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On Circuit Clustering for Area/Delay Tradeoff
Under Capacity and Pin Constraints

Juinn-Dar Huang, Jing-Yang Jou, Wen-Zen Shen, and Hsien-Ho Chuang

Abstract—In this paper, we propose an iterative area/delay associated with an interconnection linking two gates in two
tradeoff algorithm to solve the circuit clustering problem under  different clusters. However, as more gates are packed into a
the capacity constraint. It first finds an initial delay-considered cluster, a path could consist of many gates within a cluster and

area-optimized clustering solution by a delay-oriented depth- . : o
first-search procedure. Then, an iterative procedure consisting of could incur a substantial delay within a cluster. Therefore, the

several reclustering techniques is applied to gradually trade the Unit delay model may not be very realistic because it assumes
area for the performance. We then show that this algorithm can the total delay incurred within a cluster is negligible. Then, the

be easily extended to solve the clustering problem subject to both generalized LLT algorithpreferred to as th&LLT algorithm
capacity and pin constraints. Experimental results show that our was proposed in [3] to enhance LLT by replacing the unit

algorithm can provide a complete set of clustering solutions from del del with tical del t | del
the area-optimized one to the delay-optimized one for a given elay model with a more practical model, tgeneral delay

circuit. Furthermore, comparing to the existing delay-optimized Model In this general delay model, we have the following:
algorithms, ours achieves almost the same performance but with 1) each gates has an intrinsic delay of (v);

much less area overhead. Therefore, this algorithm is very useful 2) no delay is associated with an interconnection linking
on solving the timing-driven circuit clustering problem. two gates in the same cluster:
Index Terms—Clustering, critical path, delay, partitioning, 3) a de|ay of D time units @ is a Specific Constant) is
performance, performance tradeoffs. associated with an interconnection linking two gates in
two different clusters.

|. INTRODUCTION GLLT is a heuristic algorithm which uses a greedy labeling

ARTITIONING techniques play important roles in maI,]yapproach to minimize thg circuit delay without replicating
Paspects of modern VLSI circuit designs. Many partitionf@ny gates. Recently, Rajaraman and Wong proposed another
ing problems on all levels of abstraction have been studi@$0rithm which can get the delay optimal solution for any
for several decades [1]. In general, a number of desi&ﬁmbmayona}l circuit und'er the general delay model with
constraints such as capacity constraints, pin constraints nomial time complexity [4]. However, the number of
timing constraints, must be met during the partitioning proce<dusters can be four times as high as that of the area-optimized
For example, if a circuit cannot be fit into one chip, it musgolution on average a_ccordmg to our experimental results.
be divided into several subcircuits such that each of them carf ©f S0me applications, we have to pay whatever area
be put into a chip. However, an improper partitioning coulgverhead (number of clustgrs) needgd to get the m|n_|mal dglay.
dramatically degrade the performance of the original circufioWever, the normal requirement is to get a solution which
Therefore, partitioning a large circuit into chips to minimiz&2n meet the timing constraint while keeping the area overhead

the circuit delay under the capacity constraint of a chip is & Small as possible. In this paper, we present a new approach

very important problem. which can generate a set of clustering solutions from the
This problem has been studied in several previous worRE@-0ptimized one to the delay-optimized one for a given

[2]-[4]. These works all involve the replication of logic gates¢ircult under the general delay model subject to the capacity

that is, a logic gate can be assigned to more than one blogRNstraint. It starts from getting an area-optimized initial
Such a block is referred to as auster and the circuit C'ustering solution with delay consideration. Then, a series
partitioning problem is referred to as tharcuit clustering of reclu;tering operaFions is applied to gradually decrgase the
problem.The LLT algorithm presented by Lawler, Levitt, and delay without increasing too many extra clu§ters. Experimental
Turner, is a polynomial time algorithm which can obtain afesults show that this approach can effectively generate a set
optimal solution of this problem under theit delay model of comprehensive clustering solutions with different area/delay
[2]. In the unit delay model: 1) all gate delays are zero, éyadepffs for a given circuit. Morgover, the. dele_ly—optimized
no delay is associated with an interconnection linking tweP!utions obtained by our algorithm are identical or very

gates in the same cluster, and 3) a delay of one time unitci@se (within 1.7% on average) to the delay optimal solutions
obtained by [4] with much lower area overhead as compared

