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Abstract— I n this paper, we propose a new and thefirst MCM
system partitioning method considering chip-to-chip delays, chip
areas and 1/O pins constraints. The proposed method consists of
two steps, a clustering step considering the three constraints and
an iterative improvement step with mathematical programming.
In thefirst step, we apply two clustering algorithms considering
the three constraints and reduce the size of the large MCM sys-
tem partitioning problem so as to get a solution within a prac-
tical computation time. Next, it generates an initial partitioning
with 0-1 integer linear programming(ILP) so as to minimize the
total wire length. Since there may exist constraint violations in
theinitial solution, in the second step, we for mulate the partition-
ing problem as a LP problem selecting a maximal independent
set and improve it until the total number of cutsisnot decreased
and the three constraints are satisfied. We also showed that the
number of the timing constraints can be reduced by deleting re-
dundant timing constraints. Experimental resultsshowed that the
proposed method isableto produce partitions satisfying thethree
constraintsand improvesthe number of cutsby a27 % on an av-
erage and a 30 % in maximum over the conventional method[15]
considering only two constrains.

I INTRODUCTION

Recently, as VLSI fabrication technology has been advanc-
ing rapidly, the development of an electronic system with high
performance and smallsized is strongly needed. A printed cir-
cuit board (PCB) has been used as a packaging technology
for conventional electronic systems. In this technology, every
packaged chip is mounted on a PCB and wires are intercon-
nected between packaged chips. Accordingly, the wire density
on and the area of a PCB have become a bottleneck for imple-
menting a high performance system and some better packaging
technologies have been desired. Therefore, Multi-Chip Mod-
ule (MCM) technology has been attracted as a new packaging
approach[2, 4]. Thistechnology isableto increase the packag-
ing density and to eliminate the single chip package by mount-
ing and interconnecting the bare chips directly onto a higher
density substrate. Consequently, MCM is smaller in the size
and in the shorter total wire length than PCB.

For physical design of MCMs, we need to consider delays
between chips for the performance constraint, and chip areas,
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the number of chip I/O pins, the thermal, and the consuming
power for the physical constraints. But conventional partition-
ing and clustering methods [1, 3, 5, 6, 12, 16, 17, 19] consid-
ered only the chip area constraint. Therefore it is not adequate
to apply these methods for 1Cs to MCM directly. Recently,
severa partitioning methods considering such constraints have
been proposed[10, 11, 13, 14, 15, 18]. In Ref. [15], Shih and
Kuh proposed a partitioning method under the chip 1/0O pin and
the chip area constraints. But they do not consider the timing
constraint. In Ref.[18], Woo and Kim also considered only the
chip areaand the chip 1/0 pins constraints for FPGAs. In Ref.
[10, 11, 13, 14], the chip areas and the timing constraints were
considered but the chip 1/O pin constraint was not considered.
There are no methods considering the delay, the chip area, and
the chip 1/0 pins constraints up to the present.

In this paper, we present a new and the first MCM sys-
tem partitioning method under the three constraints mentioned
above. The proposed method consists of two steps, a cluster-
ing step considering the three constraints and an iterative im-
provement step with mathematical programming. In the first
step, we use two clustering algorithms under the constraints
to reduce the size of the problem as much as possible so that
the proposed method can handle alarge size MCM partitioning
problem within apractical computation time. Next, we select a
maximal independent set to represent the number of cutswith a
linear expression exactly, and formulate the partitioning prob-
lem to a 0-1 ILP problem to the selected set. And then, we
convert the 0-1 ILP problem as a L P problem under three con-
straints and solve the problem. Thisiterativeimprovement step
is repeated while the number of cutsisimproved and the three
constraints mentioned above are satisfied. We also showed that
the number of the timing constraints can be reduced by deleting
redundant timing constraints and representing the constraints,
whose source node is assigned to the same chip, with one con-
straint. Experimental results showed that the proposed method
improves the number of cuts by a27 % on an average and a 30
% in maximum over the conventional method[15] considering
only two constraints. From experimental results for large size
data, we can also obtain a solution within a practical compu-
tation time applying a clustering method considering the three
constraints.



The reminder of this paper is organized as follows. Some
assumptions of our system partitioning problem, the intercon-
nection delay model, and the timing constraints will be given
in Section 1. Then we will propose anew MCM system par-
titioning algorithm in Section I11. In Section |1V, experimental
results for the proposed method will be given. Finally, we will
conclude this paper in Section V.

II  SYSTEM PARTITIONING FOR MCM

A. Préiminaries

Figure 1(a) shows a diagram of an MCM substrate. We as-
sumethat an MCM consists of achip layer, on which bare chips
without the individual packages are mounted, multiple routing
layers providing al of the chip-to-chip interconnections, and a
power/grand layer.

routing layers :
L]

power / grand
layers

I'i : register node
Cj : combinational logic node

(b) System graph.

