[2R2 Exflsks U H—FURI Y

Science Tokyo Research Repository

oo /00000
Article / Book Information
Title An Improvement of Network-Flow Based Multi-Way Circuit Partitioning
Algorithm
Authors Kengo R. Azegami, Masato Inagi, Atsushi Takahashi, Yoji Kajitani
Citation IEICE Trans. Fundamentals, Vol. E85-A, No. 3, pp. 655-663
Pub. date 2002, 3
URL http://search.ieice.org/
Copyright (c) 2002 Institute of Electronics, Information and Communication
Engineers

Powered by T2R2 (Science Tokyo Research Repository)


http://search.ieice.org/
http://t2r2.star.titech.ac.jp/

IEICE TRANS. FUNDAMENTALS, VOL.E85-A, NO.3 MARCH 2002

655

[PAPER

An Improvement of Network-Flow Based Multi-Way
Circuit Partitioning Algorithm

Kengo R. AZEGAMI™*®), Masato INAGIf, Atsushi TAKAHASHI',

SUMMARY In this paper, we propose an improved network-
flow based multi-way circuit partitioning algorithm whose objec-
tive is to minimize the number of sub-circuits. It iteratively ex-
tracts a size-maximal feasible sub-circuit one at a time. In our
approach, two devices are applied. One is in the use of an exact
min-cut graph, and the other is in the idea of keeping the num-
ber of I/O pins of the residual circuit as small as possible after
one-time extraction. We implemented our algorithm in C for ex-
periments, and tested it with several industrial cases and MCNC
benchmarks. Compared to the known approach, we observed
more than 10% reduction in average of the sub-circuit number.
key words: circuit partition, hyper-graph partition, network
flow, min-cut, integrated circuit design

1. Introduction

Partitioning a circuit into multiple sub-circuits under
size and I/O pin number constraints (multi-way circuit
partitioning [2],[4],[9]) is an important issue in VLSI
designs. Multi-chip design (i.e. multi-FPGA [7]), the
issue we focus in this paper, is one of its applications.
Since the constraint by the I/O capacity of a real-world
chip is severe than that by the the size capacity, parti-
tioning a circuit to fit these constraints often results in
low device usage. This increases the number of chips
and leads to high product cost. Thus circuit partition
for multi-chip design suffers from a conflicting require-
ment, large sub-circuit with less pins.

In this paper, we discuss a solution adopting the
familiar max-flow min-cut theorem [1], [3], [5], [6].

One of the practical multi-way circuit partition-
ing algorithm using max-flow is discussed by Liu and
Wong [11]. Their algorithm iteratively ‘extracts’ a size-
maximal feasible sub-circuit one at a time. A sub-
circuit is feasible if it satisfies both size and I/O pin
number constraints.

Their objective is to minimize the number of sub-
circuits by iteratively extracting a sub-circuit as large
in size as possible. Their algorithm consists of four
main parts, hyper-graph to flow-graph transformation,
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min-cut search, sub-circuit size enlargement and source
s and sink t determination. In it, a hyper-graph that
models a circuit is first transformed into a flow-graph
for max-flow computation. Next, they randomly pick
from the vertices of the flow-graph 10 pairs of source s
and sink ¢. Then, for each pair of s and ¢, find a feasi-
ble sub-circuit as large in size as possible using proce-
dure DMC (Desirable Min-Cut). If there remains room
for such sub-circuit to the given constraint, the size of
the sub-circuit is enlarged by modifying the cut and
accommodating more circuit elements. Among the 10
sub-circuits, the one that is the largest in size is ex-
tracted. The algorithm repeats this process until all
circuit elements are extracted.

In their algorithm, there are several problems that
may increase the number of sub-circuits. First, it is in
procedure DMC. In it, a min-cut that extracts a fea-
sible sub-circuit as large in size as possible is searched
for. However, there are cases where size-maximality is
not achieved. Second, it is in their way of sub-circuit
size enlargement in which some vertices are collapsed
to s or t to modify the cut. However, they try only one
combination of vertices, and often in practice, combina-
tions that give better extraction results are discarded.
Third, it is in their choice of s and t. Their approach
does not pay much attention to this. Since the algo-
rithm applies the max-flow min-cut theorem for circuit
partitioning, the results strongly depend on s and t.

