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Abstract - In this paper, we present a new performance-driven each candidate cell to move accurately and efficiently. In addition,

multilevel partitioning algorithm, which calculates the timing we propose a new timing-aware multilevel clustering algorithm

gain of a move in the move-based partitioning strategies based that uses the connection strength of an edge as the primary

on the aggregation of preferred signal directions. In addition, objective, and the maximum depth or the maximum hop-count of

we propose a new timing-awar e multilevel clustering algorithm any path containing the edge as a tiebreaker for the matching step.

that uses the connection strength of an edge as the primary These ideas have worked remarkably well in combination with a

objective, and the maximum depth or the maximum hop-count general multilevel partitioning algorithm such as hMetis [1]. The

of any path containing the edge as a tiebreaker for the benchmark results show that, when compared with hMetis, PMP

clustering step. These ideas are integrated into a general reduces the circuit delay by 14.8%, while increasing the cutsize by

multilevel partitioning framework, which consists of three only 1.2% on average.

phases: uncoarsening, initial partitioning, and coarsening and

refinement phases. The benchmarks show that, on average, we Il. Problem Statement

can reduce delay by 14.6%, while increasing the cutsize by ] o

1.2% when compared to hMetig[1]. The performa_nce-drlven partitioning problem can be staFed as
follows. Consider a sequential circuit, represented by a directed

I. Introduction graph G=Y, E). Each nodev; O V has a weightd(v;) which

specifies the intrinsic delay associated withlf an edgee is cut,
thend(e)=d.« Whered, is the delay of an external edge; otherwise,
d(e)=d;, whered;, is the delay of an internal edge. loét) be the
number of cut edges along a topological pathand ff be the
number of nodes on that path. The path delém can be
calculated as follows [11]:

As the size and complexity of current circuits increase, partitioning
plays an ever more important role in the VLSI design process.
Partitioning affects not only the efficiency of the subsequence
design optimization steps, but also the overall circuit performance.
This is because, with the advances in CMOS procebadérgy,

circuit delay is heavily dominated by the interconnect delay and the

difference between the intra-part (internal) delay and the inter-part d(77) = dex [E( 72) + dine [{| 721 —1—C ( 73) +z &)
(external) delay increases rapidly. et

Traditional partitioning approaches [1-3] have been quite  The cycle time for grapB is ®¢ = max d(S) whereSis a set of
successful in reducing cutsize. However, these techniques cannoj| topological paths in a circuit. L&t denote the cutsize of graph
adequately control the cut count of timing-critical paths in the G The problem of performance-driven bipartitioning is to find a
circuit. Recently, timing-driven partitioning approaches [4-11] partitioning solution V1) that minimizes a combination @
have been proposed to simultaneously consider cutsize and th%nd/\e while satisfying capacity constraints.
circuit delay. These works may be classified into two categories
depending on whether they modify the netlist or not. Most of these [l. Signal Direction Constraints
reported works modify the netlist, i.e., they use logic replication,
retiming, or buffer insertion techniques to reduce the circuit delay In this section, we introduce the notion of a (preferred) signal
while minimizing the cutsize [6][7][8][11]. These methods tend to direction, and the resulting constraint, which will be used to
reduce the circuit delay significantly, compared to cutsize-oriented Optimize circuit delay efficiently at the minimum cost of cutsize.
methods such as hMetis [1]. However, gate replication used by | et's denote the set of primary inputs of a circuit as PI, the set of
these methods and can result in a significant increase in the chigyrimary outputs as PO, and the set of flip-flops as FF.
area. In addition, some of these methods suffer from large cutsize

[8] or large runtime [7][11]. Techniques that do not alter the circuit lefiniticl)n: .W? deanefan input-ouf[put (VOL COI’IIDdIUit aEFthe set of
netlist, normally give more weight to the edges that lie on the all topological paths from some input node (Pl or FF) to some

timing-critical paths in a circuit [9][10]. These techniques require CUtPut node (PO or FF.) An I/O condut, is simply identified by

an a priori classification of signal nets into timing-critical and non- the corresponding input (P1 or FF) and output (PO or FF).

