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New, efficient algorithms for the automated synthesis of buses in data path design are presented. Modifications
to the technique of Generalized Clique Partitioning (GCP) are discussed which lead to better designs and reduced
computation time in large synthesis problems. The new approach, Weighted Cluster Partitioning (WCP), eliminates
the need for backtracking. The algorithm guides the process of bus formation by assigning a higher weight to
those interconnection units that should be combined first. The operation of the WCP algorithm is clearly dem-
onstrated using a detailed example.
A modified priority ordering in the selection of the candidate pair is also discussed which can improve the

performance of GCP and WCP. We demonstrate that GCP II performs better than GCP, while WCP II consistently
produces the best results of all these algorithms on a set of large synthesis examples.
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INTRODUCTION

igh-level data path synthesis is concerned with
the automatic generation and allocation of reg-

isters, data operators and buses. Many approaches
to automated data path synthesis have been proposed
in the literature [1]-[10]. A particularly interesting
and powerful approach to all phases of data path
synthesis has been proposed by Tseng and Siewiorek
[1]. In their approach, the problems of register, op-
erator and bus synthesis are cast into the "Clique
Partitioning" (CP) problem in which it is necessary
to partition the nodes of a compatibility graph into
a set of disjoint clusters. Their objective is to par-
tition the nodes of this graph in such a way that the
minimal number of disjoint clusters is obtained. In
terms of the corresponding data path element, this
implies that the minimal hardware cost for a given
degree of system concurrency is achieved.
As further discussed in [1], the use of CP alone is

insufficient to obtain the best design possible. This
is due to the fact that, under this simple algorithm,
it is not possible to distinguish among many designs
that are not all equivalent when further considera-

tions are taken into account. "Generalized Clique
Partitioning" (GCP) was introduced by these authors
to provide for a more precise selection of design
alternatives. While the GCP algorithm results in con-
siderably better designs than simple CP, the time
complexity of the algorithm is significantly greater
and involves following multiple paths with some
backtracking.
Another heuristic solution to the clique problem

was proposed in [11] in which a suboptimal covering
procedure was implemented. The simulations show
that the computation is quite excessive when the al-
gorithm generates a large number of cliques which
produces enormous covering tables. In [12], a further
heuristic algorithm which generates a sub-optimal
solution without enumerating all of the cliques from
the partitioned graph was proposed. This approach
has a smaller run time, however, it may result in a
locally minimum solution, i.e., in some worse cases,
the algorithm may generate the solutions which have
15% over the optimal solutions.

In this paper, we propose a more efficient algo-
rithm than GCP for application to the data path syn-
thesis problem. Our algorithm, Weighted Cluster
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Partitioning (WCP), yields the same or better results
as GCP in a considerably reduced computation time.
We will illustrate the technique by focusing on the
problem of bus system synthesis. However, with suit-
able modifications, WCP can also be applied to the
problems of register and operator synthesis. We will
present large synthesis examples which show that
results superior to those of GCP can be obtained in
a shorter time using our procedures.
The remainder of this paper is organized as fol-

lows. The Weighted Cluster Partitioning algorithm
will be introduced and developed for the case of the
bus synthesis problem. The steps of the algorithm
will be illustrated through a detailed example. Im-
plementation aspects will be discussed, and the re-
sults of applying the algorithm to several large syn-
thesis problems will be given. Following this, a
modification to the WCP and GCP algorithms will
be presented which leads to even better results. The
modified WCP algorithm, "WCP II," is seen to pro-
duce the best results for the set of large examples
considered. The results of our work are summarized
and illustrations of applying the "WCP" algorithm
of the synthesis example of Ref. [1] are presented in
the Appendix.