The aim of this paper is to propose an algorithm
which partitions a circuit into as less number of sub-
circuits as possible, while each sub-circuit satisfying the
given pin number and size constraints. The proposed
algorithm basically inherits the Liu-Wong’s approach
with improvements over their way that are essential in
practice. The first improvement is in the use of pro-
cedure OMC' (Optimal Min-Cut). Unlike their DMC,
our OMC, based on [12]-[14] guarantees the size maxi-
mality. The second improvement is in our way of sub-
circuit size enlargement. Being aware of the fact that
the extraction result depends on the combinations of
the vertices to collapse to s and ¢, our algorithm tries
several combinations and then determines the one to
use for the actual sub-circuit size enlargement. The
third improvement is in the way we choose s and ¢. In
our algorithm, an expert heuristic is adopted to deter-
mine them each time a sub-circuit is extracted.
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We implemented both our and Liu-Wong’s algo-
rithm and compared the performance. We observed
that our approach, though slower than Liu-Wong’s,
outputs partitioning results with significantly less sub-
circuits.

2. The Mainstream of Our Approach

A circuit C' is modeled by a hyper-graph H =
(V(H), E(H)) where vertex set V(H) represents the
circuit elements and edge set E(H) represents the nets.
Each vertex is labeled by the size of its corresponding
circuit element. Our problem is to obtain a partition
of H using network flows. Algorithm PART in the fol-
lowing shows our way of multi-way circuit partitioning.
Each of the underlined procedures will be detailed later.

Functions size(V;) and i0(V;) return the size and
number of I/O pins of the sub-circuit defined by V; C
V(H), respectively. Also, a cut of a graph with ver-
tex set V' is shown as a pair of non-overlapping sets of
vertices such as [Vi,Va] (V1,Va # 0, Vi NVe = () and
ViuVe =V).

Algorithm PART: (Our way of Multi-Way Circuit
Partitioning)

Input: circuit C, I/O pin number constraint
lim;,, size constraint limg;,e.
Output: set P of sub-circuits.

1. obtain hyper-graph H = (V(H), E(H)) from C.

P —0.

3. obtain the initial flow-graph F = (V(F), E(F))
from H by:

[\

a. creating the source and sink vertices, s and ¢,
in F.

b. applying Yang-Wong transformation [8], [10]
to each ey € E(H).

4. P .

5. pick a vertex v, using PICK, and obtain a new
flow-graph F' from the previous one by adding an
edge (s, vs) of capacity oo.

find an optimal min-cut [V, V3] in F by OMC.

7. if size(Vh) < limg;,. and i0(Vy) < lim;, then

a. obtain V] by enlarging Vi by EXPAND.
b. if BETTER(V{, P) is True then

i. P—V].

&

c. go to step 5.
8. if P = () then

a. abort the algorithm: C' has a circuit element
that violates the given I/O pin number or size
constraints.

9. else

a. P—PU{P}.

IEICE TRANS. FUNDAMENTALS, VOL.E85-A, NO.3 MARCH 2002

net  hyper-edge €H @: infinity

@ // \ @__':;':,capacity

4 virtual

B @@ edge
@ ‘{:@?@x}‘;virtual

/

circuit
elements

2% vertices
original bridge
vertices edges

inC inH in F
Fig.1 Yang-Wong transformation applied to a hyper-edge
with 3 end vertices representing a network without an I/O pin.
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Fig.2 Yang-Wong transformation applied to a hyper-edge
with 2 end vertices representing a network with an I/O pin.

10. delete the vertices and edges that correspond to P
in H.

11. if H # 0 then go to step 3.

12. end. a

Algorithm PART searches for a set of cuts in C,
one cut at a time, using a flow-graph F = (V(F), E(F))
obtained from H by adding to it the source s and sink ¢,
applying the Yang-Wong transformation to each of the
hyper-edges, and then adding some oo capacity edges
from s to some vertices. See Definition 1 for the defini-
tion of the Yang-Wong transformation and Figs. 1 and
2 for the illustrative examples of two transformation
cases. Definition 2 defines the resultant flow-graph.

