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Abstract - k

This paper presents an.efficte
balanced pa; '
gorlthm is 5f

( as commonly encounrered inthe Kenghan -Lin algorzthm )
for balanced partitioning. .~ This feature permzts to move

a group of cells ( referred to as
.egy) for parz‘ztzonmga circuit; white
- to szze constraznt

time complexzty of the propose
O(P: % klog,(k)), where k is the-

P is the number of pins. - Simulation results are presented -
and a remarkable improvement is achieved compared with

exzstzng algonthms ‘such as the k- DualPart algorithm.

1 Introductionr '

- The multi-way network paititioning problem consists of :
dividing a VLSI circuit (specified by a set of cells and their - -
connections in-anetlist), into: & disjoint subsets (blocks or’

modules) under some constraints. Note that usually & is

- ‘specified a-priori. Partitioning must be performed such that
““a-given objective function is optimized. The constraints

-are usually the size or number of I/O pins on each subset;
For k=2 (i.e. the two- -way case); the Ob_]eCthG is-usually to
minimize the number of nets (called a cut) which have cells

-in the two subsets. Theoretically, the min-cut partitioning - -
: problem with a size constraint belongs to the class -of NP- -

complete problems [1].

" Kernighan and Lin [3]rhave proposed ‘the group mlgra-' -

tlon algorithm (KL) for the two- -way graph pamtlomng
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'probienl which through years of use. has'been proved to
—be very efficient. The complexity of the KL -algorithm is
‘n?x Iogz(n) Where nisthe number of vertlces Schweikert

K t model which
extended the KL method, and have made i possible to han-
dle-nets- connectmg more than two ¢ells [8,9]. " Fiduccia -

rithin, , many algorithms have been proposed
level gain algorithm by Kifshnamurthy [5T

7 and the probablhstlc analysrs algorrthmb Sechen [7]: Both-

1al 1nteract1ons~
bette equence canbe €s-

cells, Eéuf"cn tha

tabhshed for. the move operations -of free cells with equal

partitioning algorlthms 1nclude the
itioning method by Kernighan and Lin [4],
the multi-level gainal gorlthm [6], the prlmal dual al gorithm: -

"~<:

“[10]and the dual netlistrepresentation algonthm [12}. Both - ..
. ,algorlthms in[10; 12] relax the singlecell-move- restrlctlon e

and allow the move.of a group of cells; remarkable i improve-

" ‘ments over the level-gain multi-way partitioning algorlthm

of [6] wete achieved: Although different methods have been

* investigated and proposed for solving the partitioning prob-

lem, - group-migration still rémains: the dominant heuristic

““criterion, because of its efficiency and ease of implementa-
‘tion. Aspartitioning technigues have been extenswely used
* for hierarchical VLSI design [8] then tlme complexrty is of .

. prlmary 1mportance

<A further problem which is addressed 1n th1s paper is
a procedure for obtainiing balanced partmons An optimal

* balanced k-way partitioning solution fora given netlistmust.
Vsansfy the following conditions [12] 1:Each module ise

assigned to exactly one partition. 2. The constramt (such

- as total arca of the modules in-each partition) is within the
* user specified bounds. 3. The number of nets being cut is-
minimized.

Itis'well documented that the quahtatlve ﬁgures of merit
of most partitioning al gorlthms are very sensitive tosize con-
straints; hence, some algorithms relax the size constraintsto

_and Mattheyese [2] (EM) have further improved the KL al- =~
~ _gorithm by introducing an elegant bucket sorting technique
witha dependency on P, where P isthe number of pins. Af-



obtain better results. The net-based algorithm [10,11,12] is
an example of a method which assigns nets (instead of cells)
into subsets. Such method improves over previous results,
but it still seems to be very sensitive to size constraints.
So, Yeh [10] has relaxed the size constraints to allow 50%
deviation from the balanced partitions.

