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Lin [7] proposed the first module interchange algo- 
rithm, which was further extended to handle multipin 
nets by Schweikert and Kernighan [lo]. Based on their 
work, Fiduccia and Mattheyses [5] developed an O(P), 
time-efficient bipartitioning heuristic (FM), where P is 
the total number of pins. This is done by moving one 
module at a time and using an efficient bucket list data 
structure. Although FM runs fast, it may derive solu- 
tions of poor quality due to the lack of an appropriate 
mechanism for differentiating among highest-gain mod- 
ules. Thus, Krishnamurthy [8] proposed an extension 
to FM, which utilises the level gains management to 
perform a look-ahead (LA) scheme. Furthermore, San- 
chis [9] presented a multiway partitioning algorithm 
based on LA. Recently, Dutt and Deng [4] proposed a 
probabilistic-gain-based method PROP that computes 
the gains of modules using much more global and 
futuristic information than FM and LA. 

The clustering-based techniques try to identify natu- 
ral highly connected groups (i.e. clusters) in a circuit 
and then assign the clusters to either one of the two 
partitions. For example, Cheng and Wei [13, 191 com- 
bined the ratio-cut scheme [20] with FM [5] to obtain a 
stable performance bipartitioner (STABLE). First, 
some clusters are found by using a top-down clustering 
technique based on the ratio-cut concept. Then FM is 
applied to rearrange the clusters into two partitions 
with prespecified size constraints. Similarly, Shin and 
Kim [17] and Saab [16] adopted bottom-up clustering 
techniques to find clusters for their respective subse- 
quent bipartitioning. There are also many recent state- 
of-the-art clustering-based bipartitioners such as EIGl 
[14], PARABOLI [15], MELO [12], and WINDOW 
[ll]. Our MMP bipartitioner is compared with some of 
these in the experimental results. 

1.2 Motivation 
According to [2, 211, clusters exist in circuit layouts and 
are formed by placing modules of similar functionality 
together. Since the intracluster interconnections are 
much denser than the intercluster interconnections, the 
goal of a bipartitioner is to keep clusters from being 
divided as much as possible so that the cut can be 
reduced, where cut means the number of nets connect- 
ing both partitions. 

When moving some modules of a cluster currently 
being divided to make the cluster entirely fall into one 
partition, difficulties may occur if FM is applied. First, 
it is quite possible to select improper modules to move 
and then, instead of moving them back to their original 
partitions, FM locks these modules [6]. Moreover, even 
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when suitable modules are selected to move, size con- 
straints often obstruct the movements of these modules 
so that the goal of preventing the cluster from being 
divided becomes hard to achieve. 

To avoid division of clusters, many clustering-based 
bipartitioners [ll-15, 171, as mentioned in Section 1.1, 
have been proposed. However, poor partitioning results 
may be obtained when using these bipartitioners due to 
the application of inappropriate clustering strategies or 
the choice of improper cluster size [22]. 

Motivated by the above observations, an iterative 
improvement algorithm has been developed to partition 
a given circuit with size constraints based on the mod- 
ule migration scheme. This scheme first relaxes the size 
constraints temporarily when it moves a set of modules 
from one partition to the other, and reconsiders the 
original size constraint requirement when another set 
of modules is moved back. In contrast to the locking 
scheme of FM, we adopt a nonlocking scheme; that is, 
the modules which have been moved forward are 
allowed to move back again. With this size constraint 
relaxation and nonlocking scheme, the capability of 
escaping from local optima is intensified. 

For the proposed module choosing strategy, instead 
of finding clusters explicitly as the clustering-based 
techniques, we apply the idea of locality [I61 to implic- 
itly extract natural clusters. The idea is that when a 
module is moved from one partition to the other, its 
incident modules have a greater chance of being moved 
in the following movements, and that after a series of 
consecutive movements from one partition to the other, 
a natural cluster will be formed. Consequently, besides 
using the conventional FM module gain evaluation in 
our module choosing strategy, we also examine the 
connection strengths between modules to ensure that 
the set of modules chosen to be moved can form a nat- 
ural cluster. 

Another unique feature of our algorithm is that it 
uses a set of self-adjusted probabilistic functions to 
reduce the sensitivity of some key parameters. Experi- 
mental results show that the proposed bipartitioner 
MMP outperforms inany recent state-of-the-art biparti- 
tioners. 

2 Problem statement and algorithm description 

Suppose a network is represented by a hypergraph 
H(V, E) ,  where V = {v,Ji = 1, 2, ..., n}  denotes the mod- 
ule set and E = {eJ = 1, 2, ..., m }  denotes the net set. 
Each net el is a subset of V with cardinality le,l 2 2. For 
each module v,, the set of nets incident to v, is denoted 
by N(v,), and for each net eJ, the set of modules con- 
tained by e] is denoted by M(e,). We define a module 
weighting function s: V -+ R+ where R+ is the set of 
positive real numbers, used for denoting the actual size 
of each module, i.e. s(v,) denotes the size of a module 
v,. S(V) = CvtG vs(v,) represents the size of the hyper- 
graph H. 

