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A Parallel Algorithm and Architecture for Object Recognition in
Images

Abstract

The problem of tree pattern matching for object recognition in images is computationally intensive in
nature. In two-dimensional images, the objects can be represented through multiscale decomposition as
tree structures. The pattern tree representing an object can be matched with a subject tree representing
an image in order to detect the objects within the image. Several sequential, parallel and hardware
algorithms exist in the literature for tree pattern matching. In this paper, we describe a new parallel
algorithm and its realization as a VLSI chip for tree pattern matching. The hardware algorithm is based
on a linear array ofprocessing elements (PEs) where the pattern matching is done in a pipelinedfashion
relying on nearest-neighbor communication between the PE's and the subject and pattern trees of
arbitrary length can be processed using a fixed size PE array. The algorithm has an improved execution
time of O(Tm/a I) required to perform the matching where m, a and n are the sizes of the pattern tree,
processor array, subject tree respectively. A prototype CMOS VLSI chip implementing the proposed
algorithm has been designed and verified. It is shown that the hardware algorithm proposed in this work
represent a significant improvement in terms of computational complexity, data flow, and architecture
over the ones previously proposedfor this problem.

1. Introduction

A tree structure can be used to describe the evolution of the contour of an object at increasing levels of
detail, from the root down to the leaves. The contour shapes are represented at all scales by sequences of
alternating concave/convex segments identified by inflection points. Each tree node represents a contour
segment of the object by a set of attributes. As an example, Figures 1 through 5 show how the image of an
airplane is represented with a tree. Figures 1 - 4 show how the boundary of an airplane is successively
divided into subregions based on the inflexion points, and how image resolution increases from one
image to the other. The nodes of the tree correspond to the boundary segment and arcs connect nodes at
successive levels of resolution. The children of a given node describe the structural change affecting a
given segment between consecutive resolution levels. The children nodes divide the segment represented
by the parent node and provide better detail about the sub-segment.

An image database can be constructed by combining trees of various objects under a single root node. A
subject tree can represent an image from the database while a pattern tree can represent an unknown
image, which needs to be compared to the images stored in the database. By matching both trees, the
nodes at which the pattern tree matches the subject tree are identified. The matching nodes correspond to
the database images that match the unknown image. The pattern tree can be tailored in order to obtain a
complete match, a coarse match, to occlude a detail of the image, or to match only a particular feature of
the image. This is done with the help of a special type of node, called variable node, in the pattern tree,
which is capable of substituting any subtree. In the context of normalization, tree pattern matching
appears in many applications such as the evaluation of input expressions in functional languages [2, 3],
online interpreters [4], compiler code optimization [5], theorem proving of word problems [6], data-type
specification and verification in software validation [7], and computer algebra [8] although our motivation
arises from the problem of object recognition from images.

In this paper, we propose a new algorithm, and its realization as a systolic algorithm and VLSI chip for
tree pattern matching. We discuss the related wor he next section and then present the details of the
proposed algorithm, architecture, and the chip implementation in the following sections.
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Figure 1. Coarse Image, Level 0. Figure2. Division of Contour, Level 1.
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Figures 3. Further Division, Level 2. Figure 4. Final Image, Leaf level.
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Figure 5. Tree representation of an airplane.

2. Related Work

Several sequential algorithm [12] [13] [14] [15] and parallel algorithms [16] [17] [18] have been proposed
for this computationally intensive problem. The majority of the parallel algorithms are based on the
PRAM model of computation. An earlier hardware solution to this problem has been proposed as a chip
implementation rich in content-addressable memories, shift registers and bitstacks where a bitstack is
used to contain a subtree that can be replaced by a variable [19]. Since each of these bitstacks have a
limited size, it may not be able to contain an entire large subtree candidate for replacement and as a result
one or more partial matches among all possible partial matches may be missed. Another hardware
solution has been proposed in which the PE array consists of one variable processing PE (VPE) and
several symbol processing PEs (NPE) [20]. This architecture imposes two limitations by which (i) it can
handle only pattern substrings that fit into the PE array and (ii) it can handle only one pattern substring at
a time. This architecture can be improved by removing both limitations. However, this may lead to a
situation where match parameters generated upstream in the array start to shift from left to right across the
array, then later may collide with other match parameters generated downstream in the array. In this
paper, we propose a new hardware algorithm that removes the two limitations mentioned above and
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eliminates the collision problem associated with traveling match parameters. In addition, this algorithm
requires significantly thinner architecture and data flow.