(8) MCM model.

Fig. 1. MCM model.

Inthispaper, for simplicity, we assumethat asystem consists
of registers and blocks of combinational logic, and all clock
generation and distribution circuits are ignored. When a sys-
temisgiven asinputs, the system can be represented asagraph
G=(,E)=(RUC,FE),where V ={vy,vp,---,vr} isaset
of register nodes R and combinational nodes C, and F is a
set of directed edges, which correspond to signa flows in the
system. The graph is called system graph[10]. Each edge is
associated with aweight w,,,, which represents the number of
wiring between two nodes v, v, € V. Figure 1(b) shows an
example of a systemgraph. The rectangular and circular nodes
correspond to registers and blocks of combinational logic, re-
spectively. The directed edges represent the signal flows. The
values attached to directed edges are the number of wiring be-
tween two nodes.

Let S = {s1,s2, -, s;} betheset of chips (dots), where J
isthe number of chips. Wedefine M = (G, S) asan MCM sys-
tem. The positions of bare chips on the MCM are fixed. The
center coordinate of a chip s; € S is denoted by (px;, py;).
For eachchips; € S, chiparess 4; (1 < j < J) and the num-
ber of 1/O pins of chips [0; (1 < j < J) are given as inputs.
For simplicity of the presentation, we assume that all bare chip
areas are the same size, that is, Ay = A, =---= Ay, and al
multi-terminal nets are converted into two-terminal nets under
aweighted clique modéd like Ref.[15] in advance. For the case
that areas of bare chips are different, we can easily extend the
proposed method.

B. An Interconnection Delay Model

In general, an interconnection is modeled as a distributed
RC circuit[9]. Internal delays of registers and combinational
blocks are less than interconnection delays between chips.
Therefore, we suppose that internal delays of registers and
combinational blocks are equal to zero. To calculate the
interconnection delays between chips, we estimate the wire
length of a net by the half perimeter of bounding box of the
pins of nets. For simplicity, we assume that the interconnec-
tion delay is proportiona to the wire length. Then the delay
Dy, (1< p,q < J)fromasource node assigned to the chip s,
to aload node assigned to the chip s, of anet isrepresented by
the following equation.

qu = Dunit_length X lengtha (1)

where, Dynit_iengen 1S the per unit length wiring delay which
depends on the material (dielectric constant ¢,.). length isthe
half perimeter of bounding box of the pins of the net, that is,

length = |px, — pag| + |pyp — PYql-

C. Timing Constraint

In this paper, we consider the long path problem. As there
are many paths from a primary input(Pl) or an output of flip-
flops(FFs) to a primary output(PO) or inputs of FFs, they can
be specified by pairs of pins, source ones and sink ones. Thus
we specify atiming constraint as¢,; = (s-, e;, Dajow, ), Where
s; isasource pin (or node), e, is asink pin (or node), and
Dajiow, i1Sthe maximum allowable delay from the source to the
sink. If delays of all paths from a Pl or an output of FF to a
PO or an input of FF arelessthan Do, , it Satisfiesthetiming
constraint of the circuit.

For example, Fig. 2(b) showsthe constraint graph of atim-
ing constraint r , denoted G, = (V;, E;),V, CV,E, C E, of
the circuit shown in Fig. 2(a). In this graph, nodes correspond
to blocks of a subcircuit corresponding to a timing constraint
7 and directed edges correspond to signal flows in the system.
If acircuit and its timing constraint are given, the delay of any
path from s, to e, in this case three paths, must be less than
Daiiow, - We haveto get the layout satisfying all elements of the
set of timing constraints 7.

We apply the zero dack algorithm [7] to distribute Dyjow, t0
the maximum allowabledelaysd;,, (1 <, m < I) between of
the edge of two nodes v;, v,, € V. Nodes have to be assigned
to chips so asto satisfy the maximum allowabl e delays between
nodes. We can get the maximum allowable delays between
nodes as shown in Figure 2 when we assume that Dgjjon, = 29
and apply the zero dlack algorithm [7]. In Figure 2(b), the max-
imum allowable delay between nodes vz and v7, i.e., ds7, is14,
and it is the largest slack. The maximum allowable delays be-
tween nodes, d15, dy3, dss, dsg, and dg7, are 2 and they are the
smallest dack.

D. TheMCM System Partitioning Problem

In the MCM design, we should consider delays between
nodes for performance and chip areas and the number of 1/0O
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Fig. 2. A timing constraint.

pins of chipsfor physical constraint. The number of cutsisthe
number of the nets which are connected among different chips.
We definethat oe;; isthe number of netsthat go out from achip
s; when anode v; is assigned to a chip s;. Then we can rep-
resent the number of cutswith S ijl oe;; whereanode
must be assigned to only one chip necessarily. Now, we for-
mulate the MCM partitioning problem considering above three
constraints as follows.