Definition 1: (Yang-Wong transformation of ey €
E(H).)

1. let Virig(em) be the set of end vertices of eq.
2. if ey represents a circuit net without an I/O pin
in C then (Fig.1):

a. create a pair of vertices x and .

b. create a directed edge (z, ') with capacity 1.

c. for each vertex v € V,4(em), create a pair
of 0o capacity directed edges e = (v,2) and

e = (2/,v).

3. else (Fig. 2):

a. create a vertex .
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b. create a directed edge (z,t) with capacity 1.
c. for each vertex v € V,4(en), create an oo
capacity directed edge e = (v, x).

4. remove eg. O

It is known that the Yang-Wong transformation
could be interpreted as a series of well known equivalent
transformations [14].

Definition 2: (Flow-Graph F obtained from a hyper-
graph H)

Flow-graph F = (V(F), E(F)) is an edge-capacity di-
rected graph where V(F) denotes the set of vertices,
and E(F) C V(F) x V(F) denotes the set of edges.
V(F) is a union of T, Vp, and Vi, where each denotes
the source s and sink ¢, set of vertices inherited from
H (referred to as original vertices), and set of vertices
added by the Yang-Wong transformation (referred to
as virtual vertices), respectively. O

In the initially obtained flow-graph F' after step 3,
source s has no outgoing edges. A flow-graph that is
actually used to search for cuts in C is obtained from
this initial one by adding edges of capacity oo from s to
a set of original vertices selected by PICK. The amount
of s-t max-flow is equal to the I/O pin number of the
sub-circuit to be extracted by the min-cut.

3. Details of Our Devices

There are several issues devised in our algorithm that
are not found in the known flow-based multi-way par-
titioning algorithms such as in [11]. They are included
in procedures PICK, OMC, BETTER and EXPAND,
where each is detailed in the subsections that follow.

3.1 Procedure PICK

Both our and Liu-Wong’s approaches adopt the max-
flow min-cut theorem, thus it is obvious that the result
depends on how s and t are decided. In Liu-Wong’s
approach, s and t are decided randomly. In fact, 10
random pairs of s and ¢ are initially decided, then the
sub-circuit extraction is done for each of them.

Since there are so many possible s-t combinations,
simply and randomly deciding 10 pairs is not sufficient
to obtain good partition results. Some sort of strategy
that aims the reduction of the overall number of sub-
circuits should exist instead of random decision.

In contrast to their approach, we applied a heuris-
tic which is likely to extract a large sub-circuit. This
heuristic determines a set of vertices, one vertex at a
time, to be fixed to s by oo capacity edges. Note that
it picks a vertex to be fixed to s. The set of vertices to
be fixed to t are determined while applying the Yang-
Wong transformation (see Definition 1 and Fig. 2). See
below for its details.

Procedure 1. (Source s Selection PICK)
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Input: a set of vertices V,, C V(F') whose corre-
sponding elements in C' are connected to the I/0O
pins of the circuit, and a set of vertices V; C V,,
whose elements are being fixed to s by co-capacity
edges.

Output: a vertex v, € V,, to be fixed to s.

1. if |Vy| = 0 then

a. pick vs € V,, with the highest degree of I/0-
marked edges (see Fig. 2).

2. else

a. pick vg € V,,\ Vi whose value of the evaluation
function Feyqa(vs, Vs) is the largest.

3. return vy. O

This heuristic, for the first time of vertex selection,
picks a vertex with many I/O pins, and for the second
time and later, picks a vertex according to the value of
the evaluation function Fl,q;:

share(vs, Vi) + 1

Feva R ‘/s = -
(v, V5) dist(vs, s)

In the function, share(vs,Vy) describes the total
number of shared nets that, in C, connect vs and the
vertices in V;, while, dist(vs,s) describe the distance
between v, and s measured by the shortest path method
in F.

A constant added to the numerator is to let the
procedure output correct evaluation result even if there
are no shared nets. Tie-breaking is done by further
evaluating the amount of max-flow from each of the
candidates to t. The one with the largest amount of
flow is selected. This gives priority in picking a vertex
which reduces the number of I/O pins of the sub-circuit
to be extracted. Further tie breaking is done by random
selection.