3. Preliminaries

We present in this section definitions and terminology associated with the tree pattern matching problem
using the trees shown in Figure 6. Let S and P be the subject and pattern trees respectively. The variables
in P are enclosed in squares while the symbols are enclosed in circles. The variables can only be leaves in
P. Processing these trees requires their transformation into strings. Let I be an alphabet of function
symbols including constants and V be a set of variable symbols where E: n V= 0. Each function symbolf
of Y has a fixed arity a(O) that represents the number of children of the node represented byf A constant
is a function symbol whose arity is 0 and corresponds to a leaf node.
Term: A term is a symbol string defined recursively as: (i) any constant or variable is a term, and (ii) iff
E Y, thenJ(t,, t2, ..., taw) is a term given that each t, is a term itself.
Tree: A term tree is a labeled directed tree T(r, N) such that: (i) N is a finite set of nodes, (ii) r is the root
which has indegree 0 and every other node has indegree 1, (iii) if a node is a variable, it has outdegree 0,
(iv) if a node is a symbol, it has outdegree 0 or more.
Euler Chain: The Euler Chain (C) of a term tree T(r, N) consisting of the subtrees Ti(r1, N,), T2(r2, N2),
..., Tq(rq, Nq), is the string reire2r... req where e, is the Euler Chain of the subtree Ti(ri, Nj) rooted at r,. In
Figure 6, the Euler Chain ofS (Cs) is 12425859521363731. For a given term tree, its Euler Chain C has
the following properties: (i) a leaf node occurs only once in C, (ii) the first and last occurrences of a node
represent the subtree rooted at that node, (iii) if a node has a children, then this node occurs a + 1 times in
C. In Figure 6, node 4 in S is a leaf and subsequently occurs only once in Cs while node 1 is a root with
two children and subsequently occurs three times in Cs.
Euler String: The Euler String (E) of a term tree is obtained by replacing all the nodes in the Euler Chain
by their labels. In Figure 6, the Euler String ofS (Es) is Jbffafafflbfaff. Let C(i) and E(i) be the number
and the label of the ith node from the left ofC and E respectively. For example, CS(6) = 8 and Es(6) = a.
Our algorithm verifies whether the Euler Strings of the subject and pattern trees are identical after
replacing the variables in the pattern by Euler Strings of appropriate terms. Two term trees are equivalent
iff their Euler Strings are identical. Let k be the number of variables in P and v, the ith variable in P.

1 1

8 ~~ 9

Subject Tree S Pattern Tree P

Cs= 12425859521363731 Cp= 121343531
Es =ffbffafafffjbfaff Ep =fXffYfaff

Figure 6. An exarnple of a subject and pattern tree.
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Pattern Substring: o is the substring which consists of non variable symbols occurring between two
variable symbols vi-I and vi in Ep. In Figure 6, al, c>, and oC3 represent the substrings f, f, and faff
respectively. Let vi(j) be thejth symbol from the left of o. For example, o^(2) = Ep(7) = a whose Cp(7) =
5. Since there are k variables in Ep, there must be k + I such substrings in Ep with no variable to the left of
a, and to the right of ak+l respectively.
Occurrence Status: The occurrence status of a node (OS) is a label associated with each node indicating
the first, last or otherwise occurrences of that node in C and can have the following values: (i) FIRST if
this is its first occurrence, (ii) LAST if this is its last occurrence, (iii) FIRSTLAST if this is simultaneously
its first and last occurrence, (iv) NONE if its occurrence is otherwise. For example, node 1 occurs three
times at the 1st, 1 1th, and 1I7th positions from the left of C,'. As a result, OS(C(1)) = OS(Es(1)) = FIRST,
OS(C,{ 17)) = OS(E,( 17)) = LAST and OS(Cs( 11)) = OS(Es( 11)) = NONE. On the other hand, node 4
occurs only in the 3rd position from the left of Cs and as a result OS(Cs(3)) = OS(E5{3)) = FIRSTLAST.