[ The MCM System Partitioning Problem ]

Input: an MCM system M = (G, S)

Output: achipassignment F':V — S soastominimizethe
objective function

Objective function: the number of cuts 1 37, "7, oey;

Constraints: (1) timing constraints 7, (2) chips areas con-
Straints 3 vy, p,)=s, @ < A, and (3) chip 1/0 pins con-
SIraintstv“F(vl):sj 0€45 < IO]' O

Figure 3 shows an example of the MCM partitioning prob-
lem, where the area of nodes @, and a4 are 2, and the areas of
the other nodes are 1. The chip area constraint A; is 3 and the
I/O pin constraint /0); is 4. The total of node areas assigned
to each chips s; and s3 are 2, and that of chips s, and s4 are
3, respectively. The total number of 1/0 pins of chips s; and
s4is 3, and that of chips s, and s3 are 4 and 2, respectively.
The number of cutsis 5. We suppose that the maximum al-
lowable delays between nodes are all 1 x D,,;,, in Figure 3,
where Dy, = min Dy, (1 < p,q < J)istheminimum inter-
connection delay between chips. In this example, theintercon-
nection delay between chips s; and s4, and chips s, and s3 is
2 X Dpn, respectively. The interconnection delays between
the other chipsareal 1 x D,r,.

IIT A NEwW PARTITIONING METHOD UNDER
PERFORMANCE AND PHYSICAL CONSTRAINTS

A. Outlineof the Method

The proposed method consists of four phases. In phases 1
and 2, we apply two clustering algorithms considering con-

(%) % parttoning
“S3 By

MCM

A;=3 10j=4 dj=1Dy,

System graph
ap=a,=2 a;=1(irl,4)

Fig. 3. System partitioning considering three constraints.

straints mentioned in the previous section and reduce the num-
ber of nodes so as to get a solution within a practical compu-
tation time. Next, it generates an initial partitioning based on
0-linteger linear programming(lLP) so asto minimizethetotal
wirelength in phase 3. Since there may exist constraint viola-
tionsin phase 3, in phase 4, we improve the partition with 0-1
ILP until the timing, the chip area, and the 1/O pin constraints
are sdtisfied. |f we solve the 0-1 integer linear programming
problem directly, it is difficult to obtain asolution in apractical
computation time. So, we convert the 0-1 ILP problem into a
linear programming(LP) problem and solveit. We move nodes
to minimize the total number of cuts under the timing, the 1/0
pin, and the chip area constraints. The improvement process
is repeated while the total number of cutsis decreased and the
three constraints are satisfied. Wewill explain the details of the
proposed method in the following subsections.

B. Phasel: Initial Clustering under Timing Constraint

In order to reduce the computation time, the clustering has
been known as an effective method to reduce the number of
nodes[3, 6, 19]. But it is difficult to apply conventional clus-
tering algorithmsfor | Csto the MCM system partitioning prob-
lem, since we must consider interconnection delays between
nodes for the performance constraint, and the chip areaand the
number of chip 1/0 pins for the physical constraints.

We propose a clustering algorithm considering such three
congtraints.  Firstly, we cluster all pairs of the nodes that
cause atiming constraint violation if a pair of nodes are as-
signed to different chips. In other words, a pair of nodes
v, vm € V' generate timing violation only if the maximum al-
lowable delay d;,,, between nodes v; and v,,, is less than the
minimum interconnection delay between chips, i.e., di, <
Dpin(= mini<iz<sDi;). So, we cluster such al pairs of
nodes. Thisclustering processisrepeated until all pairsof clus-
ter nodes have the maximum alowable delay d;,,, > Din
[10]. After phase 1, al pairs of nodes, which are connected
each other, haved;,, > D,,;,. However, if theareaof acluster
nodeis larger than the chip area constraint, thereisno feasible
solution and terminate with reporting an error. The algorithm
of phase 1 is shown below.

[ Phasel: Initial Clustering under Timing Constraint ]
Step 1.1 Find a pair of nodes v;, v,, € V with djp, < Dinin;

If thereis no such apair of nodes, then go to Step 1.4;
Step 1.2 Cluster nodes v; and v,,, t0 vy;



Step 1.3 If dl pairsof cluster nodes have the maximum allow-
abledelay di,, > Doin, then terminate;

Step 1.4 If thereisapair of nodes with dy,,, < Dy, @nd ag +
am > minici<yA; then report that there is no feasible
solution and terminate, else go to Step 1.1;

Since the algorithm checks all pairs of nodes, the computa
tiontimeis O(|V |?), where | V| is the number of nodes.