The set of vertices picked using PICK tends to ex-
tract a sub-circuit consisting of circuit elements tightly
connected to each other (many circuit nets exist among
the circuit elements). We consider this approach to be
straight-forward in reducing the circuit nets between
the extracted and residual circuits. The same device is
also adopted in Procedure BETTER described in the
later section.

3.2 Procedure OMC

In our approach, we search for an optimal min-cut by
procedure OMC. The details of the differences between
OMC and DMC are given later.

See below for its details. A vertex u is flow-
reachable from another vertex v if there exist a flow
augmentable path from v to w.

Procedure 2. (Optimal Min-Cut Search OMC)
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Min-cuts

(a as the source and k as the sink)

hyper-gdges
(b) hyper-graph H

(hyper-edges with only 1 end vertex are not shown)

Min-cuts

edgeé with
non-zero flow

(c¢) flow-graph F'

~ virtual
o) ) vertices

edgeé with
zero flow

Directed cuts

(d) min-cut graph M

Fig.3 (a) circuit C, (b) hyper-graph H, (c) flow-graph F and (d) min-cut graph M.
Described set of cuts have one-to-one correspondence to each other. Each of the cuts

extracts a sub-circuit with 7 I/O pins.

Input: F with s and £, limg;.e.
Output: optimal min-cut [V7, V3].

1. compute s-t max-flow of F by Ford-Fulkerson
method [3].

2. create a min-cut graph M from F by collapsing
each set of mutually flow-reachable vertices into a
single vertex, and then deleting all edges with zero
flow.

3. by exhaustively searching for a directed cut in M,
find a cut [V4, V5] in F, where s € V; and ¢ € V3,
that maximizes size(V}) under constraint limg;.e.

4. return V7, Va). O

In procedure OMC, a directed acyclic graph M,
called a min-cut graph, is created by collapsing each set
of mutually flow-reachable vertices into a single vertex,
and then removing all edges with zero flow. Such sets
can be easily found by searching for the strongly con-
nected components in terms of flow. See Definition 3
for its formal definition.

Definition 3: Min-cut graph M obtained from a
flow-graph F')

Min-cut graph M = (V (M), E(M)) is a directed acyclic
graph where V(M) denotes the set of vertices, and
E(M) C V(M) x V(M) denotes the set of edges. Each

vertex in M, referred to as a flow-block, corresponds to
a non-overlapping subset of V(F). ]

M has the following characteristic: let ey =
(upr,vpr) be an edge in M, and ups,vps correspond to
Up,Vrp C V(F), respectively. Then, any two vertices
in Up are mutually flow-reachable in F. At the same
time, for any two vertices up € Up and vg € Vg, up is
flow-reachable from vg in I’ but not vice versa.

There is a one-to-one correspondence between any
directed cut in M, min-cut in F', and a min-cut in H.
It is known that all the min-cuts in H are displayed as
directed cuts in M. Thus min-cuts in H can be browsed
by browsing the directed cuts in M. In M, any single
flow-block is not separated by a min-cut, and any two
flow-blocks are separated by a min-cut. These facts are
proven in [14].

Take an example in Fig.3. See a circuit C
(Fig. 3(a)), its corresponding hyper-graph H (Fig. 3(b)),
its corresponding flow-graph F' (Fig.3(c)), and its cor-
responding min-cut graph M (Fig. 3(d)).

It is common for both DMC [11] and our OMC in
obtaining a min-cut graph and browsing it for a desir-
able cut. The differences are that DMC sacrifices the
exactness for speed in obtaining the min-cut graph and
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searching for a desirable cut, while OMC exploits the
exactness in either process. The possible disadvantage
of OMC to DMC'is in the computational cost since the
worst case estimation of the computational cost is ap-
parently exponential to the number of vertices. Thus
the range of OMC being available practically depends
on the instances. The base we believe in OMC' is an
empirical proof in [14] that OMC works well in terms
of speed for real circuits.