WEIGHTED CLUSTER PARTITIONING

The goal of bus system synthesis is to provide the
required communications paths between the regis-
ters and data operators in such a way that the number
of interconnections and gating elements (i.e., mul-
tiplexers) that are required is minimized. Common
buses are an extremely efficient structure for achiev-
ing area minimization so that the bus-oriented in-
terconnection of registers and data operators plays
an important role in data path synthesis. Two inter-
connection units can be grouped together into a com-
mon bus if they are not required to be used simul-
taneously. Frequently, the benefit attained by
grouping some set of interconnection units into a bus
will be greater than that obtained by grouping an-
other set of interconnection units into a bus. Fur-
thermore, the grouping of one set of interconnection
units into a bus may preclude the subsequent group-
ing of another set. Hence, it is important to select
those groupings that will result in the most benefit
or "profit" in the final design.

In order to describe the WCP algorithm, we must
first introduce some terminology from graph theory
[14]. A graph is called complete if all of its vertices
are connected to all of the other vertices in the graph.
A clique is a maximal complete subgraph of a graph.

In other words, a clique is a complete subgraph that
is not contained within any other subgraph that is
also complete. The search for cliques in a graph has
been proved to be NP-complete; related research can
be found in [15-19]. The heuristic CP algorithm pro-
posed in [1] uses the "neighborhood property"
among vertices to partition a graph into the minimum
number of disjoint clusters. It should be pointed out
that the resulting clusters obtained are not necessar-
ily all cliques, as the cliques of a graph are not re-
quired to be disjoint. (See for example the cliques
of the Moon-Moser graphs as given in [13].) We pre-
fer the term "cluster partitioning" for this reason.
The time complexity of this algorithm is a polynominal
function of the number of nodes and edges in the
graph. However, direct use of CP is insufficient for
bus system design as more than one suboptimal so-
lution will be found and there is no way to distinguish
between them and an optimal solution.

In the WCP algorithm, a weight is assigned to each
edge in the compatibility graph. The weight is a mea-
sure of the benefit of "profit" to be gained by com-
bining the two interconnection units into a common
bus. The value of the weight is used to select the
best choice among a set of otherwise equally viable
candidates. The weights of edges are updated as the
algorithm is executed to properly reflect the changing
relative values of combining the remaining intercon-
nection units into buses. In this way, WCP is able to
avoid the sub-optimal solutions obtained using CP.
Note that whereas GCP maintains a separate graph
for those interconnection units having a common
source or destination, only a single weighted graph
G is required in WCP.
We begin with the definition of the weighted graph

G:
Definition 1: G is a weighted graph < V, E >, where

V is a set of vertices and E is a set of weighted edges
E {(v, v2, w) U1, U E V and w is a weight}.

In the following discussion, we use the code se-
quence of Ref. [1], shown in Table I, as a running
example. The indices assigned to the different inter-
connection units for the weighted graph G of the
code sequence are listed in Table II.

TABLE
Example Code Sequence of Ref. [1]

SI: V3 V1 +IV2; V12 V1
$2:V5 V3 -1 V4; V2 V3 x V6
$3:V3 V3 +2 V5; V2 V1 +3 V2; V5 V10/l V5
$4:V1 V3 AND V5; V2 V12 OR V2

ALUI: + Xl, -- 3, ORI
ALU2: -l, +z, AND1
ALU3: {/
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TABLE II
Interconnection Units of the Example Code Sequence

Source Destination Index No. Executed Cycle

V1 V12
V1 ALUI.IN1 2 1, 3
V2 ALUI.IN2 3 1, 3, 4
V3 ALUI.IN1 4 2
V3 ALU2.IN1 5 2, 3, 4
V4 ALU2.IN2 6 2
V5 ALU2.IN2 7 3, 4
V5 ALU3.IN2 8 3
V6 ALUI.IN2 9 2
V10 ALU3.IN1 10 3
V12 ALUI.IN1 11 4

ALU1.OUT V2 12 2, 3, 4
ALU1.OUT V3 13
ALU2.OUT V1 14 4
ALU2.OUT V3 15 3
ALU2.OUT V5 16 2
ALU3.OUT V5 17 3

Three steps are required for establishing the
weighted graph for the interconnection units. In the
process, we must construct two intermediate sets of
weighted graphs. These three steps are summarized
below.