4. Basic Approach

In this section, we explain the theoretical approach behind our algorithm. Let a; = o(1)a;(2)...CY(j) be a
substring of symbols between v,;1 and vi in Ep, E'= E(p)E(p+1)... E(p+j- 1) be a substring of Es and C' =
C(p)C(p+1)... C(p+j-1) be its corresponding Euler subchain each having sizej. We can assume that Cp-
1) and C(p+j) are the nodes to the left of C(p) and to the right of Cp+j-1) respectively. Similar
assumption can be applied to E(p) and E(p+j- 1). The matching process executed by the algorithm consists
of: (i) testing of partial matches, (ii) identification of legal substitutions, (iii) identification of legal
attachments, and (iv) identification of matches.

4.1. Testing of Partial Matches

We state the conditions required to test the partial matches for each ai within Es depending on ci's
location in Ep as follows:
* oj (leftmost ain Ep): a, has a partial match at some positionp ofEs iff: (i) o7(l) = Es(q) for (1, q) where
1< 1 <j and p < q < p+l-l, (ii) OS(C(p)) = FIRST and OS(C(p+j)) = FIRST or FIRSTLAST. This means
that or must match E for each symbol starting from position p and the occurrences of the first node in C '
and the node to the right of the last node in C' are both first occurrences in Cp. In Figure 7, oj has a
partial match on positions 1, 2, and 5 in Es.
* a; for 2 < i < k- I (anywhere between leftmost and rightmost Os of Ep): a; has a partial match at some
positionp of Es iff: (i) ai(l) = Es(q) for (1, q) where I < 1<j andp < q < p+l-1, (ii) OS(C(p-1)) = LAST or
FIRSTLAST and OS(C(p+j)) = FIRST or FIRSTLAST. This means that a; must match Es for each
symbol starting from position p, the occurrence of the node to the left of the first node in C' is its last
occurrence in Cp, and the occurrence of the node to the right of the last node in C' is its first occurrence in
Cp. In Figure 7, of has a partial match on positions 4, 10, and 11 in Es.
* uk+l (rightmost a in Ep): aok+ has a partial match at some positionp of Es iff: (i) ak+i(l) = Es(q) for (1, q)
where I < 1 <j andp < q < p+l-l1, (ii) OS(C(p-1)) = LAST or FIRSTLAST and OS(C(p+j-1)) = LAST.
This means that ak+l must match Es for each symbol starting from position p and the occurrences of the
first node to the left node in C' and the last node in C' are both last occurrences in Cp. In Figure 7, a^ has
a partial match on positions 7 and 14 in Es.

OS(C8) = F (FIRST) or L (LAST) or FL (FIRSTLAST) or N (NONE)
PM = Partial Match
Ep =fXffYfaff
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Positio 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
n in Es
Cs 1 242 5 8 5 9 5_2 1_3-6 7 3 1
OS(Cs) F F FL N F FL N FL L L N F FL N FL L L
E.s :f f b f f a f a jf f f b f aff
ci1(J) P Pp

M M M
ct2(t1) _ _ M _ _p p M

p p

Match. . .. -<X f Yf a f f
I - _ f f _

Match X f f Y f a f f
2_

Failed f X V
Match

Figure 7. Partial matches, legal substitutions, attachments of subject and pattern trees shown in Figure 6.

