i-1 i-1

PEi+1

ei

ei

e

e

i

i

< L-old , L-new >i i

'

"

'

PEi
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Fig. 9. Structure of the connectivity logic (LC).

reg.

Clk

M
U

X

pixel value

pixel label

new label

old label

w

w

w
W-bit XNOR relabel

o/p

0

S0reg. 1
w

reg.

reg.

L-new

L-old

P(x,y)in P(x,y)out

L(x,y)new

L(x,y)old

Fig. 10. Structure of the relabel shift register (RSR).

(L-old) and new label (L-new) is recorded, and placed in the label equivalence table. The
label equivalence table uses CAM (Content Addressable Memory) distributed-memory
providing a PSMU (Parallel Search and Multiple Update) operation. This operation can
be illustrated via a simple parallel algorithm, for n CAMs, as follows:

PSMU_ Operation _Algorithm
for all M[addr], (1 � addr � n) do_in_parallel

if (M[addr] = L-old ) then M[addr] := L-new
end for

Using the space-time diagram, the time complexity of the algorithm can be easily
analyzed. If the input data rate is one pixel per cycle, then the label map is obtained for
the forward stage or the backward stage in 2

N2
+ 3N − 2 cycles, where
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2
N2

+ 3N − 2 = (double length of the first row) × (execution cycle per pixel) +
(skewed delay per row) × (row number of image − 1) +
(half of the row number of image − 1) × (column number of image)

= 2N × 1 + 2 × (N − 1) + ( 2

N − 1 ) × N.

Hence, the total execution time for the four passes is N2 + 6N − 4 cycles.

3.5 FPGA Design and Post-Simulation

FPGA was designed using the DesignBook graphics capture package created by
Escalade, while synthesis was performed using the Leonardo Spectrum VHDL compiler
from Exemplar, and post-simulation was conducted using Modelsim of Modeltech. The
proposed hardware architecture, which was first implemented on an A54SX16 FPGA,
includes a PE which can perform 8 × 8 image, and can be scaled to any number of PE’s
without suffering throughput loss. The PE implementation was verified using a clock
frequency of 20 MHz, and extensive timing was performed on the FPGA using Model-
sim. The critical path was in FPGA within 46 ns. The chip, thus, operates at a maximum
clock frequency of 21.74 MHz using 0.35 micron technology. Transferring the hardware
architecture to a more competitive lower micron technology will enhance the operating
speed. The hardware algorithm proposed here would require 4 PE’s, and for a very con-
servative clock cycle of 50 ns, approximately 0.8574 ms would be needed to label a 128
× 128 image.

4. CONCLUSIONS

A parallel algorithm and its hardware architecture for connected component labeling
have been described in this paper. Applying the novel architecture, the label map of an
N×N binary image can be obtained within N2 + 6N − 4 cycles using the architecture with
4 PEs. The proposed hardware can process a 128 × 128 image with a cycle time of 50ns
in about 0.8574 ms and uses only 4 processors, while the method of Ranganathan et al.
[14] requires a clock cycle of 25ns to process the image in approximately 0.85 ms with
128 processors, and the MPP method [22] requires a cycle time of 100ns to process the
image in 94.6 ms and uses 16384 processors. Other advantages of the novel architecture
include modularity, expandability, regular data flow, and simple hardware. These char-
acteristics are highly desirable for VLSI implementations.
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