critical ones based on a timing analysis of the circuit prior to Notice that the maximum number of I/O conduits in a sequential
partitioning. However, these methods suffer from choosindthe  circuit netlist isz = (n+ng)* (no+ng) wheren,, no andng denotes
most critical paths since the performance in terms of cutsize, delaythe number of circuit PI's, PO’s and FF's, respectively. An 1/O
and runtime heavily depends on the valu&kd®]. A number of conduit then belongs to one of the following types—=PO,
researchers [4][5] have used the signal direction as an indicator ofPI-FF, FFFF, or FPO. If we assume that the locations of
the timing gain function during the move-based partitioning Pl's, PO’s and FF's are fixed in one part or the other, then all 1/0
process. Examples include “backward edges” [4] and “V-shaped conduits will have a unique signal direction in a given bipartition.
nodes” [5]. These early results motivate the use of signal directionIn a bipartition, if signal directions of all I/O conduits are satisfied,
to guide the performance-driven partitioning process. then the bipartition will be optimum in terms of the path delay.

In this paper, we present a new performance-driven multilevel Figure 1 shows the signal direction constraints between a signal
partitioning algorithm, called PMP, which can minimize circuit source node(e) and a signal target nod@) for an edges. An 1/O
delay efficiently byaggregating the preferred signal directions as conduit o; from pi, to po; comprises of a single topological path
implied by allinput-output conduits in the circuits (see Section lll  pj;»v;—»v,»v;=po,. The minimum achievable cut count of is
for a formal definition of I/O conduits.) Unlike the previous one sincepi; and po, are located in different parts. The signal
approaches [4][5], our timing gain function accounts for the effect directions of edges af; should be from pai, to partM; in order

of a cell move on the delay of all input-output conduits that go to obtain this minimum cut count. L&(v;) denote the part that
through that cell. This enables PMP to compute the timing gain for nodev; is assigned to i.eR(v;) = 0 if v; is put inM,, otherwise,
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Figure 1. Signal direction constraints.

P(v) = 1. Notice thaP(v)) of the source node of an edgee of g,
should not be any larger tha(v) of the target node; of that
edge. For an I/O conduit,, comprising of a single path
pi,— V4= Vs> Vg POy, both source and target nodes of edgeson
should be put inMy in order to satisfy the signal direction
constraint ofo, (the minimum achievable cut count gf is zero).
Based on this discussion, we defisignal direction constraints
(SDC's) for a vertical cut line as follows:

SDC: if SD(g)=LL, Oe O g, P(s(e)) =P(i(e)) =0
SDC% ifD(0)=RR, 0e 00, P(s(e)) =P(t(e)) = 1
SDC*: ifD(0)=LR, Oe Do P(se)) < P(t(e))
SDC* ifSD(0)=RL, Oe Do, P(se)) = P(t(e))

whereSD(0) denotes the signal direction af which is one ot.L,
RR, LR or RL. Clearly,LL (RR) implies that both start and end
nodes of the conduit are located My (M,), whereasLR (RL)
means that the start node of the conduit 8l§r(M,) while the end

A. Timing gain function of a move

A bipartition that satisfies all of the SDC’s associated with the 1/0
conduits seldom exists for any realistic netlist. Even when such a
solution exists, it tends to have a huge cutsize, which will require
either large routing space overhead or additional metal layers to
complete the design. This in turn is likely to cause violation of
design specifications such as chip size, yield, and manufacturing
cost. Therefore, we must relax the constraints in order to obtain a
smooth tradeoff between the circuit delay and cutsize.

Our proposed partitioner, PMP, employs an FM heuristic [12] in
the uncoarsening phase, with a modified move gain function
accounting for both the signal directions and the cutsize. To
manage delay as the optimization objective rather than a constraint
to be satisfied, we make use of the violation counts as defined
above. More precisely, we defingiming gain function, TG(v;), to
guantitatively evaluate the desirability of movindgrom Mg to M;.