Manuscript received August 17, 1997; revised December 22, 1997 amj them. Moreovler' this algomhm can be ea3|ly e).(tended t_o
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several small circuits and then dispatches them to the delgyia Acyclic Partitioning(network Net, capacity M) {
minimizer separately. This strategy can shorten the overall L« Topological Sorting(Ner;
delay minimization process because the complexity of existing S < ©:
.. . . . A ¢ Allocate a new block;
delay minimizers is usually worst than linear in terms of

i . X L : . i Insert_Las«(S, A); /* append A at the end of § */
the circuit size. Therefore, it is claimed that this technique  while(L is not empty) {
can speed up the delay minimization process without losing Node < Pop_Firsi(L);
the overall optimization quality significantly. However, the '“WVTV/‘ZI’;’O“?>MHN ’1“‘"3“ the capacity constraint ? */
. . . . . «— ocatc a new block;
dlfferer}ce between this t_echmque and previously de;qubed Insert Last(S, A);
works is that the target circuit is only clustered for efficient }
delay minimization temporarily and those small clusters will A< A v {Node};

}

return §;  /* §is an acyclic partitioning solution */

be eventually reglued to be a single delay-minimized circuit.
The rest of this paper is organized as follows. Section |l
introduces some basic terminology and definitions used in
this paper. Section Il describes the way to get the deIa'):/'—g
considered area-optimized initial clustering solution for a
given circuit. In Section IV, our reclustering techniques delay = 5 A““'“”‘(”:l’f“’(”:'*’):2’“““"4:(‘1‘&1”:6
for performing area/delay tradeoff are presented in detalil.
Section V shows the comprehensive experimental results.
The extension targeting the pin constraint is discussed in
Section VI. The concluding remarks are given in Section VII.

. 1. The initial acyclic partitioning algorithm.

Il. PRELIMINARIES

A combinational Boolean network can be represented as a
directed acyclic grapiG(V, E). Eachnodey € V, represents 7, 5 73 |2 ¢ 3) Lo1.2,3,4,5 6.7.8)
a logic gate and each directed edge,j) € F,iandj € V,  5=1{*57.3.(1,2,68) S, =1{(1,2,3,4), (56,7, )}
represents that nodeis a fan-in of nodej. Let input (v) be
the set consisting of all fan-ins af, and output(v) be the
set consisting of all fan-outs af. A primary input(PI) of a
network is a node without any incoming edge angramary Where
output (PO) of a network is a node without any outgoing rl(u) =
edge. Each node has an intrinsic delay(v) associated with
it. Each nodev also has a weightv(v) associated with it to
represent the corresponding area cost. The weight of a set of
nodesS, denoted a3V (S), is the sum ofw(v) wherev € S. A node v is a failing nodeif rI(v) is smaller than/(v). A
A clusterC'is a set of nodegV and thecapacity constraint fajling pathis a path starting from a Pl and ending at a PO
of C specifies that’ (C) must not exceed a constahi. The and contains all failing nodes because this path fails to achieve
label of a nodew, denoted ag(v), represents the maximumthe required circuit delay.
delay along any path starting from PI's and ending .athe
label of each Pl is defined as 0. Then, under the general delay . THE INITIAL CLUSTERING ALGORITHM
model, the label of any other nodecan be calculated as

Fig. 2. Acyclic partitioning solutions of two valid topological sorting lists.

rl(w) if edge (v, u) is internal to a cluster,
rl(u) — D if edge (v, u) crosses a cluster boundry.