4.2. Identification of Legal Substitutions

If two consecutive pattern substrings have partial matches, then the variable between them may possibly
be replaced by a subtree, which can be represented by a string. Let E' = E(x)E(x+l)... E(x+j-1) be a
substring ofEs and C' = C(x)C(x+1 )... C(x+j-1 ) be its corresponding Euler subchain each having sizej. A
legal substitution is the replacement of a variable vi in Ep by E' iff: (i) ai has a partial match at some
position p of Es and ends at E(x- 1) where p < x, (ii) E(x) = E(x+j- 1) = y where y is some node in S, (iii)
OS(C(x)) = FIRST and (iv) OS(C(x+j-l)) = LAST. This means that vi can replace the substring E' only if
c, located to its left, has a partial match that ends on the immediate predecessor node (E(x-1 )) of some
node y in Es, and the leftmost and rightmost nodes of this substring E' are respectively the first and last
occurrences of the same node y in Es. E' represents a subtree rooted at node y. Note that it is possible to
have a legal substitution involving a one-node subtree and the four conditions stated above will still hold.
In Figure 7, variable X is involved in a legal substitution where it can be replaced by the substring starting
at position 2 and ending at position 10 in Es. This substring is the subtree rooted at node 2 in the subject
tree S shown in Figure 6. On the other hand, variable Y is involved in another legal substitution where it
can be replaced by the substring consisting of only one symbol in position 13 in Es. This substring
represents the one-node subtree rooted at node 6 in the subject tree S shown in Figure 6.

4.3. Identification of Legal Attachments

A legal attachment of a substring oivi onto +i, is: (i) a partial match ofa ending at some positionp in Es,
(ii) a legal substitution of v; starting from (p + 1) to some position q in Es, (iii) a partial match of a+,
starting at position (q + 1) in Es. In Figure 7, a, has a partial match at position I in Es, variable X has a
legal substitution with the substring starting from position 2 to 10 in Es, and o: has a partial match
starting from position I I in Es. The attachment of orX onto c2 is a legal attachment.

4.4. Identification of Matches

When each substring crvi legally attaches to a,+I for all 1 < i < k starting from some positionp in Es, a
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match occurs where Ep matches Es at that position p. This is equivalent to the pattern tree P matching the
subject tree S at the node in position p in E. In Figure 7, ojX legally attaches to opj starting from position
I in E,, and o Y legally attaches to o^. As a result, Ep matches E8 at position 1, which is equivalent to P
matching S at the shaded node I ofS shown in Figure 6.

5. Hardware Algorithm

The proposed algorithm is based on a linear SIMD array architecture, with bi-directional data flow, and a
First In First Out (FIFO) buffer shown in Figure 8. The array is first loaded from the left with Ep. Then
both E and Ep are fed concurrently at every other clock cycle from the left. Ep remains stationary in the
array. As a result, a PE may contain either a symbol or a variable from Ep. As the subject is pushed across
the array, each PE executes a specific computation whose result is represented by a single bit called flag
bit. This flag bit is shifted at each clock cycle from the rightmost PE leftward. If at some point, it reaches
the leftmost PE, a match is declared between the subject and the pattern. The FIFO buffer is used when
the pattern does not fit completely into the PE array and partitioning is required.

Flag Bit I/ i FIFO Buffer

M atch...............

PE PE||PE+a-|a kEs

Figure 8. Linear PE array for the tree pattern matching problem.

5.1. Computation in Symbol-Containing PEs

Let a PE contain a symbol in position i of Ep. Let this symbol be Ep(i). This symbol must belong to some
pattern substring a in some position q. At the current clock cycle, this PE also contains a symbol in
position j of Es. Let this symbol be Es5) and its corresponding Cs(f). Let b be the incoming flag bit from
the right neighboring PE. This PE will execute the following computation:

if b = 0 // test the incoming bit
shift 0 to the left PE
stop

endif
if Ep(i) != Esj) // test ifthe pattern and subject symbols are identical

shift 0 to the left PE
stop

endif
if i = I then /test ifthe pattern symbol is first in the pattern string

if OS(Cs()) != FIRST then 7/ (this is thefirst occurrence ofthe subject symbol
shift 0 to the left PE
stop

0-7803-7970-5/03/$20.00 ©2003 IEEE 139

Authorized licensed use limited to: New Jersey Institute of Technology. Downloaded on March 24,2010 at 12:27:47 EDT from IEEE Xplore.  Restrictions apply. 