3.3 Procedure EXPAND

There are cases where there is a margin for a sub-circuit
extracted by OMC to the given size and I/O pin num-
ber constraints. In exchange with the increase of I/0
pin number, we can increase the size of the sub-circuit.
In our algorithm, procedure EXPAND does this. See
below for its details.

Procedure 3. (Sub-Circuit Enlargement EXPAND)

Input: F, lim;,, lims;.., set of vertices V; in F
for enlargement.
Output: enlarged set of vertices V,p in F.

1. Verp — V1.

R 0.

3. create a min-cut graph M from F (see Procedure
2 for the detail).

4. select a flow-block from V(M) that contains a ver-
tex connected by an edge to a vertex of Vzp. Let
Vi be a set of vertices in F represented by such a
flow-block.

5. Let V,i" and V.2 be subsets of V;,, where the flow
comes in and goes out, respectively (see illustrative
Fig.4. V' and V,2* are hatched).

6. create an edge e, = (v, t) of oo capacity for each
vm € V2" Let F be the set of created edges.

7. for each vertex v, € V,i* | do the following:

o

a. create an edge e; = (s, vy,) of co capacity.

b. find an optimal min-cut [V{, V5] by procedure
OMC (See illustrative Figs.5 and 6. The cre-
ated edges are labeled by ‘@’).

c. if size(V)) < limg;,. and io(V]) < lim;, and
BETTER(V{, Veyp) = True then

i Vegp Vi.

d. remove e;.

8. remove the edges stored in E.
9. create an edge e; = (s,v,,) of 0o capacity for each
vm € V. Let E be the set of created edges.
10. for each vertex v, € V,2** | do the following:

a. create an edge e, = (v, t) of co capacity.

b. find an optimal min-cut [V{, V5] by procedure
OMC.

c. if size(V{) < limg;ze and io(V]) < lim;, and
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min-cut obtained vertices represented
by init|ial omMC by flow-blocks

set of vertices represented by the
selected flow-block in EXPAND

Fig.4 Before applying EXPAND. Virtual vertices and bridge
edges are abbreviated as single edges.

BETTER(V{, Veyp) = True then

i Vigp — VY.
ii. R— EU{eo}.

d. remove ¢,.

11. remove the edges stored in F.
12. if R # () then

a. retrieve the edges recorded in R and go to
step2.

13. else
a. return Vegp. O

Procedure EXPAND searches for a new cut in F
by fixing some of the vertices in V;, to either s or t.
The vertices to be fixed to s and ¢ are chosen from V,i"
and V2% respectively.

See Fig.4 for an example where the first min-cut
is obtained, and V/, is selected for further partitioning.
Figure 5 is an example where v is fixed to the s-side
of the cut, and the next set of min-cuts to be browsed
is obtained. Those min-cuts, again, will be browsed by
procedure OMC for finding a desirable one. See V,, is
partitioned into smaller sets of vertices. The capacity
of any new min-cut is larger than the initial one (the
number of I/O pins will increase), but the size of the
sub-circuit to be extracted will be larger. Figure 6 is an
example where some vertices are fixed to s and ¢ sides
to enlarge the sub-circuit to be extracted.

In Liu-Wong’s sub-circuit enlargement approach,
they collapse to s/t a randomly selected vertex incident
to the t-side/s-side of the cut, respectively, to manage
the size of the sub-circuit. After a random selection of a
vertex to collapse to s or ¢, the side of the min-cut where
it exists, either s or ¢, will be fixed without evaluating
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edges added
in EXPAND for enlargement trial

new set of min-cuts to
i be browsed in OMC

:selected vin sets of vertices
m represented by the
new flow-blocks

Fig.5 EXPAND being applied to try sub-circuit size enlarge-
ment. vy, € V" and all vertices in V,%%* are fixed to s/t by oo-
capacity edges to allow excess flow. Sets of vertices represented
by the new set of flow-blocks and min-cuts to be browsed are
displayed. These new min-cuts will also be exhaustively browsed
using OMC. Other combinations of vertices will be evaluated af-
ter this.