In this paper, we propose an algorithm that introduces
a novel (discrete) expression to evaluate the potential gain
between different move operations of free cells. To ob-
tain more balanced partitions, we introduce a new multi-
cell-move (MCM) algorithm which not only improves the
quality of partitioning, but it also reduces its sensitivity to
size constraints. The proposed algorithm also obtains more
balanced partitions. Simulation results are provided.

2. Problem Definition

A netlist is commonly used in VLSI CAD to represent a
circuit [12]; a netlist can be considered as a hypergraph with
the vertices corresponding to the cells (or modules, gates,
components or registers) and the edge corresponding to the
signal nets. Let H(V,E) denote a hypergraph with vertex
set V={v1,v2,...,tm, } and net set E={e},e3,....€ }. Each net
e; is also a subset of V with |e;|>2.

The k-way partitioning problem consists of assigning a
v; into k non-empty subsets V},V5,..,V;. Let’s define the
span of anet ¢; (and denoted as span(e;)) as the number of
subsets which net e; connects. Note thatif span(e;)>2, then
e; becomes a cut. Therefore, the two objectives along with
the size constraint for the subsets, can be mathematically
described as follows:

min—cut : minle;|span(e;) > 2| (01)
min—span : min Z span(e;) (02)
ejEE'
subject to the commonly used area constraint of
1 1
EW—-T‘S Area(V})S;c-W+'r (03)

fori=1,2, ... , k.

(01) corresponds to the min-cut objective, while (02)
is the objective to minimize the sum of spans of all nets.
Area(V;) is the size of subset V;, W is the total area of the
cells (given by W:Z;Z]Area(V,-)), T 1s the measure of the
offset from its balanced size (referred to as deviation factor
in this paper). As in [5,6], the incident number of a net e
with respect to a set of cells (given by A and denoted by
« a(e)) is defined as the number of cells in A that are on net
e, i.e.

as(e) =|c|c € AandC € e| = |[ANe] (04)
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Figure 1. The Two Steps in The Calculation of
Gain

where ¢ denotes a cell. The binding force of a net e with
respect to the set A (denoted as (34 (€)) is defined as

Ba(e)= if

and

aar(€) as,(e)=0  (05a)

ﬂA (e) =0 ifaAL (e) >0 (05b)

where Ap (ArL) denotes the subset that contains all free

cells of A (all locked cells of A). The binding force can

be intuitively viewed as a indicator of how tightly a net is
bound to a set.

3 The New Multiple-Way Partitioning Algo-
rithm

To derive a new gain cost function, consider initially
the min-span objective function. The proposed approach is
based on dividing the move operation of cell ¢ from A to B
into two steps.

1. Cell ¢ is selected from A and put into A (i.e. the
complement of A, A =V - A). This is shown in Figure
(1a); the corresponding net cut gain (denoted as G4 get(C))
is expressed as:

G*ger(c) = l{e € EclBa(e) = 1 and fg(e) > 0}

~|{e € E;|Ba(e) > 0 and Bz(e) = 0} (06)
where F. denotes the set of nets that cell ¢ connects, i.e E.=
{ejcee}

2. Cell ¢ is moved from the complement of B (B) to B.
This is shown in Figure (1b). GB,..(c) denotes the gain of
this step which is given by

GPrec(c) = [{e € Ec|Bs(e) = 1 and Bg(e) > 0}

—l{e € E|Bp(e) > 0 and Bp(e) =0}  (07)
Then, the total gain of the move operation of ¢ from A to
B is given by

Gmin—apan ( C) = GA_qet ( C) + GBrec ( c ) (08)



Note that two steps are not expl1c1tly considered in the-

move operation described above; these are the steps from A
toa temporary set (denoted by T) and from T"to-B, where
T V (A U B): As these two'steps do net contribute
to the cell’s gain, then they are not considered in the gain
expression.