This gain function is defined as:

TG()DTGM, —{v}, M, { )
=VC(v; : P(v) =0) -VC(y :P(v) =1)

Theorem: Given a partitioning solution V={MqM,}, the
reduction in the total violation count, TVC, of G(V,E) as a result
of moving some nodev; from My to M; isequal to TG(v;).

Proof is straightforward and is omitted to save space. Notice that to
calculate the timing gain for nodg contributions to delay of all

I/O conduits containingy; should be aggregated. Previous
approaches [4][5] do not consider this point or assume that signal
directions of all /O conduits are the same [4]. However, this
unidirectional assumption does not hold true for practical
benchmark circuits, especially in a top-down design flow, where,
for example, at least the circuit I/Os are considered as fixed
terminals [12]. The timing gain for a nodg is obtained by
summing the counter of signal direction violation (SDV)eath
edgee connected to the node The counter of SDV ofach edge

g can be computed using one of the following eight cases.

DVE  if v = 5(e) andP(s(e)) = P(t(e)) = 0, then
TG(v;) = (SDC-count(e) + SDC3-count(e))
DV* if vi = 5(g) andP(s(e)) = P(t(e)) = 1, then

TG(v;) —= (SDC%count(e) + SDC*count(e))
DV if v =5(g) andP(s(e)) > P(t(e)), then

node of the conduit is iM; (My). Based on the above definitions,
each edge on anypjpological path in an I/O conduit has the same

preferred signal direction. Even though many topological paths of SDV*

a conduit pass through an edge, the edge has only one signal
direction constraint (SDC) for the conduit. This iechuse all

topological paths of a conduit also have the same preferred signaﬁD\ﬁi

direction. In general, an edge may belong to many conduits) say

1/0, in the circuit, each assigning a preferred signal direction to theSDVG_

edge. Therefore, we need only I/O conduits rather than all
topological paths in a circuit when computing SDC'’s of all edges.

Let's assume that; of these conduits are of tyh& whereas,, n; DV
andn, are of typeRRR, LR andRL, respectively.rf=n;+n,+ns+n,.)

Clearly, n is polynomially bounded. Violating these signal
directions cause signal direction violations (SDV'’s). DVE:

TG(v)) += (SDC*-count(e) + SDC3-count(e))
if v =s(&) andP(s(e)) < P(t(e)), then
TG(v)) += (SDC%count(e) + SDC*count(g))
if vi =t(g) andP(s(g)) = P(t(g)) = 0, then
TG(v;) —-= (SDC-count(e) + SDC*-count(e))
if vi =t(e) andP(s(e)) = P(t(e)) = 1, then
TG(v;) —-= (SDC?count(e) + SDC*-count(e))
if v =t(e) andP(s(e)) > P(t(e)), then
TG(v)) += (SDC*-count(e) + SDC*count(g))
if v, =t(e) andP(s(e)) < P(t(e)), then
TG(v;) += (SDC%count(e) + SDC3-count(g))

where SDC-count(g) represents the count efch type of signal
direction constraint for edgg, that is, the number of conduits with



the corresponding signal direction that go through the edge. Thesedge weight. Among the remaining candidate matches that have
values are pre-computed before we start the FM partitioning tied based on the HEM selection criterien,...,u,, PMP chooses
process in order to maintain the polynomial time complexity of the the one whose corresponding edgevichas the highest MDP

FM iterations under signal direction constraints. The algorithm for value.

setting theSDC-count is described in Section IV(D).