A bipartitioiiing problem is to divide a hypergraph 
H(V, E )  into two nonempty module partitions VI, V2 
where VI n V2 = 0 and VI v V2 = V. The cut of a 
bipartition (VI, V2) is the number of hyperedges con- 
necting both partitions and is denoted by cut(Vl, V,). 
The objective of bipartitioning is to minimise cut( V I ,  
V2) with the size constraints defined as: 

S, 5 S(Vj) 5 SM for k = 1 , 2  (1) 
where S( Vk) = C,, ms(v,) represents the size of partition 
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Vk for k = 1, 2. S, and S, are two constraints used to 
set the size limit for each partition. Here, 0 < S, I S, 
< S( V) and S, + S, = S( v>. The size ratio of the two 
partitions is defined as sr = S(Vl)/S(V2) (or S(V2)/ 
S( VI)) .  Feasible bipartitioning solutions with size con- 
straints (S,, S,) are found if (S,/S,) I sr I (S,/S,). 
In the experiments as shown in Section 5,  we will eval- 
uate MMP with other bipartitioners by finding feasible 
solutions having different deviations, where deviation 
from the exact bipartition is defined as 6 = (S,  - S,)/ 

We now sketch the proposed algorithm as follows. 
First, an initial partitioning solution is generated as a 
starting point. Then, by assigning a migration direc- 
tion, say from VI to V2, we begin to choose modules 
from VI to be moved to V2. This ‘forward’ migration 
process continues until a stopping criterion is reached. 
Then, the migration direction is reversed and some 
modules are moved back to VI to ensure the size ratio 
falls into an acceptable range. We say a pass is done 
when this ‘backward’ migration process is completed. 
The best feasible solution is used to form a new start- 
ing point for the next pass. Our algorithm proceeds in a 
series of passes. 

(SA4 + S,). 

starting point -1 

VI 

’ 
total moved 
module size 

acceptable size ratio range migration 
direction ’ P*S (v, 1 

point 

Fig. 1 A puss operation of the MMP algorithm 

The basic operation of a pass is shown in Fig. 1 
where the migration direction is well controlled. In the 
forward migration, the relaxation of size constraints is 
controlled by a parameter p, which is devised to deter- 
mine the size of module set to be moved in the forward 
migration process of a pass operation. 

The following Module-Migration-Partitioning 
(MMP) algorithm consists of three major parts: (1) ini- 
tialisation (explained in this Section); (2) pass operation 
and p scaling scheme; and (3) parameter management. 
Algorithm Module-Migration-Partitioning 
Input: H(V, E )  

Variable: (VI, V,),,, 

 VI^ V J p a s J  

the hypergraph of a given 
netlist 
the number of runs performed 
the size constraints for the 
two partitions 
the best bipartition among all 
the runs in terms of minimal 
cut 
the best bipartition in one run 
the best bipartition in one 
pass 
the average cut for a number 
of runs 

begin 
/* q is the net-weighting parameter in eqn. 2, 0 < p < 
1 ”/ 
randomly select the values of q and p from their 
respective ranges; 
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initialise and computc 
e t e r a n a g e m e n t  
(Vi, V2)best := NULL 
cutflvg := 0; 
for counter,,, := 1 to 

for (each net in 
using eqn. 2 with 
call Initial-Partztion(H(V, 
return an initial 

/* multiple pars 
within the following 
for counter,, := 

call Pass- 
SM)> and 
if cut(V1, 
assign (Vl, 
scale the 

end; I" end of 

begin 

assign (Vl3 V 2 ) i n m l  

begin 

if cut( Vi, V,),, 
V2>,,n to (Vl, 
I* apply 
update 4 and P 
total := total + 
cutflvg := totallcc 
call Paramete 
cutavg) and retum 
of P; 

end; I* end of run: 
report the best bipariition 

end I* end of algorithm 
At the beginning of 

randomly selected frolr. 
updated by the 
each run. The initial 
ated by the Initial-Partition 
let Vl = V and V2 = 0. 
tion to derive the initial 
ferent values of q and 
Initialpartition procec 
bipartition for each rur~. 
of obtaining better 
tition is then further 
where an efficient module 

3 Module migratioi 

In this Section, we 
is the kernel of MMP, 

3. I Pass operatioil 
The following 
three steps: (1) forwarc. 
point searching; and (3) 
Procedure Pass-Operui~ion(( 
Input: (Vl, V2) : the 

fiir 
: i: P 

(S,,, SM) : the size constraints for the two 

Output: ( Vl, V2)pflss : the best bipartition at the current 

begin 

partitions 

pass 

assign (Vl, V2) to (Vl, Vz),,; 
set the connection strengths of all modules in Vl to 
zero; 
total-size := 0; ready := FALSE; 
randomly select a seed v from Vl; 
I* Step 1: forward migration process is performed 
within the following while loop */ 
while (VI  is not empty) do 

begin 
if (totalsize 2 p * S(Vl) and the gain value of 
the selected module v > 0) then ready := TRUE; 
I" Step 2: the reversing point is found when the 
following if statement holds */ 
if (ready = TRUE and the gain value of the 
selected module v < 0) then break; 
move the selected module v from VI to V2; 
totalsize := totalsize + s(v); 
call Update-In~ormation(v, JIJ to update the 
gains and the connection strengths of associated 
modules; 
call Choose-Module( V I )  to choose the next 
module v to move; 