As it can be proved that the total decrease of spans of
* all nets in E, is equal to the negative value of Gmsn~ ~span;
ie. Y, cp Aspan(e)=-Gmin—span; then the terms that only
contribute to the change of spans in (06) and (07), can be
eliminated.:. The ¢cost:expression-for: the:min-cut; objecttve
function is therefore identical to-[6], i.e. :

Gmin—cut(c) = |{3 GEclﬁB(e) =1 and ,33(6) > O}I ’
~Hee E IﬁA(e) >0 fmd Pale) = O}I - (09)

(08) and (09) can be v1ewed as the cost functlons of
‘a traditional FM algorithm for the multi-way partitioning
case; however, these expressions still do not account for
the potential gain as mentioned prev1ous1y Sechen [7] has
obtained a good evaluation of potential gains from a row-
‘based: VL.SI layout model using a probabilistic: analysis.
Tn fact, the expressions of [7] can be viewed as aspecific
‘penalty function which provides an excellent:criterion for
establishing a sequence of moving operations for the free
cells. Using this consideration, a novel penalty expression
~which has: the same:-‘function of the: p"robabﬂ‘isﬁe inalysis
method [7] is proposed. Its novelty is the applicability

to multlple-way partltlomng The “main pr1nc1ple of the

cuts can be ehmmated as much as posstble ‘and balanced
partitions can be ‘found.
Let Gp(e) denote the potential gam of net e 1mposed
’on its-incident cells The potent1a1 gain also con51sts of two
: parts wh1ch correspond to the two steps m a mOVe operatlon,
\1 e. Gple)= G4 P_qet(e)"'G Prcc(e) where 7,

. §10a)

P isthe penalty factor, and maz-de gree isthe {specified)

‘upper bound in the number of cells which a-net connects.
~ Whenacell is moved from A to 4; GApgetle) canbeviewed
-astheresistance (orpenalty) imposed by tiet e-onitsincident

free-cells. The force of the resistance mainly depends on

Gpger = 0if fafe) = le|
Ghpg= —Pif fale) = (108)
Ot ==X WO if iy (e) < el (109
Camd e
GPrres(e) = 0if B = (&) = lel (1Ta)
GPpicle) = Piffa(e) =00 ()
ap(e)

":(ilepr_e‘c"T;PXW( ) el zf,BB( ) ]el (llc)

~and W{e)=

k . maa:-degree
‘otherwise. - - ,

if |e|<ma:c_cell “and W(e)— :
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‘the ratio of ax to |e]-asin (10¢). .

‘Move.

r(whose data structi
set of a moved cell before its move operation i§ referred to

the status of net e in:A.. When all-cells onnet-g-ate in-A,i.e

Ba(e)= |e|, then no resistance exists, because net e is not a
-cut-(only a-cut has such-an effect on its 1nc1dent cells). If
_there:are cells on'net:e locked:in A, i.e. Bule)= ;then the
_greatest resistance is-imposed by net e-on-its incident. free

cells; because net e is-still a cut, unless all cells-on-it are
moved into A. Hence, the resistance will be dependent to

As -it-is-more -difficult to move: all the: cells on a long
net into one set than for a short net, hence the resistance
must also reflect the size of a net. This is specified by Wie)
(maz._degree of W (e) has generally a value of 8-9 for most
standard CMOS circuits). - The penalty factor P is given

‘by ‘the average number- of pins for the cells,” such that it
‘Tnay influence the cell ‘move as the ‘net cut gain.. “Based on
~similar considerations; GE p,«ec(e) ‘serves fasthe &
force which draws ‘the cells on net e into B (when moved
“from B) “Then; the total gain for the whole move operat1on
‘can beexpressed as - ‘ S :

ractzve

G( )—’ min— cut/span( )+ E G Pget( )
eeA
ttzGeM”

eEB

YA smgle cell'move strategy: assumes that aft
of a cell, the obtained partitions can possibly be he final
result. So, the size constraints must be satisfied after each
HOWever, this Timitation of the ‘single-cell move
operation makes the algorithm to be very sensible to size

* constraints, especially when they are strict’ [ll] Also, this

limitation severely confines the available solution space of
the algorithm, This problem can:be solved if such limitation

-is relaxed to allow several cells to be moved at the same
time. During the move. operation, a temporary violation of
the size constraints can be allowed. However; after such a

move, the size constraints are satisfied and fully restored.
For ease of 1mplementat10n we still move cells individ-