2003 IEEE International Workshop on Computer Architectures for Machine Perception (CAMP)

endif
endif
if i = m then 7/ test ifthe pattern symbol is last in the pattern string

if OS(C5s)) != LAST then H test if this is the last occurrence of subject symbol
shift 0 to the left PE
stop

endif
endif
if q = I then /test ifthis thefirst symbol in the pattern substring

// test ifthis is the last occurrence ofthe subject symbol to the left ofthis subject symbol
if OS(C(sj- 1)) != LAST and OS(Cs{]- 1)) != FIRSTLAST then

shift 0 to the left PE
stop

endif
endif
if this PE is the leftmost PE in the array

declare a match at positionj in Es
endif
shift I to the left PE

5.2. Computation in Variable-Containing PEs

Let a PE contain a variable vi in Ep. At the current clock cycle, this PE also contains a symbol in position
q of E. Let this symbol be EJsq) and its corresponding CXs{q). Assume that Es(y) = Es(q) where j < q and
OS(E&sV)) = OS(C&s)) = FIRST. j is the position of the first occurrence of the same node in positionsj and
q in Es. Let b be the incoming flag bit from the right neighboring PE. This PE will execute the following
computation:

if OS(Cs(q)) = NONE then / test ifthe occurrence ofsubject symbol is none
shift 0 to the left PE

else if OS(Cs{q)) = FIRST then / test ifthe occurrence ofsubject symbol is first
if last stored symbol = Cs(q) 7/ the variable has been successfully replaced by a

subtree
shift I to the left PE
remove last stored symbol

else
shift 0 to the left PE

endif
else if OS(Cs(q)) = LAST then I test ifthe occurrence ofthe subject symbol is last

shift 0 to the left PE
if b = I then

store symbol I last symbol in the subtree euler string has to be stored
endif

else if OS(Cs(q)) = FIRSTLAST then I test ifthe occurrence ofthe subject symbol isfirstlast
if b= I then

shift 1 to the left PE I the variable has been replaced by a single node
subtree

else
shift 0 to the left PE

endif
endif
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This PE saves the position in Es of the first occurrence of its current subject symbol. Then it compares
this position with that of every incoming subject symbol until the two positions are equal, in which case it
shifts the i-bit to the left. The maximum number of symbols to be stored will be equal to the height of the
subject tree.

5.3. Partitioned version of the Algorithm

Since every PE array has a fixed size, a partitioning scheme is devised to handle the case where the
pattern cannot fit in the array. Ep is partitioned into substrings large enough to fill the entire array. We
start processing the rightmost substring of Ep, then process the ones to its left and so on. A FIFO buffer,
located at one end of the PE array, is needed to store temporarily the flag bit that travels across the array
from right to left. The partitioning scheme is as follows:

for each substring ofEp starting from the rightmost one
shift the match bit from the FIFO buffer to the rightmost PE
load the substring in the PE array
start pushing E8 and C', left to right every other clock cycle
execute the hardware algorithm for the entire Es and Cs
shift the match bit from the leftmost PE into the FIFO buffer

endfor

A trace of the algorithm is shown below where the PE array consists of six PEs using the subject and
pattern trees from the example of Figure 6. Each PE cell contains a pattern symbol Ep(i) shown below it
in the second row. Depending on the cycle of execution, a PE cell may contain in a vertical fashion from
top to bottom: (i) the position of the subject node i, and its Euler chain value Cs(i) grouped inside
parentheses, (ii) its occurrence OS(Cs(i)) represented by F, L, FL, or N, (iii) its symbol Es(i) in an italic
lower case letter, (iv) the flag bit represented by 1, and (v) the node positions stored in the stack. The
shaded PE is the element that contains a variable. The flag bit represents the match bit that shifts across
the array. The positions where the pattern matches the subject are indicated by Match in the leftmost PE
in the array.