Step 1: Establish the weighted graph G1 in which
two interconnection units form a weight-O edge if they
represent register-to-register, register-to-operator, or
operator-to-register data transfers that do not occur
during the same clock cycle. Remove any edges that
correspond to a pair of interconnection units having
a different source and different inputs of the same
operator as their destination.
The weight-0 edges of G1 of the example sequence

in Table I are as follows:
(1,4) (1,5) (1,6) (1,7) (1,8)(1,9) (1,10)(1,11)

(1,12) (1,14) (1,15)(1,16) (1,17)
(2,4) (2,6) (2,11)(2,14)(2,16)
(3,6) (3,9)(3,16)
(4,7) (4,8) (4,10)(4,11)(4,a)(4,14)(4,15)(4,17)
(5,13)
(6,7) (6,8) (6,10)(6,11) (6,13)(6,14) (6,15)(6,17)
(7,9) (7,13)(7,16)
(8,9) (8,11)(8,13)(8,14)(8,16)
(9,10) (9,13)(9,14)(9,15)(9,17)
(10,11) (10,13)(10,14)(10,16)
(11,13) (11,15)(11,16)(11,17)
(12,13)
(13,14) (13,15)(13,16) (13,17)
(14,15) (14,16)(14,17)
(15,16)
(16,17)
Note that the three edges (2,9), (3,4) and (9,11)

have been removed since they correspond to cases
in which the pair has a different source and a different
input of the same ALU as their destination. There

is no benefit to be gained in combining such inter-
connection units into a bus.

Step 2: Establish the weighted graph G2 in which
two interconnection units can form a weight-1 edge if
either of the following two criteria are satisfied:

(1) Both interconnection units have the same
source.

(2) Both interconnection units have the same des-
tination, provided that they are not both active during
the same cycle.
Note that in the first case where the two intercon-

nection units have the same source, we do not insist
that the two interconnection units be active during
different cycles. The weight-1 edge of G2 are listed
as follows:

(1,2) (2,4) (2,11) (3,9)(4,5)(4,11) (6,7)(7,8)
(12,13) (13,15)(14,15)(14,16)(15,16)(16,17)

Step 3: Establish the final weighted graph G as

follows: G consists of the union of the weighted edges
in the two graphs G1 and G2. If an edge appears in
both G1 and in G2, it becomes a weight-1 edge in the
composite graph G.
The final weighted graph G is shown in Figure 1.
The second part of the syntehsis process is to apply

the WCP algorithm to the weighted graph G ob-
tained by the above 3-step process. First, however,
we must define some additional terms:

17

16

15

14

9 10

11

13

12

weight-O

weight-I

FIGURE Weighted Graph G for the code sequence of Table
I.
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Definition 2: A node is said to be a composite node
(i, ) if node and node j are partitioned into a com-
mon cluster.

Definition 3: A node k is said to be a common
neighbor of an edge (i, j), < if k is connected to
both nodes and j.

Definition 4: A deleted edge of a composite node
(i, j) can arise in either of the following three ways:

(1) A node k which is not a common neighbor of
and j will no longer be connected to the composite

node (i, j). Thus, the edge (i, k) or (j, k) has to be
deleted, as appropriate.

(2) A node k which is a common neighbor of and
] will still be connected to the composite node (i,/’).
However, only one of the original two edges needs
to be retained. Thus, one of the edges (i, k) or (j,
k) has to be deleted. In our algorithm, the edge (j,
k) will be deleted if > i. Otherwise, the edge (i, k)
will be deleted. When one of these two edges is de-
leted, the weight of the retained edge is updated in
the following way. Its new weight is the sum of its
previous weight plus the weight of the edge (i, j) and
the weight of the deleted edge.

(3) The edge (i, ) itself must, of course, be de-
leted.

In the discussion of the WCP operation, the above
three situations in which edges may be deleted will
be referred to as "case-1 deletions," "case-2 dele-
tions" and "case-3 deletions," respectively.