We explain the timing gain calculation with the help of an
example in Figure 2. Consider moving nodefrom M, to M.
There are six I/O conduits that go through and there are four
edges connected to this node (see figure for specification of
conduits and edges). Befov8 is moved, edges, ande, do not
satisfy SDC? of conduitsa; and ¢, respectively. This is because
D(0;)=SD(0s)=RR but the source and target nodes of these two
edges are not iM;. The number ofDC violations is thus four.
After v; is moved,SDC? is satisfied for botle, ande, while edges
e; ande; do not satisfySDC! of conduit g;. This means that by
movingvs, we are able to reduce the cut counts of condmitnd
Os by two each, while the cubant of conduito; is increased by
two. As a result, the total number ®C violations are reduced by
two, i.e., the timing gain for thesz-move is two, TG(vs) = 2.
Previous methods [4][5] do not calculate the timing gain of this
move correctly. More precisely, using “backward edges” of
reference [4] does not result in correct calculation of the timing
gain for the reason that there is no reduction of the “backward
edges” after the@3-move when the topological ordering is frofig
to M;. Furthermore, since the/3-move results in another
configuration of “V-shaped nodes” far, reference [5] would set
the timing gain of this move to zero. In conclusion, to globally
reduce the total cut count of all /O conduits, the timing gain
should be calculated as is proposed in our present work.

IV. The PMP Algorithm

In this section, we describe our proposeerformance-driven
Multilevel Partitioning (PMP) algorithm. Similar to the hMetis
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(b) After v;-move
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T3 Pip™> Vo> V3=V, P01, Ty Pip™ Vo= V3= V5> PO,
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SDC-count(e;) = 1, SDC3-count(e;) = 1, SDC3-count(e,) = 2,
SDC*-count(e,) = 2, SDC-count(es) = 1, SDC*-count(es) = 2,
SDC2-count(e,) = 2, SDC3-count(e,) = 1

VC(va.P(v3)=0) = 4 // SDC violations before the v; move

= SDC?violated for e, ande,, and others are all satisfied.

flow [12], PMP consists of three phases: Phase 1 - Timing-aware v/c(,, P(vs)=1) = 2 // SDC violations after the v; move

clustering for the coarsening phase; Phase 2 - Initial partitioning
phase; Phase 3 - Performance-driven bipartitioning for the
uncoarsening phase.

= SDClviolated for e, andes, and others are all satisfied.
UTG(V?,) = VC(V3P(V3):0) - VC(V3 P(V3):1) =2

Figure 2. Computation of the timing gain for an example move by

A. Clustering considering timing criticality

We use theHeavy Edge Matching (HEM) algorithm of [12] in
order to find a maximal matching in the net list graph. The
clustering phase greatly influences the quality of the fina
partitioning solution in terms of both delay and cutsize. In order to
improve the delay, the clustering algorithm should consider the
timing criticality of the edge as well as its connectivity strengt
However, our experimental results have taught us that the
connectivity is a more important consideration at this stage an
that delay should be used only atidbreaker when two or more
candidate edges have equal weights. We define terminology
needed to quantify the timing criticality of edges. Path depth is
defined as the number of intermediate nodes in a path (excluding
PI's, PO’s and FF’s).

Definition: The Maximum Depth of any Path of an edge (referred
to as the MDP of an edge) is defined as the maximum of the logical
depth of any path that goes through that edge.

PMP uses the MDP of edgas a tiebreaker when selecting an
unmatched adjacemideu; of vi. In particular, consider that there
are m matching candidates,,...,u,. Suppose the first of these
matches have the same edge weight, which is higher than any other

using aggregate signal directiconstraints.

| Figure 3 shows an example of how the MDP is used as a tiebreaker
when we are searching for a match to nederhe MDP for each
edge is represented in parenthesis. There are three adjackerst

h, V2 V3 andv, to vy in this example. Among thems, andv, survive

as match candidates after the HEM's edge weight criterion is
dapplied. Finallyy, is selected by PMP for the matchwfsincee,
connectingv; and v, has higher MDP value compared &
connectings;, andv,.