Given a partitioning solutionS = {A;, Az, ---, 4.},

Il(w)= max I(u)+8v) authors of [6] define thelependency grapbf S, denoted as
uCinput(v) D(S), such that there exists an edgd;, A;) if and only
where if there exists an edgézx, y) in the network where node

z € A; and nodey € A;. S is called anacyclic partitioning
lu) = solutionif D(S) is a directed acyclic graph. Some benefits
{l(u), if edge (u, v) is internal to a cluster, can be obtained if the partitioning solution is acyclic [6]. It

l(u)+ D, if edge(u, v) crosses a cluster boundry. is noticeable that the clustering solutions provided by [4] are
acyclic though the algorithm does not explicitly try to maintain

The label of a networkV, denoted ag(/), is defined as the this property.

mrzla_mrr]n_um Iab_f_l gfbp?hs' Theeqwrgc(ij Iab?'%fla ne;wocl)_rk]t\f, Our algorithm starts from finding an area-optimized clus-
which is specified by the users and denotedia®), indicates ering solution with delay consideration where the area is

the allowed maximum delay of the resultant clustered networi<Ounted as the number of clusters. The problem of packing
Thu|§,_tf|or e?ih PZC?}V tr;)e :je(}.u'.rfd Ia_tr);]al, d(:rr:oted aé(vgyllsb Inodes with different weights into minimum number of clusters

'Tp ici yﬂs}e 07d( ) by be ni Ilonl' ¢ den, € required 1abel, it the specified capacity constraint can be formulated as the
ol any ofher node, can be caiculated as bin packing problenin which nodes are treated as boxes with

rl(v) = min 7l (u) — §(u) different sizes and clusters are considered as bins with the

ucoutput(v) fixed capacity. Therefore, in this paper an effective heuristic
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Topological_Sorting(network Net) {
Label each nodc v as the largest intrinsic delay between PlIs and the node v;
S« &
PO_List < Sort POs in decreasing order of their labels;
while(PO_List 1s not cmpty) {
Node < Pop_First(PO_List),
DFS(Node, S);
}
return S;
}
DFS(node Node, list §) {
Fanin_List < Sort all unmarked fanins of Node in increasing order of their labels;
foreach(Fanin € Fanin_List)
DFS(Fanin, S),
mark Node;
Insert_Last(S, Node); /* Append Node at the end of § */

}

Fig. 3. Our delay-oriented topological sorting list generation algorithm.

algorithm based on the notion of the acyclic partitioning ismaller labels are visited first, DFS calls applied to nodes with
used to get our initial clustering solutions. In order to minimizkarger labels tend to stay in the stack during the recursion.
the number of clusters, node replication is not allowed iRherefore, those DFS calls applied to nodes on the longest path
getting the initial solution. The algorithm is shown in Fig. 1tend to concurrently terminate at the end of a series of DFS
At first, a topological sorting is performed over the nodegalls and the corresponding nodes are more likely inserted into
of the network to get a sorted lidt. Node i appears before the sorted listS at the same time. As a result, the intercluster
nodej in L if node is a fan-in of nodej. Then, as many delay can be reduced. This technique is extremely effective
nodes from the beginning of are packed into a block asfor tree-intensive circuits as illustrated In of Fig. 2. In this
long as the capacity constraint is not violated. A new blogKgorithm, DFS is applied to PO’s in decreasing order of their
is allocated when the current block is fully filled under théabels. It is because the path ending at the PO with the largest
capacity constraint. This process is not terminated until 4@bel should be considered first.
nodes are packed. It is obvious that the resulting partitioningOur initial clustering algorithm, referred to adlITIAL,
solution S is acyclic. is implemented in SIS environment [8] and is compared to
However, there are many ways in performing topologicde algorithm proposed in [4], referred to @USTER-RW
sorting. Clearly, different sorted lists may lead to different pafable | shows the results of compariag USTER-RWagainst
titioning solutions, and then result in different circuit delaydNITIAL under the given parameters(v) = 1, w(v) =
For instance, consider the example illustrated in Figr2. 1, D =2, andM = 100. The number of clusters obtained by
and L, are two different topologically sorted lists asg and INITIAL is minimal, i.e., [##node/M], because is set to 1
S, are their corresponding acyclic partitioning solutions. Botnd no logic synthesis is allowed. Also, becadse identical
solutions consist of two blocks. Howeved, is better thars, for all nodes, the maximum intrinsic delay of the circuit is
in terms of circuit delay. The reason wis has the smaller calcglated ash times its levellvl where vl represents the
delay is because it puts the longest path entirely into the safi@Ximum number of nodes from PI's to PO’s along any path.
block. Since the delay of a path is the sum of both intrinsic arfd!US: the upper bound of the circuit delay, shown in Column
intercluster delays, the only way to reduce the circuit deldy B+ an be calculated a@s<lvl+D x (min(lvl, #cluster)—
is to minimize intercluster delays for those paths with large)- 1S UPPer bound gives us the worst delay a circuit can