;ually ‘éach time.” A move 0perat1on mvolves exchanges of

groups of cells and is referred to s a macro — step. The

"\galn of the macto-step is equal ‘to the sum of the gaxns of
“the cells mvolved ‘In each subset, cells are sorte Faccording

to their gain value using a novel bucket sortmg ‘technique
1s*presented in the next sectlon) "The

as the™"From" st and after-its move as the “To" set. The
proposed algorithm begins with an initial partition and can
be expressed- as follows. v



Algorithm 1:

Step 1: Input the set of free cells, F' = {v,..,um }.

Store in subset[¢] (¢=1,..,k) the maximum gain value

and current size of subset V;.

Step 2:

while( |F'|#0) do {

Begin a new macro-step

/* Select a Ccell (candidate cell) by ignoring the size

constraints in its From and To sets */

(1) Sort subset[:] in decreasing order according to the

gain value and select Ccell according to the highest gain

from Vg, om, where F'rom is the smallest index

in 1,...k with |Vpr0m_f,-ee l;éO

VFrom-sree denotes the set of free cells in Vpyom.

/* to balance the To set of Ccell if the move of Ccell

causes an unbalance in the To set*/

(2) Put Ccell into its To set

if Size(Vr, + {Ccell} ) > ()W + 1)

then try to move the cells with the highest gain out of the

To set until there is no violation of size constraints

in the To set end

/* to balance the From set of Ccell if the move

of Ccell causes an unbalance in the From set */

3)if ()W -1 > Size(Vrrom - {Ccell} )

then Sort subset{?] in decreasing order by its size and

select a new Ccell from V;, where ¢ is the smallest index

in 1,....k, so that the To set of the new Ccell is the From
set of the old Ccell.

Recursively repeat substeps (1), (2), (3) until

there is no violation of the size constraints

in the From set of the old Ccell.

end

/* stop a macro-step */

(4) Lock Ccell; record the current cut size

and add Ccell to the current Macro-step }

In every macro-step, the first selected cell is always
free from the size constraints, but following selections of
cell(s) are determined by both size-balancing and objective-
optimizing considerations (provided there exist violations
of size constraints). As a temporary violation of size con-
straints is allowed during a macro-step, then the proposed
approach (referred to as the MCM Balanced Partitioning,
or MCMBP) can explore a larger solution space with the
specified size constraints. Convergence of the MCMBP is
as same as that of the FM algorithm because a cell can be
moved only once per pass and the algorithm can always
reach the condition of no free cells, hence it stops.

4 Data Structure and Time Complexity

As data structure, the bucket data structure used in [2] is
adopted. However, this data structure is modified to account
for an expansion due to the multi-way partitioning strategy.
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Figure 2. The Gain Array Structure

In the proposed algorithm, each subset maintains a sorted
bucket. Since each free cell has k-1 move directions, so k-1
gains must be stored for a cell. In this paper, a gain array
with k elements is employed to represent the gain of a cell.
Each gain is stored in one element of the array (indicated by
its subscript). The subscript is also the index number of the
To set of a cell, except the one whose subscript is identical to
the index of the cell current set (this is used as a pointer for
the highest gain in the array). Figure (2) illustrates the gain
array structure with & =7. An important advantage of this
gain array structure is that when a free cell is selected for
the move operation, then its move direction is determined at
the same time.

To calculate the time complexity, assume that the maxi-
mum number of pins on a net and the maximum number of
nets which a cell connects are bounded by a constant which
is also significantly less than P. In the proposed algorithm,
when a cell is moved, all gains of its adjacent cells will need
to be adjusted. Let V denote the number of nets and n(z)
denote the number of cells on net ¢; (i=1 ,..., N), then the
total number of adjustments for net ¢ during a pass is

=0( (n(i)?) (13)
Hence, the total number of adjustments is given by
N
T = 0() (n(i)?) (14)
i=1
Let 74, = max{n(1),..,n(N)}, then
N N
Z (n(l))2 < anazz = ‘Nnmaac2 (15)
i=1 i=1
N
P=)Y n(i) = Nxa(i) (16)
i=1
where N )
@ ( i ) Ei:l]:;‘ ( ¢ )