end; 
set the connection strengths of all modules in V2 to 
zero; 

randomly select a seed v from V2; 
I* Step 3: backward migration process is performed 
within the following while loop *I 
while (sr 2 (S,/S,)) do 

sr := S( VJS(  V,); 

begin 
if (sr 2 (Spn/SM)) then 

if (cut(Vl,  V2) < cut(Vl, V2)pass) then assign 
( Vl> V2) to ( Vl, ~2),a,s; 

move the selected module v from V2 to VI; 
update size ratio sr; 
call Update-Information(v, V,) to update the 
gains and the connection strengths of associated 
modules; 
call Choose-ModuZe( V,) to choose the next 
module v to move; 

end; 
return the best bipartition ( Vl, V2)paAs; 

end I" end of procedure "I 

some functions for the Param- 
procedure; 

cut(V1, V2)brst := M; total := 0; 

rum-of-runs do 

E) do compute the net weight 

E), P, (Sm, S,)) and 
given q; 

bipartition ( V I ,  V2)initifll; 
to (VI3 1/2)uun; 
operations are performed 
for loop *I 

1 to num-ofgasses do 

%eration(( VI, V2)r,n, P, (&, 

V2>,,, < cut(V1, V2),un then 
V2)pnss to (VI, V2)run; 

rc:turn (VI,  v2),,,,; 

vdue of P; 
passes */ 

cut( VI, V2)best then assign ( Vl, 

Parameter-Management procedure to 
V2)hest; 

"I  

unter,,,; 
r-Management(cut( Vl , V,),,,, 

a new q and an initial value 

mt(V, ,  V2)& 

*I 

*I 
IVIMP, the values of 4 and p are 

their respective ranges and are 
Param,?ter-Management procedure for 

b~partition for each run is gener- 
procedure as follows. First, 

Then, applying one pass opera- 
bipartition. Note that since dif- 

,B will influence the result of the 
ure, we have a different initial 

Thus it gives MMP the chance 
opt-mised results. The initial bipar- 

~mproved by a series of passes 

( Jfl, V2)be,yt; 

migration scheme is realised. 

strategy 

introduce the pass operation which 
and the p scaling scheme. 

Pass-Operation procedure consists of 
migration process; (2) reversing 
backward migration process. 

VI, V,), P, (Sm, S,)) 
best bipartition obtained so 

at the current run 
devised to determine the size of 

modules to be moved in the for- 
vard migration process, and 0 < 
/ t < l  

Procedure Update-Information(v, Part) 
Input: v : the selected module to be moved in 

the forward or backward migration 
process 

migration process 
Variable: C(vk) : the connection strength of module vk 

w(e,) : the weight of net el 

Pari V!(V2) in the forward (backward) 
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begin 
update the gain values of the modules contained by 
W v ) ;  
/* update the connection strengths of associated 
modules *I 
for (each net ej in N(v)) do 

for (each module vk in M(ej)) do 
if (vk E Part) then C(vJ := C(vk) + w(ej); 

end I* end of procedure *I 

Step 1. Forward migration process 
The module migration direction in this process is set 
from Vl to V2. To move a cluster (which contains a 
seed randomly chosen from V I )  entirely into V,, the 
locality property is applied. In other words, besides 
evaluating the gains of modules in VI, the migration of 
the entire cluster is implicitly promoted by checking the 
connection strengths of modules in VI to those modules 
which have been moved from VI to V2 in this process. 
Therefore, the module choosing subprocedure, Choos- 
e-Module, chooses the module which has the highest 
gain in Vl (in V2 for the backward migration process). 
If a tie exists, the module which has the maximum con- 
nection strength to previously moved modules is cho- 
sen. 

For each module v, the gain calculation is the same 
as FM [5], and the connection strength of v to the pre- 
viously moved modules is the sum of the weights of 
those nets that connect v and the previously moved 
modules. For net-weight calculation, a weighting func- 
tion w: E -+ Ri is defined for nets as follows: 

for j = 1 , 2 , ,  . . ,m (2) 
where parameter q is a positive real number and IM(ej)l 
denotes the cardinality of M(e,). The more modules a 
net contains, the more complicated the structure the 
net has; therefore, for a net el containing many mod- 
ules, the modules in M(ej) should have little opportu- 
nity to move. For this purpose, we set the weight of a 
net to be in inverse proportion to the number of mod- 
ules contained by the net. In eqn. 2, besides changing 
the weight of each net, different values of q influence 
the connection strengths of modules. In other words, 
searching for an appropriate q value is essential to the 
choice of suitable modules to move and to encourage 
the migration of natural clusters. 