C. Phase?2: Clustering under the Three Constraints

We propose a new clustering method considering the tim-
ing, the area, and the chip 1/O pins constraints, and reduce
the number of nodes so as to solve the large MCM partition-
ing problem within a practical computation time. The delay
is said to be critical if dj;;, — Diin < preset_value. Inthe
proposed method, we cluster a pair of nodes v;, v, € V, for
which the maximum allowable delay d;,,, iscritical, theareais
a; + a, > minici< g Ay, and the connectivity wi,,, islarge.

In general, it is practically difficult to satisfy the chip I/O
pin constraints before determining a chip assignment of nodes.
Thereforewe cluster nodes considering the connectivity wi,,, of
nodes in order to satisfy the /O pin constraint. Given apair of
nodes v;, v, € V, we define the cost function C' F'1(I, m) as,

Aaverage

o X Wy, + 0% .

1

CFi(,m) =
R ey s

where, o, 8 are constants, and wy,, and Aaerage @€ the con-
nectivity between nodes v;, v,,, and the average of chip areas,
respectively. Larger the value of the first term becomes, higher
the possibility of clustering the pair of the nodes becomes.
Since the second term represents the ratio of the average of
chip areas A ayerage 10 the sum of areas a; and a,,, of nodes v;
and v,,,, larger the value of the second term becomes, higher
the possibility of clustering the pair of nodes becomes. In the
third term, (di,, — Dmin) representsthe degree of criticality of
the delay between nodes v; and v,,,. As the value of the third
term becomes smaller, the possibility of clustering the pair of
the nodes becomes higher.

When we compute the cost function C' F'1(I, m), we are able
to get the degrees of the clustering priority between nodes v;
and v,,, under the three constraints. Therefore we cluster a pair
of nodeswv; and v,,, whose value of the cost function C' F'1(1, m)
ismaximum. Thisprocessisrepeated whilethe number of clus-
ter nodesis larger than a pre-defined number. The agorithm of
phase 2 is shown as follows.

[Phase2: Clustering under the Three Constraints]

Step 2.1: Compute the cost C'F'1(/, m) of al pairs of nodes
Vi, Um € V,

Step 2.2: Clustering a pair of nodes v; and v,,, whose cost
C' F1(l, m) ismaximum and satisfiesthe three constraints;

Step 2.3: If the number of cluster nodesis smaller than a pre-
defined number, then terminate; else go to Step 2.1;

Sincethe algorithm computes costs of all pairs of nodes, the
computation time is O(|V|?), where n is the number of nodes.

In phases 1 and 2, the clustered nodes v;, v, € V must be as-
signed to the same chip. Therefore the interconnection delay
between the nodes v; and v,,, ismuch lessthan the interconnec-
tion delay between nodes assigned to different chips. We can
update the maximum allowable delay d;,,, between the clus-
tered nodes v; and v,,, SO asto redistribute the maximum allow-
able delay to the path to which the timing constraint is given.
Even if we update the maximum allowable delay between the
nodes on the path, the maximum allowable delay between flip
flops Dajiow, is still satisfied. In the following, we define the
set of cluster nodes in phases 1 and 2 asv; € C'V and cal a
cluster node a node for short.

D. Phase3: Initial Partitioning Based on 0-1 I nteger Lin-
ear Programming

In phase 3, we get aninitial partition with 0-1 integer linear
programming. The objective function is the total wire length
under the chip area and timing constraints. It is very difficult
to consider the 1/O pin constraint in phase 3 because the num-
ber of 1/0 pins of chips is unable to be represented in a linear
expression generally. Simirally the number of cuts can not be
represented by alinear expression generally. Thisisthe reason
why we consider the total wire length as the objective func-
tion. Since we can not consider all constraints in the 0-1 ILP,
there may exist constraint violations in an initial partitioning
obtained in phase 3. We remove the constraint violations by an
iterative improvement in phase 4. The 0-1 ILP formulation of
theinitial partitioning problem is as follows.

[ TheO-1ILP Formulation of thelnitial Partitioning Prob-

lem]

Input: MCM System M = (G, S)

Output: A chipassignment F'1: CN — S soastominimize
the objective function

Objective: thetotal wire length
I r

Z Z Depg(ip + 2mg)

=1 m=1
Constraints: (1) thetiming constraint
qu(l‘lp +Tmg — 1) < dim
(2) the chip area constraint
II