Let n, m and a be the sizes of subject, pattern and array respectively. Each time the pattern is loaded, the
subject string is passed through the array once, for processing. The number of times the pattern has to be
partitioned, depends on the array size and the pattern length, and is given by Fm/al. If the array size is
comparable to the pattern length, the performance of the algorithm becomes almost linear. Table I
provides a general comparison of our hardware algorithm to previously proposed algorithms.

6. Architecture and Chip Layout.

Figure 9, shows the logic diagram of the processing element. The important modules are the 8-bit
comparator, 2-bit comparator, 16 x 8 bit stack and the multiplexors. The 8-bit comparator is used to
compare the subject and pattern symbols. The inputs to the 8-bit comparator is given from two 8-bit 2x1
multiplexor. The vpe signal, which indicates whether the PE holds a variable or a non-variable, acts as the
select signal for the two processors. When the PE holds a non-variable, the subject and pattern symbols,
Es(i) and Ep(j), are compared. When the PE holds a variable, the euler chain value of the subject symbol
and the one in stack is compared. The 4xl multiplexor, selects the appropriate value of the outgoing flag
bit, depending on the occurrence status of subject symbol.
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Iteration 1: Load the pattern substringfYfaffand execute the algorithm.

Cycle FIFO PE,
|__ |_ F

1

2 (14,3)
N
F

3

4 (13,6)
FL
B

5

6 (12,3)
F
f

7

8 (11,1)
N

9

10 (10,2)
L

11

12 (9,5)
L

13

14 (8,9)
FL
a

PE3 PE4 PE5 PE6

f | a f
(16,3) (17,I)
L L
f f

(15,7) (16,3)
FL L
a f

(15,7) (16,3)
FL L
a f

I~~~

(14,3) (15,7)
N FL
f a

(14,3) (15,7)
N FL
f a

(13,6) (14,3)
FL N
b f

(13,6) (14,3)
FL N

(12,3) (13,6)
F FL

(12,3) (13,6)
F FL

N F

N F

L N

L N
_ _ fr~~~~

(9,5) j(10,2)
L __ L
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Iteration I Continued

Cycle FIFO PE,

15

16 (7,5)
N
f

17

18 (6,8)
FL
a

19

20 (5,5)
F
f

21 ~ ~~ -21~~~~~~~
21~~~

22 (4,2)
N

23

24 (3,4)
FL

2S ~ ~~b25

26 (2,2)
F

27

28 (1,=)
F

PE3 PE4 PE5 PE6
f a ff

(9,5) (10,2)
L L
f f

(8,9) (9,5)
FL L
a f

(8,9) (9,5)
FL L
a f

(7,5) (8,9)
N FL
f a

(7,5) (8,9)
N FL
f a

(6,8) (7,5)
FL N
a f

(6,8) (7,5)
FL N
af

(5,5) (6,8)
F FL

_L a

(5,5) (6,8)
F FL

_ffi ~~~~~a
(4,2) (5,5)
N F

(4,2) (5,5)
N F

(3,4) (4,2)
FL N

(3,4) (4,2)
FL N

(2,2) (3,4)
F FL
fr_ b _
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Iteration 2: Load the remaining pattern substringjXfand execute the algorithm.