~Hence, .

and

0(()) 0<nm> o

: T ‘ O ( P'I’Lmax) : . (18) :

:Note that as nmaw s 2 constant (as accordlng to aprevious

\ assurnptlon) then Tis dependent on P; however within-a

cell.gain adjustment; k 1 gains must be recalculated Hence, '
~this. process is k). Usmg the MCMBP algorrthm eachw

Tnacro-step always begms by sortingh

case, every macro-step- cotresponds: to JUS'E one cell move -

L,—package usmg a Sun Sparc 20 workst CNC
;.benchmark c1rcu1ts with dlfferent s1zes have been evaluated

For. comparrso 1 pur ose with: [12] the sam condmons are

sused for both-al

) :—:Asﬁsortmg has-a trme complex1ty of O(klog ), then T :: B

cept for the: reported cases:Fhe-

“deviation factor 7 allew 10%-offset-from the balanced par-, '

- titionsfor:a fair comparison with:the: two o

N However asreportedin{12};:the size. censtra.mtscan not be f, :

<< strictly satisfied in some benchmarks; because {

wlargest cell is ever more-than the~allowed~pamt1on are as. -
fhervalue of . .

In these cases, MCMBP: automatrcal

710 a value to allow 10% more that the area of the largest'

cell. The résults” obtained:in these ‘case s are: marked by an
asterisk. These cases-include Test02 Test04 and Test05 for

k=3 and k = 4. Se the values of .7 allow 45%, 30% and k

23% deviations in Table (2) (45% 73% and 65% dev1at10n
in Table (3)): for these circuits.” s

‘Fromthe results of Tables: (2) and (3) it can be observed
sachieved by MCMBP-over -
both the KFM [6] and K—DualPART/DF [12}for all the cases™

“that a significantimprovemen

“where the value of 7 is strictly allowed a 10% deviation from

the balanced partltrons The percentage 1mprovement ranges. -
 from 59.9% t0.29.6% for the 3-way and 4-way partitioning

. “cases. This is a:good 1ndlca7 on of the effectivéne: of the. -
o proposed potentlal gam function and the MCM method -~

6 Conclusions : :
Tlns paper has proposed a p/olynornialtirne’*complexity
‘algorrthm for multicway balanced VLSI network partitions

1ng The new algor1thm extends the net cut model by taklng '
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Table 1.

Circuit || Numb. of Cells | Numb. of Nets | Numb. of Pins | Ave. net degree
Test02 1720 1663 6722 291
Test03 1618 1607 6527 2.79
Test04 1658 1515 6506 297
Test05 2750 2595 10814 3.10
Test06 1614 1752 7045 3.44
PrimGA1 902 833 3272 3.20
PrimGA2 3029 3014 12007 3.15
Table 2.
Best net cut MCMBP MCMBP
Benchmark impro over elapsed time
K-FM | K-DualPART/DF | MCMBP || K-FM | K-DualPART/DF seconds
Test02 114 81 91* - - 79
Test03 271 201 122 55.0 393 6.8
Test04 588 329 113* - - 2.7
Test05 1069 517 162* - - 15.6
Test06 281 252 101 64.1 59.9 7.6
PrimGA1 197 159 82 584 484 3.8
PrimGA2 704 578 417 422 38.6 22.8
Table 3.
Best net cut MCMBP MCMBP
Benchmark impro over elapsed time
K-FM | K-DualPART/DF | MCMBP || K-FM | K-DualPART/DF seconds
Test02 724 318 135% - - 13.1
Test03 368 298 189 51.0 34.6 10.2
Test04 843 514 121* - - 144
Test05 1233 863 131%* - - 249
Test06 332 285 104 68.7 54.0 10.7
PrimGA1 203 187 132 35.0 294 6.1
PrimGA2 875 717 379 56.7 47.1 31.6
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