Definition 5: A candidate pair (p, q) for the
weighted graph G is determined by the following
criteria (listed in order of priority):

(1) (p, q) has the maximum number of common
neighbors.

(2) (p, q) has the minimum number of deleted
edges.

(3) (p, q) has the maximum weight.
The WCP algorithm can now be stated as follows:
Step 1: Traverse the list of edges in G. For each

edge (i, ), < , compute the number of common
neighbors, the number of deleted edges and record its
weight.

Step 2: Find the candidate pair (p, q). Choose the
smaller of p and q to be the head of a new cluster.
Remove the deleted edges of the composite node (p,
q). Update the list ofedges accordingly and recompute
the number of common neighbors and the number of
deleted edges for all remaining edges. Update the
weight of any remaining edges that were affected by
any "case-2 deletions." If the list of edges is empty,
then WCP is complete.

Step 3: Assume that p is the head of the current
cluster. Find a candidate pair which joins node p and
another node r. Choose the smaller ofp and r to be

the head of the current cluster. Remove the deleted
edges of the composite node (p, r) or (r, p). Update
the list of edges accordingly and recompute the num-
ber of common neighbors, the number of deleted
edges and the weight of each remaining edge. If the
list of edges is empty, then WCP is complete. Oth-
erwise, if node p (or r if r < p) no longer appears in
the updated list of edges, then go to step 2 and start
to form another cluster. Otherwise, repeat step 3 and
continue to find other nodes to add to the current
cluster.
WCP partitions the interconnection units into

eight clusters (i.e. eight buses). This partitioning is
the same as the partitioning obtained using the GCP
algorithm of Ref [1]. These partitions are listed be-
low, and the data path design is shown in Figure 2.

1: (1,2,4,11), (3,9), (5), (6,7,8), (10), (12),
(13,14,15,16), (17)
An illustration of the WCP algorithm applied to

the weighted graph G of the same example code
sequence to find the best design possible is given in
the Appendix. The steps of the WCP algorithm for
G are shown in Tables IV-XII. However, using CP,
seven additional partitionings into eight clusters are
possible:

2: (1,2,4,11), (3), (5), (6,13,14,15), (7,8,9), (10),
(12), (16,17)

3: (1,2,4,11), (3,9), (5), (6,7,8), (10,13,14,16),
(12), (15), (17)

4: (1,2,4,11), (3), (5), (6,7,8), (9,10), (12),
(13,14,16,17), (15)

5: (1,2,4,11), (3,6), (5), (7,8,9), (10), (12),
(13,14,16,17), (15)

6: (1,2,4,11), (3,10), (5), (6), (7,8,9), (12),
(13,14,16,17), (15)

V12Vl

V3

v6V2 I
V 5

V4

VIO---

FIGURE 2 Data path synthesized by WCP.
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TABLE III
The Results Obtained for P 0.3 to 0.7

Number of Clusters
Nodes Edges Weight--1
in G in G Edges in G GCP GCPII WCP WCPII

305 7 7 6 5
394 7 7 6 5

50 982 496 7 6 6 5
583 7 7 6 5
686 8 6 6 5

836 18 16 15 14
1123 17 15 15 14

100 2938 1436 17 16 15 14
1752 17 16 15 14
2068 17 16 15 14

2377 18 17 15 14
3173 18 17 15 15

150 7948 3963 17 16 15 14
4786 16 16 15 14
5586 16 15 15 14

3486 28 28 25 23
4694 28 28 25 23

150 11872 5877 27 27 25 23
7111 28 28 25 23
8348 26 25 25 23

5587 35 32 30 28
7468 31 31 30 28

200 18630 9319 31 31 30 28
11243 34 31 29 28
13127 31 29 29 28

7: (1,2,4,11), (3), (5), (6,7,8)(9,10,13,14), (12),
(15), (16,17)

8: (1,2,4,11), (3), (5), (6,7,8)(9,13,14,17), (10),
(12), (15,16)