Cycle PE4

1 (13,6)
FL
b

2

3 (12,3)
F
f

4

5 (I 1,1)
N
f

6

7 (10,2)
L
f

8

9 (9,5)
L
f

10

11 (8,9)
FL
a

12

13 (7,5)
N
f14

PE6 FIFO

(14,3)
N

(13,6)
FL
b

(12,3)
F
f

(I 1,1)
N
f
1

(10,2)
L
f

(9,5)
L
f

(8,9)
FL
a
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Cycle PE4

15 (6,8)
FL
a

16

17 (5,5)
F
f

18

19 (4,2)
N
f

20

21 (3,4)
FL
b

22

23 (2,2)
F
f
1

Match
24

25 (1,1)
F
f
I

Match

PE6 FIFO
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N
f
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b

(2,2)
F
f

Iteration 2 Continued
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Algorithms Time Complexity Number of Processors Computational Model
Bottom-up [12] 0(2m+n) 1 Sequential
Top-down [12] O(mn) 1 Sequential
Kosaraju [15] O(nmo 5polylog(m)) 1 Sequential
Dubiner et. al [13] 0(nm05polylog(m)) 1 Sequential
Ramesh et. al [I] 0(m+nk) 1 Sequential
Ramesh et. al: alg. 1 [17] O(nlogn) O(n2e) EREW PRAM
Ramesh et. al: alg. 2 [17] oflog2n) O(nk/ log2n) CREW PRAM
Tarora et al [18] O(logn) nm| CREW PRAM

l__ |__ lo
Smith and Lin [19] 0(m+n) VLSI
Krishna et. al [20] |(m+n) im VLSI
This algorithm O(m / a] n) i VLSI
n = size of subject, m = size of pattern, k = number of variables in the pattern.

Table 1. Summary of tree pattern matching algorithms.

Vjpc

Figure 9. Architecture of PE.

The proposed algorithm was simulated and verified using VHDL at behavioral level. The architecture was
then designed at RT-level using VHDL. It was imported into Cadence virtuoso tool and verified using
verilog-XL. The HDL design was then synthesized using Cadence design tools, virtuoso and silicon
ensemble. The power and delay estimation was done using HSpice. The prototype chip was designed
using 0.8 micron technology, with a two phase clock at 333 MHz. The prototype chip consists of four
processing elements and a FIFO buffer unit. The final layout of the chip is shown in figure 10. The chip
fits into a small frame size of 0.7 mm x 1.08 mm. The small chip area allows us to pack a large number of
PEs in to the array.
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FIFO

PE, PE4

PE2 PE3

Figure 10. Chip Layout.

In [191, the proposed architecture consists of a set of rows where each row contains a CAM, a shift
register, and a horizontal bitstack. In general, CAMs tend to consume substantial silicon area and slow the
global clock of the array. The bitstacks were used to contain candidate subtrees for replacement. In [19],
trees were represented in parenthesized strings where a left and a right parenthesis represent the start and
end of a tree respectively. When a subtree is identified for replacement, a 1-bit is shifted deep into the
bitstack for each left parenthesis and shifted out of the stack for each right parenthesis. When the bit
emerges out of the stack, an entire subtree has been identified for replacement. However, it is possible
that the bitstack may not be deep enough to contain a large subtree. As a result, the partial match may fail.
Our architecture does not suffer either from the costs incurred with the extensive use of CAMs, or from
the limitation imposed by the fixed capacity of the bitstacks. In [20], the PE array can only handle pattern
substrings that fit into the array. In addition, the array can process only one substring at a time.
Furthermore when a partial match is identified, a set of match parameters is extracted and then shifted to a
CAM PE at the end of the array. The role of this CAM PE is to compare match parameters to each other
in order to identify legal attachments. Our architecture is not restricted by either limitation. Moreover, it
does not have any CAM PE since it does not shift any heavy data across the PE array. Our architecture is
consistently uniform and linear in the sense that all PEs have identical architecture where the only data
shifted across the PE array is a single bit.

7. Conclusion

In this paper we presented an efficient parallel hardware algorithm for object recognition using tree
pattern matching. Tree pattern matching is an important computational problem encountered in many
applications. The algorithm was implemented as a single VLSI chip which is capable of operating at a
clock speed of 333 MHz, with running time of O(Em/aln) where n, m and a are lengths of subject tree,
pattern tree and processor array respectively. The algorithm improves on all previous ones in terms of
efficiency and flexibility.
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