D. Time complexity

The pseudo code of our PMP algorithm is shown in Figure 4. First,
we compute the MDPAfter steps 2 and 3 in Figure 4, we know
the preferred signal directions of all I/O conduitscéduse FF'’s
have been assigned to a part. In order to maintain the time
complexity of the FM iterations under signal direction constraints
(SDC) in the uncoarsening phase, we pre-comfDte-counts for

all edges in step 4. We can compS8EC-counts as follows: First,

all transitive PI's and FF's for eadmode v, are calculated and
stored as se§ at that node during the reverse-DFS. Similarly, all
transitive PO’s and FF’'s are searched for and stored &t aethe
node during the subsequent DFS. As a result, we can dete@pine,
the set of all conduits that go thru any edgebetween nodes
During the initial partitioning phase, a bisection of the coarsened andy, in the circuit graph as the Cartesian product of theSetsd
hypergraph is computed to minimize cutsize while maintaining that T;. Now, we count the number of conduits of tyge LR, RL, and
each part contains roughly half of thede weight of the original RRin C; and thereby initialize the correspondi89C-count for
graph. The node weight represents the area of a node. PMP doesll edges in the circuit.

not consider delay at this stage because the coarse graph is VeY¥heorem: The worst-case space complexity for setting the SDC-

small (we set the threshol_d value <_)f top-_level si_zleOO) and too counts for all edges is O(|V|ZJ) whereas the worgt-case time

rough to calculate a meaningful timing gain function. complexity is O(E|@) where z=(n+ng)*(no+ng) and
The initial partitioning solution is then used to decide the y=n,+ng+ne.

locations of FF's. Recall that, in a typical top-down design flow,

the locations of the PI's and PQO's of the circuit are fixed, whereas

the FF’s are floating. For sequential circuits, the locations of FF’'s ~ PMP Go(V,E), TB)

Figure3. Clustering with MDP as a tie-breaker

B. Initial partitioning

should be fixed before calculatir@C-counts for all edges. Since 1. If (TB== MDP)

the cutsize of a circuit greatly depends on the FF locations, we Compute and store the MDP for each edd@,of
must carefully assign these locations. Therefore, we performed a Else

number of experiments to assess how much the pre-fixed FF Compute and store the MHP for each edd@,of
locations affect the cutsize in a multilevel partitioning scenario. To 2. Coarser, until the size of the top-levet) < 100,
save paper space, we briefly mention the experiment results here. producingGm, Gm1, ..., G1

The increase rate of cutsize was kept within 10% on average for the 3. Do the initial partitioning and fix locations of all FF’s

benchmark circuits (See Tablel) when prefixing FF locations 4. Compute the SDC counter values for all edgeyin
according to the result of the initial partitioning, compared to the 5. Fori=1;i<m; i++

case of not pre-fixing FF locations. Uncoarsen and refiGe
6. Output the bipartition Gy, Gg;> 0f Gy as the solution

C. Uncoarsening with a new gain function
Figure 4. PMP Algorithm

During the uncoarsening phase, the partitioning solution of the
coarser graph is projected back to the original graph by going
through multiple hierarchies. The hierarchy is constructed during
the coarsening phase. At each level, a bipartition refinement starts 1. <Ggg, Go1> = PMPGo(V,E), MDP); //first bisection
from the projected partition of. its upper Ieyel as an mmgl partition. 2. <Gooo, Goor> = PMPGoo(V,E), MHP):

We use standard FM as a bipartition refinement algorithm. Since

our goal is to smoothly exchange between the delay and cutsize, 3. <G, Go11> = PMP Gy (V,E), MHP);

we use the following move gain function for moving nede

MG(v) =Ka TG +(1-a) Q@J *1(4
Q)

whereCG(v;) represents the standard cutsize gain funcegn<l

is a weight coefficient, and(G) is the average number of 1/O
conduits going through any node in a circuit graph G. Note that weThe Performance-driven, Multilevel, Multiway Partitioning
must normalizeTG(v;) by A(G) in order to be able to pick a fixed (PMMP) algorithm is also implemented simply by making iterative
weighting coefficient across different benchmark circuits. We calls to PMP to generate two-way, four-way, and eventually K-way
multiply the linear combination of cutsize gain and normalized partitioning solutions. However, PMMP uses a different tie-
timing gain with 100 and then take the ceiling. The idea is to breaker during clustering after the first bisection in which MDP is
produce an integer value for the moving gain of a node that canused for the tie-breaker as described in Section IV(A).
differentiate between different moves. In our experiments, we used
0=0.87 for best results.