intrinsic delays. Therefore, nodes of such a path should gve if an improper partitioning is applied. Of course, the

packed within as few clusters as possible. This implies th WerSPr%uF?ng{nihe Ci[rcuti: delar)]/ must Ee th? olne obtainedd frodm
nodes of such a path should be put as close as possible dui - rom Table |, the number of clusters produce

topological sorting. Following this principle, we propose ITIIAESTER'RWS th_rrehe tlmes'tmdorle thagt thatdpmd_:fl(ff by
delay-oriented topological sorting algorithm shown in Fig. 3|_S 23% s?aﬁlgre:ﬁgﬁ. the igggru:)ouigywﬁileamz ogzlmal delay
This algorithm first labels each node of the network b 18% smaller than that dNITIAL. The results show that

the largest intrinsic delay between PI's and this node. . . .
; . . . NITIAL can generate clustering solutions with delays closer
topologically sorted list. can then be obtained by recursively

aRpIylng t.he depth'ﬂrSt'S_earCh (DFS) starting from_ PosltolThere is no experimental data associated with the number of nodes
PI's. Starting at the PO with the largest label, DFS is appliefid clusters in [4]. We get this data by running the software package
to unmarked fan-ins of any nodein increasing order of their provided by the authors. Sind@LUSTER-RWdoes not guarantee to get the

. . .. . minimum number of clusters in the optimal delay solutions, the postprocessing
labels whilev is visited. Here we exploit a useful prOpertytechniques developed by authors’ successive work [7] are used to reduce the

of the stack while DFS is called recursively. Since nodes wittumber of clusters without losing the delay optimality.
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TABLE |

CLUSTER-RWVERsUS INITIAL, UNDER 6(v) = 1, w(v) = 1, D = 2, M = 100

circuit information CLUSTER-RW INITIAL
circuit #node level U.B. delay | #node | #cluster || delay | #cluster
c499 202 i1 15 11 3200 32 15 3
c880 357 23 29 23 848 9 25 4
cl1355 514 23 33 25 3560 36, 29 6
c1908 880 40 56 41 4272 44 47 9
c2670 1161 32 54 34 2073 21 42 12
c3540 1667 47 79 48 7496 76 61 17
c5315 2290 49 93 51 8230 83 58 23
c6288 2416 124 172 128] 13647 137 166 25
c7552 3466 43 iH 44 9786 98 50 35
total 12953 392 642 405| 53112 536 493 134

Iterative_Area/Delay_Trade-Off(network Net, delay Target_Delay) {
Original_Delay < [(Net),
Work_Net « Copy(Net); /* including clustering assignment */
while(l(Work_Net) > Target_Delay) {
Failing_Path_Set < Delay_Analysis(tWork_Net, [(Work_Ner) - 1);
Failing Path < Choose one path from Failing_Path_Set,
if(Reclustering(Failing_Path) == Success) { /* alocal success */
if(I{Work_Net) < l[(Net)) /* also a global success */
Net <« Work_Net; /* including clustering assignment */
}
clse /* a local failure, also a global failure */
break; /* exit while loop */
}
Post_Processing(Net);
if(I(Net) == Target_Delay) return Success;
else if(/{(Net) < Original_Delay) return Partial_Success;
else return Failure;

}

Fig. 4. Our iterative area/delay tradeoff reclustering algorithm.