TABLE IV
Step of WCP in G

Common Deleted
Edges Neighbors Edges Weight

(1,2) 5 14 0
CP--- (1,4) 9 15 0 --WCP

(1,5) 15 0
(1,6) 8 16 0
(1,7) 5 15 0
(1,8) 7 15 0
(1,9) 6 16 0
(1,10) 6 15 0
(1,11) 8 15 0
(1,12) 0 15 0
(1,14) 9 15 0
(1,15) 6 15 0
(1,16) 8 16 0
(1,17) 6 15 0
(2,4) 3 13
(2,6) 3 13 0
(2,11) 4 11
(2,14) 4 12 0

TABLE V
Step 2 of WCP in G

Common Deleted
Edges Neighbors Edges Weight

(1,2) 2 11 2
(1,5) 0 10
(1,7) 13 0
(1,8) 3 13 0
(1,10) 2 13 0

CP--- (1,11) 5 12 --WCP
(1,14) 5 13 0
(1,15) 2 13 0
(1,17) 2 13 0
(2,6) 2 12 0
(2,11) 3 10
(2,14) 3 11 0

(14,17) 5 11 0
(15,16) 3 13
(16,17) 3 13

Though these eight different partitionings have the
same number (8) of buses, they lead to different data
paths respectively. The difference between them is
in the number and sizes of the multiplexers that are
required in each case. Cluster 1’s data path will re-
quire 5 multiplexers, consisting of four 2xl-MUX’s
and one 3 x 1-MUX. However, the other seven data
paths generated by CP will require six or more mul-
tiplexers.
From the above example, we have seen how WCP

improves upon CP by partitioning the interconnec-
tion units to form "better" clusters. The hardware
cost (ie, multiplexers) and chip area are thereby re-
duced. While the above example serves to illustrate
the operation of the WCP algorithm, it is too small
to fully demonstrate the capabilities of the WCP al-
gorithm. These capabilities are shown in the next
section.

TABLE VI
Step 3 of WCP in G

Common Deleted
Edges Neighbors Edges Weight

CP-- (1,2) 8
(1,8) 11
(1,10) 10
(1,15) 10
(1,17) 10
(2,6) 0 11
(2,14) 0 10

0 ---WCP
0
0
0
0

2

(14,17) 6 12 0
(15,16) 4 14
(16,17) 4 14

(14,17) 4 10 0
(15,16) 2 12
(16,17) 2 12
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Edges

TABLE VII
Step 4 of WCP in G

Common Deleted
Neighbors Edges

(3,6) 0
(3,9) 0
(3,16) 0
(5,13) 0

(10,16) 2
(12,13) 0

CP---> (13,14) 7
(13,15) 4
(13,16) 6
(13,17) 4
(14,15) 4
(14,16) 5
(14,17) 4
(15,16) 2
(16,17) 2

10
10
10
11

10
11
11
11
12
11
8
10
8

10
10

Weight

0

0
0

0

0 --WCP

0
0

0

Edges

TABLE IX
Step 6 of WCP in G

Common Deleted
Neighbors Edges Weight

(3,6) 0 7 0
(3,9) 0 7
(6,7) 7
(6,8) 8 0
(6,10) 0 8 0
(6,15) 0 8 0
(6,17) 0 8 0
(7,8) 2 4
(7,9) 7 0
(8,9) 8 0
(8,13) 0 7
(9,10) 0 8 0
(9,15) 0 8 0
(9,17) 0 8 0

CP-- (10,13) 0 6
CP-- (13,15) 0 6 4 --WCP
CP--- (13,17) 0 6 2

IMPLEMENTATION ASPECTS AND
RESULTS: DATA PATH SYNTHESIS

The WCP algorithm described in the previous section
has been implemented in C code. Nodelist is a two-
dimensional linked list data structure which is used
to store the nodes of the weighted graph. Each hor-