Zail‘zj <A (1L5L)
i=1
(3) the chip assignment constraint
J

domy=1 (1<i<I)
i=1
1 Fl(nl) = 85

0 otherwise

(®$w={

Practically, the timing constraint should be satisfied when
Ty, = £me = 1. Since the timing constraint is always satisfied
when x;, or &, is 0, the timing constraint formulated above

is equivaent to the original timing constraint. Since all nodes
J

are assigned to any one of chips necessarily, Z x5 = L1
J=1



E. Iterativel mprovement Based on 0-1 | nteger Linear Pro-
gramming

1. OQutline of Phase 4

If more than one nodes are connected each other and they
move from a chip to another chip at one time, the number of
cuts can not be represented with a linear expression. There-
fore, we select a set of nodes not connected each other, i.e, a
maximal independent set of nodes, to formulate the partition-
ing problem with linear expressions. Firstly, we compute oe;;;
of the initial partition obtained in phase 3, where oe;; is the
number of edges of node v; going out from chip s;. Next, we
select amaximal independent set and formulate the problem to
the 0-11LP problem. In order to obtain asolution in a practical
computation time, we convert the 0-1 ILP problem into a lin-
ear programming(LP) problem and solve it. If a solution has
avariable whose value is an integer (0 or 1), we presume this
variable as a constant and apply the LP again. The process is
repeated until all variables of the solution become integer con-
stants (O or 1). Theimprovement is repeated while the number
of cutsis decreased and three constraints (timing, chip area,
and I/O pins of chips) are satisfied. The algorithm of phase 4
is shown below.

[ Phase 4 : Iterative Improvement based on 0-1 ILP For-

mulation ]

Step 4.1: Select amaximal independent set;

Step 4.2: Formulate a partitioning problem as a LP problem
and solve it;

Step 4.3: If a variable «;; is an integer (0 or 1), then set
x;; =0or 1 and regard it as a constant; elseif avariable
X4 is0 < Zi5 < 0.010r0.99 < xs; < 1, then set xij = 0
or 1, and regard it as a constant;

Step 4.4: If al variables z;; are integer constants (0 or 1),
then go to Step 4.5; else go to Step 4.2;

Step 4.5: If the number of cuts is not improved for a pre-
defined successive time, then terminate; else go to Step
4.1,

In Step 4.3, if no variable isregarded as an integer constant,
we change the variable with a minimum constraint violation
into an integer constant (0 or 1). Therefore, we may get a so-
lution with constraint violations. Since we repeat Step 4.2 ~
4.4 until all variables become integer constants (0 or 1) and at
least one of variables becomes an integer constant in oneitera-
tion, the computation time for oneloop isO(T'(LP) - |CV])in
the worse case, where T'(L P) isthe computation time of aLP
method and |C'V| is the number of cluster nodes.

2. Selection of a Maximal Independent Set

As mentioned in 1., the number of cuts can not be repre-
sented with alinear expression when moving nodes. If we ap-
ply quadratic programming to the partitioning problem, we are
ableto get asolution for only asmall size of problem. Because
the number of nodesfor theMCM system partitioning problem
isvery large, it is not practical to get a solution by quadratic
programming. Therefore, firstly, we select amaximal indepen-
dent set so that the number of cuts can be represented with a

linear expression exactly. Next, we apply 0-1 ILP to the nodes
in the maximal independent set to determine which nodes are
to be exchanged to improve apartition. The number of cutscan
be represented with alinear expression exactly if only nodesin
amaximal independent set were moved, because the nodes in
the maximal independent set do not connect with each other.
In order to avoid selecting only the same nodes successively
and to improve the partition effectively, we introduce the cost
function C F'2(v;) of anode v; defined as

C'F2(v;) = degree(v;) + v - select _count(v;),

where degree(v;) is the degree of a node v; (v; € CV),
select_count(v;) shows how many timesanode v; (v; € C'V)
is selected as an element of a maximal independent set, and
is a constant.

In the proposed method, we sort nodesin increasing order of
their costs and check if anode is able to be selected for a max-
imal independent set in that order. Larger the count of a node
selected as an element of a maximal independent set becomes,
smaller the cost becomes. In our simulation experiments, we
set v to the number of average degree of nodes so as to avoid
selecting the nodes repeatedly. Figure 4 showsan exampleof a
selected maximal independent set. The nodes v, v4 and vg are
selected for amaximal independent set.

H(vg) (V)
Ji

\ \ ]

Select

N v :: N v
S3 4) s4 S3 (‘S S4

O the nodes selected for a maximal independent set

Fig. 4. Selection of amaximal independent set.

3. TheO-1ILP Problem Formulation

After selecting the nodes in a maximal independent set, we
are able to represent the number of cuts with a linear expres-
sion exactly. We formulate the partitioning problem in phase 4
based onthe O-1 ILP asfollows.