new min-cut

obtained by EXPAND  Side-fixed vertices

sets ofu;/ertices
represented by the new
flow-blocks

Fig.6 A new sub-circuit obtained by EXPAND as an eval-
uation result of various combinations of vertices. Some of the
vertices in V;, are merged with the sub-circuit extracted by the
min-cut obtained by the initial OMC.

other vertices for selection. This creates a problem that
other selection of vertices will not be evaluated during
the entire process, and may miss better results. Fur-
thermore, trials in enlargement of sub-circuits involve in
min-cut searches, and Liu-Wong’s approach uses their
DMC for it. This also enhances the possibility to miss
better partitioning results.
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In our proposing algorithm, we first try sub-circuit
enlargement with several vertices incident to the ob-
tained min-cut, and then pick the one that maximizes
the size of the sub-circuit to fix to either s or ¢t. Ad-
ditionally, we again use our exact procedure OMC to
browse and search among the min-cuts for an optimal
one. Therefore, our algorithm has more chances in ob-
taining better partitioning results.

3.4 Procedure BETTER

Another difference between Liu-Wong’s and our ap-
proach is in how a sub-circuit to be extracted is man-
aged. In our approach, we manage the sub-circuit to
be extracted by procedure BETTER.

This procedure outputs True or False according to
the I/O pin constraint being satisfied or not for use in
the previous procedure EXPAND to decide whether we
should enlarge the extraction portion when the capacity
constraint is satisfied.

There are two types of I/O pins in an extracted
sub-circuit, one from the original circuit and one newly
created by cutting the nets. We will refer to them as
primary I/O pins and secondary 1/0 pins, respectively.
Extracting a sub-circuit with many secondary I/O pins
increases the I/O pins of the residual circuit, and this
usually results in the increase of the total number of
sub-circuits.

Since our aim is to reduce the total number of sub-
circuits, not only trying to maximize the size of the
sub-circuit but also trying to minimize the the increase
of the I/O pins of the residual circuit is important. Its
minimization can be achieved by encouraging the ex-
traction algorithm to extract a sub-circuit with many
primary I/O pins.

See below for its details. Function primIO(V;) re-
turns the number of primary I/O pins of the sub-circuit
defined by a set of vertices V;.

Procedure 4. (Sub-Circuit Suitability Check
BETTER)

Input: sets of vertices V4 and P for evaluation (V;
to be compared with P).
Output: Boolean value True or Fulse.

1. if P =0 then
a. return True.

2. if size(V1) > size(P) or
( size(V7) = size(P) and
primIO (V1) /io(V1) > primIO(P)/io(P) ) then

a. return True.
3. else

a. return Fualse. O
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Note that the sub-circuits in C' that correspond to
V1 and P do not violate the given I/O pin number or
size constraints thus their sizes and I/O pin numbers
are not evaluated in the procedure.

4. Computational Complexity of Algorithm
PART

Let us estimate the worst case computational complex-
ity of our algorithm, both in terms of time and space,
along algorithm PART.

Steps 2, 4, 7.b, 7.c, 11 and 12 need constant times.
Steps 1 and 3, the Yang-Wong transformation, needs
O(|V(H)| + |E(H)|). Step 6, algorithm OMC, needs
O(|E(F)||E(H)| + 2V, Step 7.a, algorithm EX-
PAND, needs O(|E(F)||E(H)||V (H)|+|V (H)|2!YV ).
Step 5, algorithm PICK, needs O(|E(F)||E(H)I).
Step 10, deleting vertices and edges from H, needs
O(|V(H)|+|E(H)|). Above steps are repeated |V (H)|x
|V (H)| times in worst case (steps 7.c and 11). Note
that the computational time complexity of a single
max-flow computation in our case is O(|E(F)||E(H)]).
This is because, by Ford-Fulkerson method, a max-
flow computation needs O(|E| x f) time where f de-
notes the amount of the flow from s to ¢ [3]. How-
ever, it is clear that f never exceeds |E(H)| in our
case. In the Yang-Wong transformation, all vertices
in H are inherited by F, and each of the hyper-edges
in H is transformed to a pair of vertices, a directed
edge of capacity 1, and some pairs of co capacity di-
rected edges in F. We can replace |V (F')| and |E(F)|
by |V(H)| + 2|E(H)| and (1 + 2¢)|E(H)|, respectively.
c is a constant that denotes the average number of end
vertices on a single hyper-edge. Therefore, the entire
computational time complexity of algorithm PART will
be O(|V(H)||E(H)|* + |V (H)|| E(H)[2/V ).