to the optimal values without any area overhead. Therefof®p the only way to reduce the delay of a failing path is to
INITIAL can effectively provide a good delay-considered areeeduce the intercluster delay. In this paper, we propose three
optimized initial clustering solution for a given circuit. techniques based on node movement and node replication
to achieve this goal. These techniques are referred to as
reclusteringtechniques. The major feature of them is that they
can eliminate the target failing path without introducing extra
new ones. If reclustering techniques can eliminate the given
Given an initial delay-considered area-optimized clusterirfgiling path, alocal successs marked. If a local success
solution, the goal of our algorithm is to reduce the circuitesults in a global success, i.e., the delay of the current
delay without increasing too many extra clusters. The outlineorking networkWork Netis smaller than that of the original
of this algorithm is shown in Fig. 4. Given a network, ounetwork Net then the original network is updated. After a
algorithm iteratively reduces the circuit delay until the desirddcal success, the whole procedure starting from the delay
target delay is achieved or there is no improvement can aralysis is repeated because the network has been modified.
made. In our algorithm, tradeoff operations are performékhis process is repeated until the target delay is achieved, or
iteratively while the current circuit delay is still larger thamo improvement is possible. At last, a postprocessing step is
the target delay. At each iteration, the required label of theerformed to further reduce the number of required clusters
network is set to the current label minus “1.” The delayithout sacrificing the circuit delay.
analysis is followed to identify all failing paths in the network. Given an acyclic initial clustering solutioi, each cluster
Then, a failing path is selected as the candidate for the deldye S can be numbered in its topological order, and the
optimization. As mentioned before, the intrinsic delay of a patiumber is denoted atD(C). Therefore,node; € Cy can be
cannot be reduced because no logic resynthesis is performedan-in of node; € Cy only if I1D(Cy) < ID(C5). A path

IV. THE ITERATIVE AREA/DELAY
TRADEOFF RECLUSTERING ALGORITHM
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ceil(P, ) floor(P.) ceil(P.) floor(P,, )

P Assume
OIS
G C —<p C. B

il ;

Assume
8=1,
D=2

e

Ceil(P(_H) c dup(ﬂ()()r(P(‘)) dup(ceil(PC’_))

. . . . ceil(P, )
Fig. 5. lllustration of the reclustering technique 1. v

dup(ﬂoor(P;M

P crossingk clusters forms an ordered li§€;, Cs, -+, Ci} O ()
H H H 1 1 ’ 1 Cd
in increasing order of these clusters’ ID’s. All PI's/PO’s are dup(cone’ )

clustered inCy/Ci41 to simplify the later derivations. We
define P as the subpath of residing on the cluster”, Stc;ﬂ@

floor(Pc) as the first node of-, and ceil(P-) as the last c Jlqor(P, )
node of P. A(u, v) represents the maximum intrinsic delay p :
from nodew to nodev; dup(a) is a duplication ofa wherea

can be a node or a set of nodes; ande/l is a set of nodes
consisting ofceil(P-) and some of its predecessarse C
where

dup(ceil(P:)) dup(floor(P, )

i+1

1(v) + D + Aw, ceil(Pe)) > I(ceil(Pe)). 1) e ‘
dup(Pc) e dup(wnezq)

These terms are also clearly illustrated in Figs. 5 and 6. The
definition of conel. leads to an important property. Fig. 6. lllustration of the reclustering technique 2.
Property 1: [(dup(ceil( Pc))) is identical tol(ceil (Pc)) if
conel is entirely duplicated to another cluster. g T
Proof: Assumes € conel, wis afan-in ofv, u ¢ conel, Heeil(Fe,)) =Heeil(Pe;,)) + D .
andu € C. After duplicatingconel. to another cluster, some + A(floor(Fe,), ceil(Fc,))- ()
edges(u, dup(v)) are introduced to conneat and dup(v) € _ _ _
dup(conel). Thus, the label offup(v) may increase becauseAfter applying Technique 1, all paths passing through
an extra intercluster delap is added. Thus, the following {ccil(X’c,), floor(Pc,,,)) change their ways by passing

inequity holds forv € concf: through (dup(ceil(Fc,)), floor(Fc,,,)). If there exist
v € Pe,, uis a fan-in ofv, v € C; andu ¢ P, then
l(v) < l(dup(v)). (2) I(dup(v)) may be larger thar(v) because an extra deldy

is added on edgéuw, dup(v)). Thus, the following inequity
However, according to (1), for is a fan-in ofv, « ¢ conct  holds forv ¢ P