[The0-1 ILP Formulation of the Partitioning Problem]
Inputs: (1) aMCM System M = (G, S), (2) aninitia parti-
tioning F'1:CN — S
Output: achipassignment ['2:CN — S soastominimize
the objective function
I J
Objective: the number of cuts > >~ oeyj
i=1 j=1
Constraints: (1) thetiming constraint
qu(l‘lp +Tmg — 1) < dim
(2) the I/O pin constraint
II
ZOezjl‘zj <10; (1<)
7=1



15 @ 32 constraints S1 S2
—
o
© ®

S3 S4

1) <15
1) €17
1) <15
1) €17
1) <15
1) €17
1) <15
1) <17

2(x1 + Xo4-
2(X11 + X34-
2(x12 + X23-
2(X12 + X33-
2(X13 + X22-
2(X13 + X32-
2(X14 + Xo1-
2(X14 + Xa1-
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X1 + X4
X11 + X34
X12 + X23
X12 + X33
X13 + X2 <
X13 + X32 £ 1
X14 + X21 £ 1

X14 + X31 = 1}

2X12 + Xp3 + X33 < 2
2X13 + Xpp + X322 £ 2
2X14 + Xy + X310 £ 2

} 2X11 + X24 + X34 < 2

(c) 8 constraints (d) 4 constraints

Fig. 5. Reduction of timing constraints.

(3) the chip area constraint
II

Zail‘zj <4y (<5<
7=1
(4) the chip assignment constraint
J

day=1 (1<i<I)
i=1
1 Fl(nl) = 85

0 otherwise

(®$w={

4. Reduction of Timing Constraint

Thetiming constraint isformulated as, D, (xi, + %, —1) <
dim, < lm < TI)(@Q < pg < J), where D, repre-
sents the interconnection delay between chips s, and s,, and
di, represents the maximum allowable delay between nodes
vy and v,,. But, if we formulate all timing constraints with
the inequality, we must consider all combinations of chipsand
nodes, and the number of the inequalities of the timing con-
straints is 1’2 x .J2 in the worst case, where I’ and J is the
number of nodes and chips, respectively. Even if we construct
100 clustersin phase 2, the number of theinequality of thetim-
ing constraintsis 640,000 when nodes are assigned to 8 chips!
It is impossible to solve such a large size problem in a practi-
cal computation time. However we can reduce the number of
these constraints, while keeping the mathematical equivalence
of original constraints and resulting constraints, because there
exist redundant constraints in the original timing constraints.

For example in Figure 5 (a), the maximum allowable delay
between nodes v, and v,, and nodes v1 and vz are 1.5 D,,,;,,
and 1.7 D,,;,,, respectively. When the nodes are assigned to
4 chips, we need 32 inequalities under the timing constraint.
Now, consider the constraints that satisfy Dy, (21, + Zmg —
1) < dim when z;, = x,,, = 1. The constraints satisfy
Dpg(xip+am,,—1) < diy, evenif 2, and z,,,, areany value (0
or 1). Therefore we can remove such constraints from the tim-
ing constraints. Consequently, the number of the timing con-
straints becomes 8 as shown in Figure 5 (b). Since these con-
straintsgenerate thetiming violation only whenz;, = 2,y = 1,
we are able to convert Figure 5 (b) into (c) keeping this rela

tion. When asourcenodev; € C'N isassigned toachip s, let
P (1 < m < M) be the number of chip assignments gener-
ating timing violations for every sink node v,,, (1 < m < M)
where M isanumber of sink nodes. Then the number of chip
assignments generating timing violations, denoted P, becomes
M x Py, for al sink nodes v,,, (1 < m < M). When we con-
vert these constraints in one constraint, we get the following
constraint.

M P,
Pxx,ﬂZmeqlgP 2

m=1 i=1
This new timing constraint can be satisfied iff the old timing
constraintissatisfied. Finally, we get theresult asshownin Fig-
ure 5 (d). The number of timing constraints becomes 4, where
P = 2. We can derive the following two theorems. Due to the
space limitation, we omitted proofs of these theorems. Detail
of proofs are found in Ref. [8].

Theorem 1 When a source node v; € C'N is assigned to a
chip s,, we presume that the number of chip assignments with
timing violations is P for all sink nodes v, (1 < m < M).
Then the following constraints,

M P,
Pxay+y > ap, <P @A<I<SI)A<pg<T)

m=1 ¢=1
are satisfied iff the original constraints,
qu(xlp+$mq - 1) < dim (1§ S I/) (1§p,q < J) (4)

are satisfied.

Theorem 2 The number of the timing constraints of the par-
titioning problem is at most I’ x J, where I’ and J are the
number of nodes and chips, respectively.

From these theorems, we are able to reduce the number of
timing constraints. For example, whenwe construct 100 cluster
nodesin phase 2 and assign the nodes to 8 chips, the number of
timing constraints is not 640,000 but 800!, and we can easily
obtain a solution within a practical computation time.