Each time after moving a chosen module v from Vl 
to V2, associated information is modified by the 
Update-Information subprocedure where the gains of 
the modules contained by N(v) are updated and each 
net in N(v) contributes its weight to the connection 
strengths for the modules in VI that have connections 

Step 2. Reversing point searching 
When the accumulated size of the modules moved in 
the forward migration process is greater than a given 
value p * S(Vl), it is time to search for a point to 
reverse the migration direction. Naturally, we want the 
cut of this reversing point to have fallen to a minimal 
value to indicate that a cluster has just been moved 
into V,. Under this consideration, two possible cases of 
reversing points are found as shown in Fig. 2. For both 
cases, since we do not know where the exact point of 

to v. 
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minimal cut is, we have to keep a record of the point p 
where the cut begins to decrease and then it is time to 
reverse the migration direction at the point p' where the 
cut begins to increase. The implementation criterion for 
reversing point searching, as described in the Pass-Op- 
eration procedure, is simply to check the gain value of 
the selected module since the gain value can reflect the 
changing of the cut. 

case 1 

j reversing point 

total moved ~ \ pc 
module size . 
>given value i-, migration direction 

case 2 
Fig. 2 Reversing point searching 
The given value in both cases is set to p * S( V I )  
Case 1: the cut is increasing when total moved module size is greater than 
given value 
Case 2: the cut is decreasing when total moved module size is greater than 
given value 

Step 3. Backward migration process 
Backward migration is essential to search for an 
acceptable size ratio result during each pass operation, 
and this process is the same as the forward migration 
process except for the migration direction. When the 
size ratio of the two partitions generated by the back- 
ward migration is no less than the lower bound of an 
acceptable size ratio range, (SmlSM), we begin to keep a 
record of the feasible solutions obtained so far until the 
upper bound (SM/Sm) is reached. Once the upper 
bound is crossed, the current pass is completed and the 
best result among the feasible ones is used to form 
another new starting point for the next pass. 

3.2 p scaling scheme 
In our algorithm, the value of p is set high at the begin- 
ning to allow larger clusters to settle down first, and is 
gradually reduced in the following passes to keep 
smaller clusters moving to their own proper partitions. 
To properly decide the reduction ratio of p, MMP has 
been applied to three examples using the following 
equation: 

= ,Binitial * ki 
for i = 0,1, . . . , num-o fpasses  - 1 ( 3 )  

where ai denotes the value of p at (i + 1)th pass opera- 
tion, /3inj,j,l denotes the initial value of P. k is the reduc- 
tion ratio of p and 0 < k I 1. num-ofjasses (also used 
in MMP) is the number of pass operations in one run. 
In above experiment, num-ofqasses was set to 100 and 
the algorithm was performed ten times for each exam- 
ple. The partitioning results (average cut and runtime) 
are listed in Table 1 for different values of k.  

In the Table, on average, MMP produces good 
results with k = 0.9. Although experiment shows that 
0.9 is better than the others, it is found to make the 
algorithm too slow to be effective from a practical 
point of view. As a result, to enhance the efficiency of 
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Table 1: Sensifivity of the MMP algorithm to reduction ratio k 

primGP 

k avg 
0.05 46.3 
0.1 44.7 
0.15 44.9 
0.2 44.4 
0.25 45.3 

1 test02 l9kstw 

shun avg shun avg s/run k 

2.76 95.4 22.34 128.6 27.70 0.55 
z.80 94.9 26.74 137.2 27.11 0.6 
2.45 96.6 26.65 137.2 28.09 0.65 
:.89 95.0 28-03 137.4 28.28 0.7 
3.90 93.3 29.11 145.5 29.07 0.75 

primGAl 

avg s/run 

44.4 4.03 
44.3 4.22 

43.5 4.11 
42.8 4.34 
43.3 5.02 
44.4 4.57 
43.3 5.28 
42.6 5.37 
42.9 6.02 
44.9 9.21 

4 Parameter manas 

test02 1 9 kstw 

avg shun avg s/run 

91.5 30.29 131.7 33.32 
93.1 30.35 122.6 33.76 
91.4 31.31 110.9 35.55 
90.2 32.25 131.6 35.83 
90.9 33-88 123.4 40.34 
91.4 35.60 118.5 38.90 
89.2 40.90 115.1 42.87 
89.2 42.44 106.9 48.45 
93.5 47.63 120.2 58.21 
99.5 59.22 148.7 73.38 

ement 

MMP, another equatioi for p was adopted in the cur- 
rent implementation as ollows: i 

a% = Pznztzal * 1 O.gL21 0.czmodd 

for i = 0,1, .  . . , num-ofpasses - 1 (4) 
where Lild] denotes the largest integer that is less than 
or equal to ild. i mod d enotes the remainder when i is 
divided by d. In the cur ent implementation, d is set to 
10. i 

f ( 4  : 2 (5) I-$ Y E [r1,.21 

Procedure Parameter-A ana~ement(cut,,,,,t, cutavg) 

Input: 
1 

cutcurrent : the cut at the current run 

cutavg : the average cut from the first run 
to the current run 
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output: q : the net-weighting parameter 
defined in eqn. 2 