andw € C
< < .
W(w) + D+ 6(v) + Aldup(v), dup(ceil(Pe))) {(v) < ldup(v)) < (v) + D 6)
=1l(u) + D + A(u, ceil(Fc)) <l(ceil(Pc))-  (3)  Property 2: The circuit delay never increases after applying
. Technique 1.
In other words, even though some edges dup(v)) in- Proof: Let luw/luew be the labels offloor(Pe
cur an extra delayD, those paths pass through them wilf - co o d° new '
not causel(dup(ceil(P-))) to be greater thad(ceil(Fr)). (6):
Therefore, from (2) and (3){dup(ceil(Pc))) is identical to '
I(ceil(Pc)). Property 1 implies thatonel. should be entirely _ (P (P
duplicated if we want(dup(ceil(Pc))) = I(ceil(Pc)) after L ;E(d%;(;fd( < )li) +66(‘7;ZOOT;C7'+‘))_Z
the duplication. O <l(ceil(Pc,)) + D + 8(floor(Pc,,,)) = lowa.
Technique 1:Duplicate P, to C; +1 wherel <¢ < k—1 ) .
if the capacity constraint af;.,1 is still met. Then, replace the |t méans that(floor(Fc,.,)) does not increase after applying

i+1) be-
uplication, respectively. Then, according to

fan-in of floor(Pc, ), that isceil(Pe, ), with dup(ceil(Pe,)) Technique 1 and neither do_e_s the circuit delay. - d
as shown in Fig. 5. Property 3: The target failing pathP can be eliminated
Before applying Technique 1, two equities hold after applying Technique 1.

Proof: According to (6), this property can be proved in
I(floor(Pc,,,)) = l(ceil(Pc,)) + D + 6( floor(Pc,,,)) (4) two different cases.
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Case 1: Whenl{(ceil(Pc,)) < l{dup(ceil(Pc.))). to (6). After reclustering? is a failing path only if the label
After applying Technique 1, if there exist € Pr,, v sequence starting fromeil(Fe,_, ) to floor(Pc,,,) is (4, 7,
is a fan-in ofv, v € C; anduw ¢ Pr,, thenl(dup(v)) 8,9, and 10) alongP. However, it will never happen after
may be larger thari(v) because an extra deldy is added applying Technique 1. Therefore, it is clear that there exists
on edge(u, dup(v)). The effect ofl(dup(v)) > I(v) could at least one nonfailing node alodg and thusP is no longer
further propagate toward its fan-outs and eventually causedailing path.
l(dup(ceil(Pc,))) > l(ceil(Pc,)). Thus, according to the After duplicatingP, to C; + 1, the increase oWV (C; + 1)
assumption of Case 1: could be less thamV(F.,) because some replicas of nodes
) ) € Pc. may have already existed i&i; + 1. In our algorithm,
Ueed(Pe;)) = eed(Fe: ) if two copies of an identical node are found within a cluster,

+ D + A(ceil(Pe,_,) the one with the smaller label replaces the other with the
ceil(Pe,)) =l(ceil(Pe,_,)) larger label. That is, only one copy of a node can exist in
+ D+ Aldup(ceil(Pe, ) a clusterC. As a result,W(C) can be minimized to allow
) ] o future replications of other nodes into this cluster. It is also
dup(ceil(Fe,))) <Udup(ceil(Pc,)))- () noticeable that Technique 1 does not introduce any new cluster.
Equation (7) implies thaP is no longer a failing path. Technique 2:Duplicate both Fc;, and coneg,,, 10 Cy
Case 2: Whenl(ceil(Fc,)) = l(dup(ceil(Pe,))). wherel < ¢ < k-1 and ID(C; + 1) < ID(Cy) <

This case means thatdup(v)) does not increase even if/D(Ci + 2) if the capacity constraint ofC, is still
an extra delayD is added to such edge:, dup(v)) described Met- Then, replace the fan-in ofloor(Fc; ), that is
in Case 1. Thus, let,ig/lne. be the labels offloor(Pc, ) ceil(Pc,,,), with dup(ceil(Pc,.,)) and replace the fan-in

before/after the duplication, respectively. Then, of dup(floor(Fc,,,)), that isceil (Fc, ), with dup(ceil (P, )
as shown in Fig. 6.
I(dup(ceil(Pe,))) + 6( floor(Pc,,,)) Property 5: The target failing path” can be eliminated
< Uceil(Pe,)) + D + 6(floor(Pe,, ) = Lo (8) and no new failing path will be introduced after applying
Technique 2.
Becauselup(ceil(Fc,)) is a fan-in offloor(Fc,,, ), therefore Proof: Property 5 can be proved in two steps.