IV  EXPERIMENTAL RESULTS

We have implemented the proposed method by C lan-
guage. All experiments were tested on a SPARC server 1000
(135MIPS, 256Mbytes) of Sun Microsystems, Inc. Table |
shows characteristics of the data and the constraints used in
experiments. All tested data are MCNC benchmark data. For
“primaryGA1" and “primaryGA2", the 1/O pin constraint is
the same as ones used in Ref. [15]. For “avg.small" and
“avg.large", we setthel/O pin constraint to 500. We also set the

Zn,EN a;
#chi

arethe areaof node v; and the number of chips, respectively. In

chip area constraint to x 1.1, where a; and #chips



TABLEI
CHARACTERISTICS OF BENCHMARK DATA.

| data H #nodes ‘ #nets | 10, ‘ Aj ‘ H#chips |

primaryGA1 833 904 90 | 3.8 8
primaryGA2 3014 3029 | 335 | 7.19 8
avg.small 21854 | 22081 | 500 | 5.77 8
avg.large 25114 | 25341 500 | 6.39 8

I0; : thel/O pinconstraint

Aj :  thechip areaconstraint [mm?]

TABLEII

RESULTS OF SHIH AND KUH’S METHOD [14] UNDER THE I/O PIN
AND THE CHIP AREA CONSTRAINTS.

| data || #cuts | #1/0s | area | #vio | time(s) |
primaryGA1 334 90 - - -
primaryGA2 992 335 - - -
#uts  : the number of cuts
#/0s the largest number of I/O pins
area the largest chip area[mm.?]
#vio the number of timing violations
time the computation time [s]

other words, every chip may have 10 % extra areas. For “pri-
maryGA1" and “primaryGAZ2", the maximum allowable delay
between flip flops, Dajow, , IS Set to the value obtained by mul-
tiplying the sum of the internal delays of nodes between flip
flops and 11.0. For “avg.small" and “avq.large", we assigned
delays (0 x Dppin ~ 5 X Dpgp) to pairs of nodes randomly.
Note that the delay morethan 5 x D,,;,, is meaninglessin 8-
way partitioning since5 x D,,;,, isthe delay from one corner
to the another corner, that it is the maximum.

We compared the proposed method with the method pro-
posed in Ref. [15]. They partition nodes into eight sets under
only two constraints, that is, the I/O pin and the chip area con-
straints. The 1/O pin constraint is set by the value given in Ref.
[15]. Tablell showstheresultsdescribedin Ref. [15]. Thechip
areaand the computation timewere not shownin Ref. [15]. We
partitioned “primaryGA1" and “primaryGA2" into eight chips
asthesameasin Ref. [15], respectively. Tableslll and IV show
the results of the proposed method. We set « = 60, 3 = 0.05,
¥ = 200,000, and #clusters = 300 for data “primaryGA1",
and « = 90, # = 0.01, v = 400,000, and #clusters = 1,000
for data“ primaryGA2".

Tablelll showstheresults of theinitial partitioning in phase
3 and the final partitioning in phase 4 under two constraints,
i.e., the 1/0O pin and the chip area constraints. In phase 3, the
I/0 pin constraint is not satisfied, but the chip areaconstraint is
satisfied. In phase 4, the 1/0O pin and the chip area constraints
are satisfied, but the timing constraint is not satisfied since we
do not consider thetiming constraint in thisexperiment. There-
fore the third term of the cost function C'F'1(I, m) in phase 2,
which represents the criticality of delays, is considered as 0.
The number of cuts in phase 4 is improved by a 47 % on an
average over phase 3, and the number of the timing violations
in phase 4 also decreases over phase 3. The proposed method
improvesthe number of cutsby a27 % on an average over Ref.
[15].

TablelV showstheresults of theinitial partitioning in phase
3 and the final partitioning in phase 4 under the three con-

TABLE 111
RESULTS OF THE PROPOSED METHOD UNDER THE I/O PIN AND THE
CHIP AREA CONSTRAINTS.

\ data || phase | #cuts | #1/Os | area | #vio | time(s) |
_ 3 300 | 239 | 3.78 | 30 5
primaryGA1 4 233 86 | 381 | 19 160
_ 3 1607 | 816 | 7.19 | 279 66
primaryGA2 4 751 | 325 | 7.5 | 182 2038

a =60, 5 =0.05 ~v =200,000, #clusters = 300

TABLE IV
RESULTS OF THE PROPOSED METHOD UNDER THE THREE
CONSTRAINTS.

\ data || phase | #cuts | #1/Os | area | #vio | time(s) |
_ 3 519 | 267 | 7.70 0 7
primaryGA1 7 286 87 | 3.79 0 318
_ 3 1942 | 873 | 810 1 97
primaryGA2 4 1231 | 333 | 7.19 0 3968

a =90, 5 =0.01, v =400,000, #clusters = 1,000

straints, that is, the timing constraints, the 1/O pin, and the chip
area constraints. In phase 3, only the timing constraint is sat-
isfied for data “primaryGA1", and no constraints are satisfied
for data“primaryGA2". The number of cutsin phase 4 isim-
proved by a 41 % on an average over phase 3. In phase 4,
all constraints are satisfied. The proposed method can obtain
a partition satisfying three constraints with only a5 % of the
number of cutsincreasing compared with Ref. [15].