: the initial value of p 

compute the adjusted item J (used in eqn. 8) forf,(x) 
and f d x )  based on the difference between cutavg and 

modifyf(x) over its range [rl’, r i ]  andfp(x) over its 
range [rIy., ri’l using eqn. 8 with the computed J ;  
f ( x )  and f&x) are divided by j:$f,(x)dx and 
f$fdx)dx, respectively, to maintain them as pdfs; 
compute c,(x) and cdx) according to the modified 
f&x) and f d x ) ,  respectively; 
compute g,(x) and g d x )  according to the computed 
c,(x) and c&), respectively; 
I* assign new values to q and Pjnitjal by using the 
computed g(x) function */ 
randomly select two real numbers t ,  and tp from 
10, 11; 
4 := gq(ty); Dinitiul := gp(tp); 

begin 

Cutcurrent; 

end I* end of procedure */ 
The application of the Parameter-Management pro- 

cedure to a parameter X is illustrated in Figs. 3-5. The 
correspondingflx), c(x) and g(x) of X after the ( i  - 1)th 
run (i.e. the previous run) are plotted in Fig. 3, where 
Ax) is assumed to be uniform over its ranges for sim- 
plicity and r (r l  S r 5 rz) is the value of X generated for 
the ith run (i.e. the current run). After obtaining the 
current bipartition with X = r, the procedure modifies 
f ( x )  according to the quality of the current bipartition. 
Precisely, Ax) is modified by the following criterion: 

where b is a small constant, and J = ccutw-cutc~rrt-nr is an 
adjusted item devised for the modification of A x )  where 
c is a constant and c > 1, cutavg and cutcurrent are 
defined in the Parameter-Management procedure. The 
difference between cutavg and cutcurrent is used to evalu- 
ate the current bipartitioning quality. Based on this dif- 
ference, there are three possible cases affecting the 
assignment of the value of X for the next run as fol- 
lows. For case 1 (case 2) as shown in Fig. 4 (Fig. 5) ,  
the current cut is relatively good (bad), i.e. cutcurrent < 
cutavg (cutcurrent > cut,,), so J > 1 (J < 1) and therefore, 
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the values offlx) are increased (decreased) for x E [r - 
b, r + b] and decreased (increased) for x E [ r l ,  r - b) U 

( r  + b, r2]. This modification offlx) leads to the change 
of g(x)  such that the interval [tr, t,] on the x-axis of g(x) 
in Fig. 4 (Fig. 5) is enlarged (shrunk), where [tl, t,] is 
the range of c(x)’s value for x E [r  - b, Y + 61. The 
effect of the enlargement (shrink) of [tl, t,] on the 
assignment of X’s next value can be observed clearly in 
g(x) of Fig. 4 (Fig. 5) ,  where the chance of the next 
iteration value of X ,  g(t), being close to r is high (low) 
as a result of randomly selecting a real number t from 
[O, 11. For case 3, = cutaVg such that all func- 
tions remain unchanged. In fact, some peaks occur on 
the plot of f ( x )  after multiple runs, implying that values 
of the corresponding parameter close to those peaks 
usually produce good results. 

Fig.3 
vious run) 

Correspondingfunctions of Xajier the ( i  - 1)th run (i.e. thepre- 

I 

r, r-b r r+b r, r, r-b r r+b r, 0 t, t, 1 
Fig. 4 
run) if the current cut is relatively good 

Corresponding functions of X after the ith run (i.e. the current 

f(x) L,n** j/,A;k ~ 

r, I I L 

rl r-br r+b r2 r, r-brr+b r, 0 t, t, 1 

Fig.5 
run) if the current cut is relatively bad 

Corresponding functions of X after the ith run (i.e. the current 

Through the above set of self-adjusted probabilistic 
functions, as long as a parameter range is given, our 
algorithm can automatically generate optimal parame- 
ter subranges in which better results will be obtained 
with higher probability. 

5 Experiments and analysis 

5, I Time complexity 
Implementation of MMP is based on the bucket list 
data structure proposed in [5].  We maintain two such 
buckets in MMP, one for each partition The complex- 
ity of moving a module and updating the associated 
module gains and connection strengths is O(P), the 
same as FM [SI, where P is the total number of pins. 
Let L be the total number of moved modules during 
one run (which is influenced by the number of pass 
operations and the p scaling scheme) and num-of-runs 
be the number of runs, then the total time complexity 
of MMP is thus O(P * L * num-of-runs). One may 
keep num-of-runs a small constant. Therefore, the 
complexity can be bounded by O(P * L). 
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5.2 Benchmark results 
MMP was coded in C language and implemented on a 
SUN SPARC 10 workstation. The ranges of q and p 
were set to [O.O, 2.51 and [0.7, 0.91, respectively. By 
experiments on benchmarks, the number of pass itera- 
tions, num-ofgasses (used in MMP), was set to 300 
considering both the partitioning quality and the run- 
time efficiency. We have implemented the FM algo- 
rithm [SI, and the STABLE algorithm was from [l?]. 
The number of runs num-of-runs in MMP was set to 
20. We also performed 20 runs for STABLE and the g 
value was set to SO based on [13] (where g is the 
number of expected clusters). To obtain expected rea- 
sonable FM results, we set the number of runs for FM 
to 500 as suggested in [23]. By a series of experiments 
on benchmarks based on different deviations from the 
exact bipartition, we demonstrate the superiority of 
MMP over FM and STABLE for cases with strictly 
balanced partition sizes (i.e. deviation 6 < 2%) and for 
cases with loosely balanced partition sizes (i.e. 6 2 2%). 