PMMP (Gy(V,E)) // example four-way partitioning code

Figure 5. The PMMP Algorithm

E. Extension to the multiway partitioning

For the first bipartitioning step, we do not have enough
information to define timing-critical paths in the circuit graph. So
we take the topological depth of a path as an indication of its
timing criticality and use the MDP of edges to prevent the long
paths from being cut several times. On the other hand, in the



succeeding bipartitioning steps, critical paths can be identified pdc 4781 4821 56
more precisely by counting the existing cut count of the paths. S38417 7358 7410 134
Therefore, we can use the maximum of hop-count of any path that

goes thru an edge as a measure of timing criticality of that edge (a b21s 15584 15606 o6
hop means an edge that is been cut). In other words if there is a b22s 23872| 23894 56
path that goes thru some edgand that hop-count of that path is b1l7s 39362 39459 136

already high, we do not want to cut the edgéen the current
bipartitioning step since it will likely increase the critical path
delay after the PMP completes its job. PMMP algorithm is
described in Figure 5.

Unfortunately, timing-driven partitioning software programs
which do not alter netlist (e.g., [4][5]) were not available to us. At
the same time, the partitioning algorithm of [9] does not support
Definition: The Maximum Hop-count of any Path of an edge circuits with any fixed node. Therefore, to compare PMP with
(referred to as the MHP of an edge) is defined as the edge length ofther timing-driven partitioning algorithms, we modified the
the longest path that goes through that edge. algorithm of reference [9], which we will denote as TPA. In this

Th . f MHP val b di imil algorithm, we give more weight to the edges that lie on the timing-
e computation o values can be computed In a similar way o jticq| paths in a circuit. TPA performs circuit-level static timing

to that of computingDC-counter as follows. During the reverse- analysis at each partitioning level in order to determine critical
DFS, the maximum cut count between PI (or FFeachnodev,, paths and slack. We also compared PMP with hMetis [1].

Eut-countp;a(\(/i)), ispgalculatgia Next, the maximum ICUtl codunt Therefore, we compared PMP with TPA and hMetis for eight-way
etween (or FF) to eadlode,Vv;, cut-countpp(Vi), is calculate partitioning problem.

via the forward-DFS. Then, the MHP value of edgis the sum of ) o
cut countg (vi) and cut counteo(v;), wherev; andvy; represent the The maximum delay of the benchmark circu@s, is calculated
source and target node ef respectively. Figure 6 shows the based on the delay model presented in [4] The Chlp size for each
pseudo root node having connections with PI's and FF's, and aCiI’CUit is assumed to be twice the total area of all nodes in the
pseudo tail node having connections with all PO’s and FF’s. TheCircuit. For the 8-way partitioning, we set the area skew to 5%, that
total time needed for calculating the MHP values for all edges isiS, €ach partition can contain between &and 0.55n vertices,

O(VI+E)). wheren is the number of nodes in the circuit. THEycle option
was turned on for the hMetis. For PMP, we @gtarameter value
@—>O> .. .. »O»0O to 0.87 (cf. Section IV(C).) Table 2 reports the results of
pseudo ro . O—»O_ \seudo tail comparing PMP with hMetis and TPA for the eight-way
CUt-Counte (V) Cut-countro(vi) partitioqing problem. All results in Fhis .table rep_resent the average
; A N/ A \ of 20 different runs for each partitioning algorithm. The cutsize,
O—O /g, is calculated as the sum of costs of each net that is cut. In turn,
- O . »0>0 the cost of a cut net fs1 if that net has pins ik parts [18].
OO0 - - 00 Based on the data in Table 2, we conclude that, in terms of the
circuit delay, PMP outperforms hMetis and TPA by an average of
Figure 6. Computation of MHP values in polynomial time 14.6% and 3.8%, respectively. In addition, we can see that

compared to hMetis, PMP increases the cutsize by an average of
1.2%, while, on average, PMP obtained 3.7% lower cutsize
. compared to TPA. PMP runtime is on average three times higher
V. Experimental Results than that of hMetis. Notice that PMP is on average 18.8% faster