On the other hand, in [11], procedure DMC needs
O(|E(H)|?), and their way of extraction portion en-
largement needs O(|V (H)||E(H)|?), both under an as-
sumption that the same max-flow computation algo-
rithm and implementation of the Yang-Wong transfor-
mation are used. Then, these operations are applied for
10 random pairs of s and ¢ to determine a single sub-
circuit. In worst case, the number of sub-circuits will be
|V (H)|. Therefore, the entire computational time com-
plexity of algorithm in [11] will be O(|V (H)|?|E(H)|?)

The exponential term in our case shows the com-
putational time complexity of exhaustively browsing
the directed cuts in M. However, in real circuits, this
term is empirically proven to be small [14]. Thus the
main difference between Liu-Wong’s and our approach
is |V/(H)| that indicates the difference in the way s and
t are selected.

The space required for both ways is proportional
to the size of F, i.e., O(|V(H)| + |E(H)|).
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5. Experimental Results

We implemented our algorithm in C, and tested on a
400MHz Pentium2 PC with 64MB of memory, under
FreeBSD. The test cases are chosen from the real indus-
trial circuits and MCNC [16] Partition93 benchmark
data set (Xilinx 2000 series version). See Tables 1 and
2 for their features and the variety of library cells used
in the industrial cases.
The test cases are categorized as follows.

A B,H: 32-bit ALU, Multiplier and Adder used in
industrial microprocessor design.

C,D,E: Controller unit used in industrial Multime-
dia video decoder design.

F: Industrial 32-bit RISC embedded micro-
processor.

G: Quantizer unit used in industrial Multimedia
video decoder design.

Others, for instance, ¢7552, are MCNC benchmark test
cases.

The experiment took place to observe the number
of sub-circuits and time to obtain them. We also im-
plemented the Liu-Wong’s algorithm for comparison.
For the industrial data set, the constraints were of size
10000 and I/O pin number of 50. These constraints
were decided based on our experiences in successful uti-
lization of 5 K gate FPGA. For the MCNC benchmarks,
the constraints were of size 64 and I/O pin number of
58. These constraints were decided from the features
of Xilinx 2064 device [15]. See Table 3 for the results.
It describes the number of sub-circuits (# s.c.), and
time (time[s]) to partition the test case circuits, by both
ours and Liu-Wong’s approaches. There are results of

Table 1  Summary of the test cases. Case A through H are
industrial test cases, and the others are MCNC benchmarks.

[ Case/Name || Size | # Nets [ # 1/0 |
A 121400 989 80
B 211476 1704 125
C 38610 358 36
D 44648 426 7
E 138731 1237 150
F 66970 552 30
G 103914 979 234
H 14975 209 97

c7552 610 1056 267
c6288 833 1456 54
c3540 373 567 72
c5315 145 209 97
51238 201 301 30

Table 2  Variety of the library cells used in the industrial cases:
The largest and the smallest.