In Table 2, we compare our results to those of FM 
and STABLE with the size of each partition being 
allowed to have 0.1%, 1%, and 10% deviations from 
bipartition, i.e. the size ratios of the two partitions 
being 1: 1.002, 1: 1.0202, and 1: 1.2222, respectively. 
Notice that in this Table, each module was given the 
actual area size. To illustrate the effectiveness of the 
parameter management, we also list the results (i.e. the 
numbers in parentheses in the MMP column of 
Table 2) obtained by MMP without parameter man- 
agement, where the values of q and p are randomly 
selected for each run. Although the minimal cut results 
obtained with parameter management are not always 
better than those without parameter management, a 
more stable performance can be observed from the 
average cut. 

According to Table 2, MMP generates better results 
than FM and STABLE in terms of the minimal cut and 
the average cut for 6 = 0.1% and 6 = 1%. For 6 = lo%, 
MMP outperforms FM in the minimal cut and the 
average cut, and is competitive with STABLE in either 
cut. On the other hand, on the average of three devia- 
tion cases, MMP shows 38% and 45% improvements in 
the minimal cut, and 52% and 36% improvements in 
the average cut, over FM and STABLE, respectively, 
for four large circuits industry2, industry3, avq.smal1, 
and avq.large. Hence, MMP tends to give better per- 
formance than FM and STABLE when the problem 
size becomes large. 

From Table 2, it can also be seen that MMP and 
STABLE have the same time magnitude except for cir- 
cuits avqsmall and avq.large. Although MMP spends 
approximately five times more runtime than STABLE 
for avq-small and avq.large, it is worth it to achieve 
47% and 44% improvements in the minimal cut, and 
26% and 25% improvements in the average cut, for 
avqsmall and avq.large, respectively, over STABLE 
(the percentage improvements are the average of three 
deviation cases). The runtime used in FM is much less 
than the others. Although FM works very quickly for 
each run, generally more than 500 runs are required to 
derive the same solution quality generated by MMP. 

The effect of different deviations on the solution 
quality has been explored through a series of experi- 
ments with deviations from 0.1% to 10%. Curves of the 
average cut versus deviation for five tested circuits are 
shown in Figs. 6 and 7. From the Figures we observe 
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Table 2: Partitioning re! 

6 FM(  

(%) 
Example 

min 

19ks (a) 0.1 567 
2844 (3282) 
[I05471 

19kstw (a) 
3079 (3658) 
[I12481 

primGAl (b) 
833 (902) 
[29081 
primGA2 (b) 
3014 (3029) 
[I12191 

primSCl (b) 
752 (829) 
[27051 

primSC2 (b) 
2907 (2961) 
[I09651 

test02 (b) 
1663 (1720) 
161341 

test03 (b) 
1607 (1618) 
[58071 

test04 (b) 
1515 (1658) 
[59751 

test05 (b) 
2595 (2750) 
[I00761 

test 06 (b) 
1752 (1541) 
[66381 

8870 (c) 
286 (307) 
[ I  1371 

5655 (c) 
801 (689) 
I27561 

industry1 (d) 
2271 (2186) 
17731 I 
industry2 (d) 
12637 (13419) 
[484041 

industry3 (d) 
15406 (21923) 
[657911 

avqsmall (d) 
21918 (22124) 
[762311 

avq.large (d) 
25178 (25384) 
[82751 I 

1 126 
10 123 

0.1 511 
1 97 
10 96 

0.1 273 
1 47 
10 43 

0.1 284 
1 161 
10 146 

0.1 266 
1 47 
10 42 

0.1 197 
1 172 
10 151 

0.1 121 
1 121 
10 110 

0.1 107 
1 65 
10 66 

0.1 68 
1 69 
10 44 

0.1 77 
1 62 
10 42 

0.1 348 
1 65 
10 60 

0.1 157 
1 16 
10 14 

0.1 287 
1 54 
10 50 

0.1 56 
1 27 
10 25 

0.1 1011 
1 1065 
10 1054 

0.1 292 
1 355 
10 261 

0.1 297 
1 257 
10 326 

0.1 369 
1 320 
10 299 

Average of percentage im  

Average of percentage im  

Average of percentage im 
In the first column, (a) from tt 
numbers below each examplc 
column, the numbers in parer 
= ((cut of the compared bipari 

Its allowing different deviations from bipartition 

10 runs) STABLE (20 runs) MMP (20 runs) 
Improvement over (%) 