TABLE VIII
Step 5 of WCP in G

Common Deleted
Edges Neighbors Edges Weight

(3,6) 0 9
(3,9) 0 9
(3,16) 0 9
(6,7) 9
(6,8) 2 9
(6,10) 9

CP-- (6,13) 4 9
(6,15) 9
(6,17) 9
(7,8) 3 5
(7,9) 9
(7,16) 9
(8,9) 2 9
(8,13) 3 8
(8,16) 2 9
(9,10) 9

CP--> (9,13) 4 9
(9,15) 9
(9,17) 9
(o,3) 7
(10,16) 9
(13,15) 3 7

CP- (13,16) 4 9
(13,17) 3 -7
(15,16) 9
(16,17) 9

0

0

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
2
*--WCP

0

Edges

TABLE X
Step 7 of WCP in G

Common Deleted
Neighbors Edges Weight

(3,6) 0 6 0
(3,9) 0 6
(6,7) 6
(6,8) 6 0
(6,10) 0 6 0
(6,17) 0 6 0

CP--- (7,8) 2 3 -WCP
(7,9) 6 0
(8,9) 6 0
(9,10) 0 6 0
(9,17) 0 6 0

Edges

(3,6)
(3,9)

CP (6,7)
(6,10)
(6,17)

CP (7,9)
(9,10)
(9,17)

Edges

CP-- (3,9)
CP---- (9,10)
CP-- (9,17)

TABLE XI
Step 8 of WCP in G

Common Deleted
Neighbors Edges Weight

0 5 0
0 5
0 5 2 --WCP
0 5 0
0 5 0
0 5
0 5 0
0 5 0

TABLE XII
Step 9 of WCP in G

Common Deleted
Neighbors Edges Weight

0 3 WCP
0 3 0
0 3 0
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izontal list contains the nodes that have been coa-
lesced into a cluster. The head node of the list has
a field wt to record the total weight of the current
cluster. Initially, each node of the weighted graph G
occupies a horizontal list having total weight 0. When
two nodes are to be grouped into a cluster, they are
coalesced into a horizontal list. The total weight of
the edges in the cluster is updated in the head node’s
wt field. The set of distinct clusters are linked by the
vertical list. Edgelist is a two-dimensional array of
records which are used to store the edges in the
graph. Each edge’s record contains five fields. The
fieldflag is a Boolean variable which is true whenever
the edge is in the current partitioned weighted graph.
Otherwise, it is false. The field cnbr stores the num-
ber of common neighbors of an edge. The field excl
store the number of deleted edges. The field wt stores
the weight of current edge. Finally, the field mark is
a Boolean variable which is used in computing the
number of deleted edges of every pair of nodes in
the current weighted graph. Initially, every edge’s
mark field is set to false. While computing the num-
ber of deleted edges of a composite node (i, ) <
/’, a node k which is connected to both and is still

connected to the composite (i, j). However, only one
edge (i, k) is retained. The other edge (j, k) has to
be deleted. Therefore, we change the mark field of
the edge (i, k) to be true so that (i, k) will not be
counted in the number of deleted edges of (i, /’).
Moreover, by identifying the mark field, the edge (i,
k) will be retained after the deleted edges of the
candidate pair (i, j) have been removed.
The GCP and WCP algorithms were executed for

several test examples on a SUN 3/160 workstation.
The large graphs considered here were generated
from a random graph generator program. In this pro-
gram, edges having the same source or the same
destination are generated with a probability P. Fig-
ures 3-7 show the execution times for GCP and WCP
with probability P 0.3, 0.4, 0.5, 0.6 and 0.7, re-
spectively. (The meaning of the results shown for
"WCP II" and "GCP II" will be explained in the
following section.) These figures show that the ex-
ecution time for WCP is less than that for GCP in
.all cases.

Table III shows the number of clusters generated
for each of these cases. In this table, for each vlaue
of the number of nodes and edges in G, there are
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0
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150 200 250

nodes in G

FIGURE 3 Execution times for P 0.3.
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45001 GCPI

4000
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0
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GCP

nodes in G

FIGURE 4 Execution times for P 0.4.