Library Cell Size
max. min. | variety of cells
1000 62 272
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Table 3 Comparison of our (five cases) and Liu-Wong’s algorithms in terms of the
number of sub-circuits (# s.c.) and computation time to obtain them (time [s]). The size
and I/O pin number constraints for the test cases are 10000 and 50 for industrial cases,
and 64 and 58 for MCNC benchmark cases, respectively.
Ours Liu-Wong
Case/ PROPOSED NOEXPAND FORCEDMC NOBETTER ST10
Name #s.c. | time[s] || #s.c. [ time[s] [ #s.c. | time [s] | # s.c. [ time [s] | # s.c. [ time [s] || # s.c. | time [5]
A 23 747.1 26 744.8 28 829.4 27 743.7 26 743.7 24 303.1
B 35 2376.7 35 2380.9 38 2572.5 35 2381.6 35 2381.6 37 1728.3
C 5 34.0 6 33.9 7 48.8 6 33.7 7 24.8 6 26.6
D 7 38.5 9 38.4 10 56.8 8 42.5 10 25.8 7 34.0
E 23 1034.5 24 1032.1 24 628.0 24 504.0 28 67.9 30 863.1
F 14 497.1 15 496.2 15 484.4 14 498.9 18 496.3 15 170.0
G 16 300.3 16 251.6 16 336.1 16 251.4 19 38.4 17 110.0
H 2 1.7 2 1.7 2 1.9 2 1.8 4 1.8 3 5.5
c7552 15 258.5 17 67.3 17 299.9 15 235.0 25 60.3 19 86.2
c6288 16 147.1 17 76.8 18 148.6 17 140.9 20 95.5 18 145.0
¢3540 11 202.5 12 200.8 14 226.5 12 201.9 14 244.6 12 339.1
c5315 14 134.9 14 134.7 14 134.7 14 134.7 17 77.5 16 69.9
s1238 7 15.9 7 15.9 10 15.7 10 15.2 8 123.2 8 157.8
[ average || 145 | 4453 || 154 | 4212 ] 164 [ 4449 | 154 ] 3989 | 178 | 3278 ]| 163 [ 310.7 |

five cases, PROPOSED, NOEXPAND, FORCEDMC,
NOBETTER and ST10, shown for our approach. The
following describes the details.

PROPOSED: using the proposed procedures
(PICK, OMC, BETTER and EXPAND).
NOEXPAND: procedure EXPAND replaced by a
sub-circuit size enlargement algorithm described in
[11].

FORCEDMC: procedure OMC replaced by proce-
dure DMC'in [11].

NOBETTER: procedure BETTER modified to
size-only evaluation as in [11] (i.e. the bigger, the
better).

ST10: procedure PICK replaced by choosing 10
random pairs of s and ¢ as in [11].

In most of the cases, our algorithm resulted in
less sub-circuits (2 less sub-circuits compared to Liu-
Wong’s, in average). We observed that the proposed
procedures (OMC, EXPAND, BETTER and PICK) are
effective in reducing the number of sub-circuits. We can
also study from the results of FORCEDMC and ST10
that displaying the min-cuts, browsing the min-cuts,
and choosing the source s and sink ¢ should be done
with care.

From this, we can see that our improvements in:

e finding a min-cut (procedure OMC),
e sub-circuit size enlargements by evaluating various
sets of vertices combinations,
e s and t determination by a heuristic,
and
e an attempt to try to keep the number of I/O pins
of the circuit as small as possible

contribute in reducing the overall sub-circuit numbers.
The next issue is its computation cost. In almost
all cases, Liu-Wong’s approach is advantageous. Their

approach is about 30% faster than ours. This is mainly
because our algorithm evaluates various combinations
of vertices for sub-circuit size enlargement, on the other
hand, Liu-Wong’s approach evaluate only one combina-
tion that has been determined greedily. In case s1238,
our algorithm worked faster against our expectation.
This is because the variety of the combination of ver-
tices in procedure EXPAND was small, and evaluating
all of these required shorter time than trying the ex-
traction 10 times with different s-¢ pairs.

6. Conclusion

We successfully improved the network-flow based multi-
way circuit partitioning algorithm by:

e extraction of an exactly size-optimal sub-circuit us-
ing an exact min-cut graph,

e enlargement of sub-circuit size by evaluating vari-
ous sets of vertices combinations,

and

e attempt in keeping the number of I/O pins of the
circuit as small as possible by encouraging the ex-
traction algorithm to choose an extraction portion
with many number of primary I/O pins.

Applications of our implementation to various in-
dustrial cases and benchmark circuits showed our ad-
vantage over Liu-Wong’s in the number of sub-circuits.
In average, our approach resulted in 2 sub-circuits less
than that of Liu-Wong’s approach using several indus-
trial cases and MCNC benchmarks fairly large in their
sizes.

The only problem is the computation cost. Par-
titioning test cases with hundreds of vertices require
minutes. Improvements such as reducing the computa-
tion costs, taking into account the delays, and adopting
replication techniques to further reduce the number of
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sub-circuits, are included in our future work.
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