. ) Step 1: Duplicate cone”i _ to ¢y and replace the fan-in
Hdup(eeil(Fe,))) + 6(floor(Pey.)) < bncu: ©) of floor(FPc,,,), that iSceC'L'lJr(Pq.+1 ), with dup(ceil(Pe,_.,)).

There are two possible outcomes in Case 2 according to (8§.this point, the failing path” changes its way by passing
The one is thati(dup(ccil(Pc,))) + 8(floor(Pe,,,)) = throughC, instead ofCiH.Th_e C|_rCU|t_deIay does not increase
lnew < loa according to (8). Under this condition,becausel(dup(ceil(Pc,,,))) is identical to l(ceil(Fc,,,))
floor(Pc,.,) is no longer a failing node and thereforeccording to Property 1. For any palth exceptl” changing its
P is no longer a failing path. The other is thatvay due to the duplication, i’ is not a failing path before
I(dup(ceil(Pz,))) + 6(floor(Pe,,,)) < luew. Under this the duplication, then” will not be a failing path after the
condition, dup(ceil(Pe,)) is no longer a failing node and duplication according to (3). That is, no new failing path will
thereforeP is no longer a failing path. be introduced.

From the analysis of Case 1 and 2, Property 3 is praded. Step 2: Itis clear that duplicating”c;, to Cy and replace the

Property 4: No new failing path will be introduced after fan-in of dup( floor(Fc, ) with dup(ceil(Pc,)) is equiva-
applying Technique 1. lent to applying Technique 1. Therefore, Property 3 and 4

Proof: For v € P.., u is a fan-in ofv, v € C;, and derived from Technique 1 are also held for Technique 21

u ¢ Pc., an extra delayD is added or{u, dup(v)). Therefore, Fig. 6 illustrates how Technique 2 works. After reclustering,
any pathP’ exceptP changing its way due to the duplicationt’ is @ failing path only if the label sequence starting from
incurs the extra delay if it passes through.. However, it ccil(Pc,_,) to floor(Pc,,,) is (4, 7, 8, 9, 10, and 13) along
is found that P. However, it will never happen after applying Technique 2.
Therefore, it is clear that there exists at least one nonfailing
W) + 6(v) + A(v, ceil(Pe,)) + D + 6(floor(Pc,, ) node alongP and thusP is no longer a failing path. Also
=l(u) + D + 6(v) + A(dup(v), dup(ceil(Pc,))) note that the condition] D(C; 1) < ID(Cy) < ID(C;42),
+ 8(floor(Pe,,))- (10) presented in Techniqge 2is seF to maintain the acyclic property
of the current clustering solutiof.
Equation (10) indicates the delay betweeand floor(Fc,. ) Technique 3:Duplicate P, and conea+1 to a newly al-
is not changed after the duplication. In other wordsPifis located clusterC, which is inserted intoS at some place
not a failing path before the duplication, thé# will not be betweenC;;, and C;y, if W(FPc, U cone’é_ﬂ) does not
a failing path after the duplication. Therefore, there is no neexceed the capacity constraint. Then, replace the fan-in of
failing path being introduced after applying Technique I floor(Pc,,,), thatisceil(Pc, . , ), with dup(ceil(Pc,,,)) and
Fig. 5 illustrates how Technique 1 works. The selecte@place the fan-in offup(floor(Fc, . ,)), that is ceil(Fc,),
failing path P is shown in bold and the number located insidwith dup(ceil(Pc,)).
a node represents the label of that node while the pair ofProperty 6: The target failing path” can be eliminated
numbers represents the possible range of that label accordimgl no new failing path will be introduced after applying
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Reclustering(failing_path P) {
{C,, C,, ..., G} « asctof clusters which P crosses in topological order;
for(i=1; i <k—1; i++)
(WP, uC,)<M
Apply Technique 1; and then return Success;
for(i = 1; i <k—1; i++)
foreach(C, where ID(C,,)) < ID(C)) <ID(C,,,))
WP, U C()neg LU C)EM)
Apply Technique 2; and then return Success;
for(=1;i <k—1; i++)
iW( P, U conep D<M {

Cl, < Allocate a new cluster and insert it immediately before C,,,;
Apply Technique 3; and then return Success;

return Failure;

}

Fig. 7. The area/delay tradeoff reclustering algorithm.