Table V shows the results of the proposed method under the
two and the three constraints for large data, respectively. The
parameters of the cost function in phase 2 are set « = 10,
£ = 0.05, v = 100,000, and #clusters = 1,500 so that the
second term of C'F'1(I, m), which represents the ratio of the
average of chip areas to the sum of node areas, becomes the
largest among the values of three terms. |In Table V, “con-
straints' representsthe constraint that we adopt in experiments,
and“10; + A;" and “ ALL" represent the two constraints (the
chip area and the I/O pin constraints) and three constraints (the
timing, the chip area, and the 1/O pin constraints), respectively.
Note that the results under the three constraints are improved
by an 8 % on average over the results under the two constraint
against our expectation. This may be explained that initia
solutions may be different under the two and the three con-
straints. The number of cutsin the initial partitioning for data
“avg.small" is 3,090 and 3,053 under thetwo and thethree con-
straints, respectively, and that for data“avq.large” is 3,078 and
3,198 under the two and the three constraints, respectively. As
expected, the computation time under the three constraints be-
comes longer than that under the two constraints.

In Ref. [15], they do not show the chip area constraint.
Therefore the chip area constraint might be too loose if every
chip has a 10 % extraarea. Thus, we set the area constraint

ZU,EV a;
Aj as #chips "
the effectiveness of the proposed method, where a;, #chips,
and maz,, e, a; ae the node area, the number of chips, and
the largest node area, respectively. In other words, each chip
has the minimum extra area which is the largest node area.

Note that this is the tightest chip area constraint. We can say

maz,,eya; and experimented so asto show



TABLEV
THE EXPERIMENTAL RESULTS FOR LARGE DATA UNDER THE THREE

CONSTRAINTS.
| data ][ constraints | #cuts | #/Os | area | #vio | time(s) |
TO, +A, | 1456 | 413 | 577 | 114 | 11774
ava.smal |[TALT 1230 | 425 | 5.76 0 | 38012
TO; +A, | 1264 | 483 | 6.39 60 | 24366
avglage |[TALL 1246 429 | 6.38 0| 41133

o =10, 5 =0.05, v =100, 000, #luster = 1,500
I0; + A; the 1/O pin and the chip area constraints
ALL the timing, the chip area, and the I/O

pin constraints

TABLE VI
RESULTS OF 8-WAY PARTITIONING UNDER THE I/O PIN AND THE
CHIP AREA CONSTRAINTS.
| data || #outs | #1/0Os | area | #vio | time(s) |
primaryGA1 250 86 | 3.67 21 116
primaryGA2 883 315 | 671 | 154 3213

that the proposed method is more effective than the method in
Ref. [15] if we can get a better solution that the number of
cuts is smaller and it satisfies the constraints, under the two
constraints. For data “primaryGA1" and “primaryGA2", we
set the chip area constraint to 3.68 and 6.72 [mm?], respec-
tively. For data “primaryGA1" and “primaryGA2", « = 50,
£ = 0.05, v = 300,000, and #clusters = 300, and « = 90,
£ = 0.05, v = 500,000, and #clusters = 1,000 in phase 2,
respectively. Table VI shows the results in 8-way partitioning
under the 1/O pin and the chip area constraints obtained by the
proposed method. From Tables |l and V1, the proposed method
improves the number of cuts by an 18 % over Ref. [15] on an
average. The 1/O pin and the chip area constraints are satis-
fied for both methods. Table VII shows the results in 8-way
partitioning under the three constraints for proposed method.
Although the number of cutsincreases by a3 % over Ref. [15]
on an average, the proposed method produces the results satis-
fying the three constraints within a practical computation time.
Those results show that the proposed method is much more ef-
fective than the method in Ref. [15].

V  CONCLUSIONS

In this paper, we proposed an MCM system partitioning
method under the timing, the chip I/O pins, and the chip
area constraints. Experimental results show that the proposed
method improves the number of cuts by a 27 % on an average
over Ref [15]. We showed that the proposed method can get a
solution for large size data up to about 20,000 blocks within
a practical computation time. As far as we know, the pro-
posed method is the first partitioning method under the three
constraints mentioned above. Future research includes the de-
velopment of an MCM Routing method under performance and
physical constraints.
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TABLEVII
RESULTS OF THE PROPOSED METHOD FOR 8-WAY PARTITIONING
UNDER THE THREE CONSTRAINTS.
| data | #cuts | #1/0s | area | #vio | time(s) |
primaryGA1 295 84 | 3.65 0 272
primaryGA2 1172 334 | 6.72 0 4308
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