FM STABLE 

avg shun min avg s/run min avg shun min avg min avg 

648.87 340 373.50 123 169.05 
183.59 
176.59 

645.19 
165.19 
162.05 

314.49 
77.40 
68.26 

424.33 
286.89 
277.49 

313.45 
79.07 
70.28 

301.16 
286.56 
277.43 

232.60 
233.71 
193.67 

207.33 
129.13 
130.09 

95.69 
91.36 
48.14 

120.36 
115.34 
60.94 

377.12 
87.87 
85.05 

195.80 
40.77 
22.51 

312.13 
82.46 
68.73 

120.30 
72.35 
68.69 

2036.83 
2023.47 
1980.98 

71 5.06 
684.03 
647.94 

633.53 
648.32 
644.17 

826.82 
826.31 
815.98 

8.40 

11.71 

1.06 

6.80 

1.04 

6.88 

1.03 

2.02 

0.59 

1.05 

4.97 

0.01 

0.81 

3.53 

6.08 

23.00 

173.63 

234.66 

154 
118 

241 
105 
90 

176 
51 
42 

288 
169 
120 

169 
50 
42 

190 
172 
119 

131 
108 
81 

114 
71 
56 

69 
45 
44 

70 
64 
42 

187 
70 
60 

95 
18 
14 

159 
58 
49 

67 
34 
20 

1006 
938 
346 

50 1 
409 
21 1 

532 
50 1 
270 
57 1 
536 
212 

184.45 
123.00 

286.80 
151.70 
96.50 

190.35 
70.90 
42.65 

365.15 
266.85 
122.60 

187.65 
71.75 
42.95 

283.45 
249.50 
124.65 

179.35 
163.25 
98.50 

150.90 
112.20 
61.10 

82.15 
73.15 
44.95 

108.20 
92.25 
43.20 

218.05 
85.20 
69.60 

106.25 
34.95 
15.10 

185.15 
76.65 
53.10 

113.95 
77.95 
25.58 

1225.90 
1139.90 
422.90 

1049.60 
932.05 
252.45 

701 .OO 
615.65 
373.20 
755.65 
711.05 
353.40 

ovements for deviation 6 =  0.1% 

,ovements for deviation S= 1% 

34.24 

41.43 

6.46 

32.95 

7.17 

32.14 

14.64 

13.70 

13.16 

24.13 

21.41 

2.32 

6.41 

30.09 

189.82 

370.76 

1744.04 

1868.18 

124 (130) 
113 

109 
104 (1 14) 
86 

48 
48 (48) 
42 

138 
134 (134) 
119 

48 
47 (47) 
42 

135 
134 (134) 
119 

94 
94 (105) 
73 
58 
56 (56) 
55 

94 
44 (44) 
42 

53 
50 (51) 
42 

63 
60 (62) 
60 

16 
15 (15) 
14 

52 
49 (50) 
47 

26 
25 (24) 
20 

342 
262 (278) 
196 

274 
273 (284) 
193 

229 
234 (247) 
186 

262 
191 (232) 
181 

164.05 (175.80) 
140.50 

126.55 
124.80 (1 34.60) 
109.60 

51.30 
49.20 (52.30) 
42.60 

170.80 
167.60 (176.05) 
146.70 

52.35 
49.20 (52.60) 
42.64 

174.55 
166.80 (172.70) 
141.84 

105.95 
101.30 (118.70) 
85.20 
61.05 
60.70 (62.20) 
57.00 

104.35 
44.00 (44.00) 
42.56 

58.65 
55.05 (66.75) 
42.00 

71.70 
70.75 (75.30) 
65.58 

19.60 
17.65 (19.05) 
14.64 

61.25 
55.20 (59.80) 
50.56 

38.00 
35.15 (37.70) 
24.98 

401.10 
375.30 (382.95) 
309.95 

442.25 
494.20 (537.76) 
228.60 

422.65 
400.30 (453.90) 
356.80 
472.50 
437.30 (480.15) 
350.60 

78 74 
22.85 2 11 

8 20 

79 80 

10 32 

82 84 

2 38 

51 60 
18.37 17 42 

18 47 

82 83 
4.63 0 38 

0 39 

31 42 
18.30 22 42 

21 49 

22 54 
40.48 22 57 

34 56 

46 71 
16.39 14 53 

17 56 

-38 -9 
28.22 36 52 

5 12 

31 51 
46.57 19 52 

0 31 

82 81 
17.59 8 19 

0 23 

90 90 
3.27 6 57 

0 35 

82 80 
4.62 9 33 

6 26 

54 68 
18.04 7 51 

20 64 

66 80 
163.53 75 81 

81 84 

6 38 
186.58 23 28 

26 50 

23 33 
7620.64 9 38 

43 45 

29 43 
8539.61 40 47 

39 57 

34.13 -7 24 

4.27 -2 36 

50 61 

17 42 

64 55 
19 11 
4 -14 

55 56 
1 18 
4 -14 

73 73 
6 31 
0 0  

52 53 
21 37 

1 -20 

72 72 
6 31 
0 1  

29 38 
22 33 
0 -14 

28 41 
13 38 
10 14 

49 60 
21 46 

2 7  

-36 -27 
2 40 
5 5  

24 46 
22 40 

0 3  

66 67 
14 17 
0 6  

83 82 
17 49 
0 3  

67 67 
16 28 
4 5  

61 67 
26 55 

0 2  

66 67 
72 67 
43 27 

45 58 
33 47 

9 9  

57 40 
53 35 
31 4 

54 37 
64 38 
15 1 

51 53 

24 37 

ovements for deviation S= 10% 18 42 7 1 
Hughes Aircraft company (b) from the  MCNC (c) from reference [241 (d) from the  ACM/SIGDA. In the first column, the 
re the number of modules, the number of nets (in parentheses), and the number of pins (in brackets). In the MMP 
eses are the results obtained by MMP without parameter management. In the last column, the percentage improvement 
m e r  - cut of MMPJlcut of the compared bipartitioner) x 100, where cuf is either the minimal cut or the average cut. The 