The PMP (or PMMP) algorithm was implemented in C++ on a Sun than TPA. PMP reduced the circuit delay by 14.6% with a
Ultra Sparc Il machine, and tested on ISCAS89 [12] and ITC negligible increase in the cutsize compared to hMetis. As a result,

benchmarks [12]. The characteristics of the benchmark circuits are?y' experiments show that the move-based bipartitioning algorithm

summarized in Table 1. The circuits were optimized by using the W.OI‘kS. remarkably. with.th.e gai'? fupction of the pr.eferred signal
script.rugged in SIS [17]. We obtained these optimized circuits dl_reptlon, so that it qptlmlzes circuit delay very efficiently at the
from authors of [9]. In our experiments, we arbitrarily assigned minimum cost of cutsize.

locations to the primary inputs and outputs and kept their locations

. : VI. Conclusions
fixed throughout the experiments.

Table 1. ISCAS 89 Benchmarks In thi.s paper, we_presented a new perfqrmgnce.-driven multilevel
_ i partitioning algorithm. Our main contribution is a new and
Circuit | #Nets | #Nodeg #Primary I/O efficient timing gain function formulation for the move-based
cordic 1071 881 25 bipartitioning algorithm. In addition, we proposed a simple but
misex3 1335 1349 28 efficient timing-aware clustering algorithm that uses the maximum
3 1270 1369 >34 logic depth and/or the hop-count of an edge as a tiebreaker. These

new methods fit very nicely within the general framework of a

6288 2403 2435 64 multilevel partitioning algorithm. Our approach does not alter
515850 4274 4326 101 netlist causing area increase as previous approaches do.
frisc 4385 4501 136 Consequently, we can reduce a circuit delay very efficiently with at
elliptic 2600 4714 245 the minimum cost of cutsize.

ex1010 4888 4898 20
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Table 2. Comparison of PMP with hM etisand TPA on 8-way partitioning (Ag denotesutsize, ®s denoteshe delay).

hMetis TPA PMP
Benchmark
&g Nc cpu (s) &c Nc cpu (s) (2 Nc cpu (s)
cordic 15.0 | 3053| 0.2 10.7 | 301.4 0.6 9.9 278.9 0.5
misex3 725 | 760.7| 0.2 69.4 | 763.1 0.8 57.9| 764.2 0.6
x3 32.4 | 368.9| 02 28.6 | 386.8 0.5 28.4| 3424 0.5
6288 52.8 | 199.2| 03 52.6 | 202.6 1.1 51.9| 214.9 0.9
515850 102.4 | 284.1| 06 100.1 | 277.4 1.9 1049 275.2 1.7
frisc 157.2 | 1233.3| 0.7 159.4 | 1238.9] 2.3 146.2 1183[2 2.1
dliptic 372.1 | 905.1| 06 | 365.9 | 950.8 2.5 3889 8122 2.2
ex1010 4109 | 1053 | 12 | 406.8 | 11627/ 55 399.3 1086|8 5.7
pdc 356.4 | 1887 | 0.8 | 317.3 | 19315 4.2 265.2 1883|2 3.7
$38417 146.1 | 312.9| 0.9 145.4 | 419.2 4.8 147.4 4158 3.8
bh21s 357.2 | 806.1| 28 289.7 | 888.4| 12.8| 2837 900.5  10.3
bh22s 472.8 | 9229| 52 | 363.1 978 23.35| 3723 957.4 152
b17s 419.7 | 1288.7| 10.7 | 397.9 | 1307.1] 32.3| 392.3 13166 29.4
Average 14.6% | -1.2% | -68.6% | 3.8% | 3.7% | 18.8% 1 1 1