250

five separate lines of numerical data. Each of these
five lines corresponds to the results for P 0.3, 0.4,
0.5, 0.6 and 0.7, respectively. Note that in all cases,
WCP produces a fewer number of clusters than GCP.
Therefore, designs synthesized using WCP would re-
quire a fewer number of buses than those that were
synthesized using GCP.

Finally, we consider the computational complexity
of our procedure. Let the number of nodes and edges
of a graph be represented by N and E, respectively.
A simple analysis of the operations described in Steps
1-3 of the WCP algorithm shows that the compu-
tational complexity is O(NE) + O(N2). This com-
pares favorably with the computational complexity
of GCP, which has been shown to be O(N3) +
O(NZE) + O(NE2) [20].

GCP II AND WCP II: ALGORITHM
AND EXAMPLES

In the previous sections, we have illustrated through
several large examples that WCP is more efficient
and can generate fewer buses than GCP. In this sec-

tion, we discuss a simple modification of the GCP
and WCP algorithms that has been found to produce
even better results in many cases.

Recall that in both the GCP and the WCP algo-
rithms, the highest priority for the selection of the
candidate pair is the edge (p, q) which has the max-
imum number of common neighbors. This has the
effect of including the largest possible number of
edges into the current cluster, a desirable result. On
the other hand, having the minimum number of de-
leted edges as a lower priority may jeopardize the
possibilities for forming other large clusters at a later
stage of the process. Our.overall objective is to find
the minimum number of disjoint clusters that will
cover all the nodes of the initial weighted graph.
Thus, one may expect that the local optimizations
produced by the GCP and WCP algorithms will act
to limit the degree of global optimization that can
be achieved.
To investigate this possibility, we have tested the

same set of large examples that were considered in
the previous section using modified procedures. Spe-
cifically, we define the algorithms for GCP II and
WCP II to be the same as GCP and WCP, respec-
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tively, except that the first two priorities in the de-
termination of the candidate pair are switched. Thus,
the first priority is to select the edge (p, q) which
has the minimum number of deleted edges, while the
second priority is that it has the maximum number
of common neighbors. (In the case of WCP II, the
third priority remains that of having maximum
weight.)

For completeness, we also give the results pro-
duced by GCP II and WCP II for the example con-
sidered in detail in Table I. Either of these proce-
dures produces a total of 8 clusters, the same number
as produced by CP, GCP and WCP. Both of the data
path designs require the same number "5" of mul-
tiplexers.
The same set of large examples considered in Sec-

tion 3 were also solved using GCP II and WCP II.
First, re-examine Tables III. In all cases, GCP II
produces the same or fewer number of clusters than
GCP, and WCP II produces the same or fewer num-
ber of clusters than WCP. Moreover, WCP is as good
or better than either GCP or GCP II. Of all four
procedures, WCP II consistently produces the fewest
number of clusters.

As far as computation time is concerned, it can be
seen from Figures 3-7 that WCP and WCP II require
nearly the same amount of time to execute. More-
over, they are both faster than GCP and GCP II,
particularly for large values of the probability P.

SUMMARY

We have presented a simpler and more efficient al-
gorithm for bus system synthesis than the previously
proposed GCP algorithm. Like GCP, our approach
takes account of factors not considered in simple CP
in order to obtain a better design. However, WCP
does not require backtracking, and therefore exe-
cutes more rapidly than GCP. Moreover, the results
obtained in our set of large synthesis examples in-
dicates that WCP is able to generate designs having
a fewer number of buses.
We have also presented a modification to GCP and

WCP (GCP II and WCP II, respectively) which is
seen to produce even better designs. By reversing
the priorities in the selection of the candidate pair,
these algorithms avoid certain locally optimally so-
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lutions to achieve a more globally optimal solution.
Our results indicate that GCP II is better than GCP
and WCP II is better than WCP. Of all four algo-
rithms considered, WCP II consistently performs the
best on our set of large synthesis examples.