runtime for each example in the case with 6 = 0.1% or 6 = 10% is similar to the one with 6 = 1%. hence it is omitted. 
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that the curves derived by STABLE are lower than 
those of FM for all circuits. However, MMP generates 
even better results. On average, FM and STABLE 
show good behaviour in the range 2% to IO%, i.e. the 
curves remain stable for cases with loosely balanced 
partition sizes. However, when the deviation is smaller 
than 2%, the curves for FM and STABLE rise rapidly 
and become very unstable. So in the case where strictly 
balanced partition sizes are required, both FM and 
STABLE have poor performance. As opposed to FM 
and STABLE, MMP is very stable under all condi- 
tions, i.e. MMP is less sensitive to the deviation. 

\ \  -E \ 

d 200 9 
5 

100 

- (iii) 
- 

0 J I I I I I I I ' I I I  I 1 1 1  

1 2  3 4 5 6 7 8 9 10 

deviation from bipartition, % 
Fig.6 
(ii FM. fiii STABLE. fiiii MMP 

Curves showing average cut versus deviation 

For further comparison, MMP was also compared 
with other state-of-the-art bipartitioners EIGl [ 141, 
MELO [12], WINDOW [ll], and PROP [4]. In Table 3, 
we compare the minimal cut of MMP (20 runs) with 

Table 3: Comparisons of MMP with other bipartitioners 

those of FM (500 runs), EIG1, MELO, WINDOW, 
and PROP (20 runs) with 6 = 0% and 6 = 10%. The 
minimal cut results of EIGl, MELO, WINDOW, and 
PROP are from [14, 12, 11, 41, respectively. Notice that 
in this Table, each module was given a unit size. From 
the Table, MMP is competitive with PROP in terms of 
the minimal cut, and MMP perfoms better than all 
other bipartitioners. 

- 

(ii) 

(iii) 

_ _ _ _ - - - - - _ _ _ - -  
- .  - -  _ _ _ _ _ _ - - - - .  

- (iii) . 
0 1 1  I I I I I I l l  I I I I I l l  I I l l  

1 2 3 4  5 6 7 0 9 1 0  
deviation from bipartition, % 

Fig.7 
(i) FM, (ii) STABLE, (iii) MMP 

~ 19kstw, ........' industry2 
The values of the whole curve of FM are above 1980 for circuit industry2 

Curves showing average cut versus deviation 

6 Conclusions 

A new bipartitioner MMP has been developed. The 
module migration scheme adopted in MMP, being able 
to relax the size constraints temporarily and control the 
module migration direction, was shown to be very effi- 
cient. Also, to reduce the sensitivity of key parameters, 
a set of automatically adjusted probabilistic functions 
was incorporated in MMP. Experimental results 
obtained indicate that MMP improves the unstable 

PROP MMP Improvement over (%) 

min min 

FM 
Example (500 runs) min MELO min min (20runs) (20runs) FM ElGl MELO WINDOW PROP 

(%) min 
min min min min min 

19ks 0 138 136 120 117 15 14 3 
10 126 179 119 105 104 17 42 13 1 

primGAl 0 56 60 59 
10 47 75 64 47 

primGA2 0 207 258 154 
10 182 254 169 143 

test02 0 119 105 91 
10 113 196 106 90 

test03 0 76 67 58 
10 66 85 60 59 

test04 0 87 61 58 
10 77 207 61 52 

test05 0 105 101 82 
10 102 167 102 79 

test06 0 71 70 81 
10 62 295 90 76 

industry2 0 476 392 254 
10 309 525 319 220 

Average for percentage improvements for deviation 6 =  0% 

51 
45 

154 
134 

99 
90 

58 
53 
53 
49 

91 
78 

64 
60 

246 
206 

9 15 
4 40 30 

26 40 
26 47 21 

17 6 
20 54 15 

24 13 
20 38 12 
39 13 
36 76 20 

13 10 
24 53 24 

10 9 
3 80 33 

48 37 
33 61 35 

22 17 

14 
4 

0 
6 

-9 
0 

0 
10 
9 
6 

-1 1 
1 

21 
21 

3 
6 

3 
Averaae for percentaae improvements for deviation 6= 10% 20 55 23 6 

~ 
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property of conventional module migration based 
bipartitioners such as F‘M [5 ] ,  i.e. when considering the 
effect of different deviations from the exact bipartition, 
MMP is less sensitive ito the deviation. On the other 
hand, MMP also outperforms FM and many recent 
state-of-the-art clustering-based bipartitioners. Most 
significantly, MMP is competitive with PROP [4] which 
claimed that it can geherate better results than many 
other clustering-based lbipartitioners. 

In ongoing research, MMP will be extended to han- 
dle system partitionin); for multichip modules where 
more performance considerations, such as I/O pin 
count, thermal, and timing constraints, must be dealt 
with. 
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