Finally, with suitable modifications, WCP (and/or
WCP II) should also be applicable to the other phases
of data path synthesis, namely the allocation of reg-
isters and data operators. These issues are currently
under investigation.
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APPENDIX

The following is an illustration of the steps of the
WCP algorithm as applied to the weighted graph G
for the example code sequence. The list of edges in
G, including the number of common neighbors, the

number of deleted edges and the weight for each
edge, is shown in Table IV. When this initial list is
examined, it is found that the pair (1,4) has the max-
imum number (9) of common neighbors and it is thus
selected as the first candidate pair. (For purposes of
comparison, Tables IV-XII indicate which edge(s)
would be selected using CP and which edge is se-
lected using WCP.) Accordingly, node i becomes the
head of the first cluster. Note that Table IV indicates
that there are 15 deleted edges associated with this
edge. Of these, there are five "case-1 deletions,"
nine "case-2 deletions," and one "case-3 deletion."
To illustrate how the weight updating is computed,
consider the edge (2,4), which is a "case-2 deletion".
The retained edge in this case is the edge (1,2). Thus,
the weight for the edge (1,2) becomes the sum of its
previous weight and the weight of the deleted edge
(2,4). As both of these weights were equal to 1, the
weight of the retained edge (1,2) is updated to the
value 2. The weights of other edges are updated in
the same way.
Upon updating the remaining list of edges (see

Table V), it is found that node 1 still appears in the
list, so we continue to find another candidate pair
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which joins node 1 to another node. It is found that
the two pairs (1,11) and (1,14) both have the max-
imum number (5) of common neighbors. Among
these two edges, the pair (1,11) has the fewest num-
ber (12) of deleted edges, and it is thus selected as
the next candidate pair.
When the list of edges is now updated (see Table

VI), it is seen that node 1 appears in five edges, all
of which have the same number (0) of common
neighbors. Among these five edges, the pair (1,2),
with the minimum number (8) of deleted edges, is
selected as the next candidate pair.
When the list of edges is updated again (see Table

VII), node 1 no longer appears in any pair. Thus,
we go back to step 2 of the WCP algorithm and begin
to form the second cluster. The pair (13,14) with the
maximum number (7) of common neighbors, will be
selected as the first candidate pair for this new clus-
ter, with node 13 as the head of the cluster. After
updating the list of edges (see Table VIII), it is found
that the three pairs (6,13), (9,13) and (13,16) all have
the same maximum number (4) of common neigh-
bors. Furthermore, these three edges also all have
the same number (9) of deleted edges. Thus, in this

case we must resort to the third priority, the weight,
to determine the next candidate pair. Note that with-
out using the weight property, as in simple CP, there
are three equally valid choices. However, in WCP,
the larger weight (1) of pair (13,16) will lead to its
selection alone.

After choosing the candidate pair (13,16), the up-
dated list of edges is shown in Table IX. The three
pairs (10,13), (13,15) and (13,17) have the same
number (0) of common neighbors and the same num-
ber (6) of deleted edges. The algorithm selects the
edge (13,15), with the larger weight (4), as the next
candidate pair.

Following this step, the node 13 no longer appears
in the updated list of edges (see Table X). We then
return to step 2 of the WCP algorithm to begin to
form another cluster. In Table X, the pair (7,8) with
the maximum number of common neighbors (2), will
be the first candidate pair for this new cluster, with
node 7 as the head of the cluster.
Upon updating (see Table XI), the pairs (6,7) and

(7,9) which join the node 7 have the same number
(0) of common neighbors and the same number (5)
of deleted edges. Again, using only CP, both of these
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edges would be equally valid choices. In WCP, how-
ever, the larger weight (2) of pair (6,7) means that
it is the one that should be selected.

After having chosen the candidate pair (6,7), the
updated list of edges is shown in Table XII. Since
the (new) head node 6 no longer appears in the list,
we go back to step 2 of the WCP algorithm to form
another cluster. Note that all of the remaining edges
in Table XI have the same number (0) of common
neighbors and the same number (3) of deleted edges.
WCP will therefore select the edge (3,9) as the next
candidate pair because of its larger weight. Finally,
after combining the pair (3,9) the list of edges is
empty, and WCP is completed.
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