Technique 3. is produced for each benchmark circuit described in Section Il
Proof: Technique 3 is almost identical to Technique 2nd the results are shown in Table Il. Colubhyopt shows
except that they encounter different capacity constraints. Tethe delay of the initial area-optimized clustering solution. The
nique 2 is applicable only iV (Pr, U comg UCy) < M remaining columns represent the number of clusters required
while Technique 3 is applicable only W (P, uconec+ ) < to achieve the designated circuit delay. From Table I, it is
M becauseCy is an empty cluster initially. Thus, the proofclear that our algorithm can actually provide a wide range

is similar to that of Property 5. of clustering solutions which can be selected by designers to
The range constraint @f, is also set to maintain the acyclicperfectly match their specifications.

property of S. However, an extra cluster is added $oto In order to show how good the delay-optimized results

eliminate the target failing path. ADTOCproduces, the results produced ARTOCare shown

By reviewing three proposed reclustering techniques, it i8 Table Ill. From Table Il, it is found that the circuit delay
obvious that the area overhead incurred by applying thetan be effectively reduced with only 9% nodes or 19%
increases from Technique 1 to Technique 3. Therefore, Glyisters increase. Table Ill also includes the results produced
improve the circuit delay without paying too much area oveby CLUSTER-RW4] for comparison. From the perspective
head, these three techniques are sequentially applied dudigdelay, ADTOC can get the delay optimal solutions for
area/delay tradeoff operations as shown in Fig. 7. six out of nine benchmark circuits. The average circuit delay

After the reclustering phase, the clustering solution stiflotained byADTOC is only 1.7% larger than that provided
remains acyclic. If this property must be held for somby CLUSTER-RWHowever, from the perspective of area, the
applications, the algorithm should stop here. Otherwise,n@de replication ratio is 310% fa€LUSTER-RWwhile only
postprocessing step which reduces the number of requi®¥ for ADTOC On average the numbers of clusters required
clusters without sacrificing the circuit delay is applied. Twdy CLUSTER-RWand ADTOC are 300 and 19% more than
techniquesnode removakndcluster mergingare included in that of INITIAL, respectively. Finally, every circuit takes no
our postprocessing step. Both of them were first proposedrirore than 1 min to complete the experiment except that c6288
[3]. Node removalreplaces a node by one of its replicas takes 370 s.

r if the circuit delay does not increas€luster mergingis a Experimental results clearly show thADTOC can effec-
heuristic technique which iteratively merges two clusters tively produce a complete set of area/delay tradeoff clustering
become a new single cluster if the capacity constraint is stiplutions for a given circuit. Moreover, two extreme clustering
met. At each iteration, a pair of mergeable clusters with tis@lutions provided byADTOCare also promising. The delay-
largest gain is selected to be merged. The gain is calculagshsidered area-optimized solutions are favorable for designs
to reflect the benefits obtaining from the corresponding mergargeting for small area. The delay-optimized solutions have
This process is repeated until there is no mergeable pair. almost the same performance with much less area over-
head as compared with those of the delay optimal solutions

reported in [4].
V. EXPERIMENTAL RESULTS

VI. CIRcuUIT CLUSTERING UNDER

Our areal/delay tradeoff reclustering algorithm, denoted as
CAPACITY AND PIN CONSTRAINTS

ADTOC, has been implemented in SIS environment [8]. In
order to evaluate its quality, a set of comprehensive clusteringADTOC can be easily extended to deal with the clustering
solutions from area-optimized one to the delay-optimized opeoblem under both capacity and pin constraints. Almost the
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TABLE I
EXPERIMENTAL RESULTS OF OUR AREA/DELAY TRADEOFF CLUSTERING ALGORITHM

L L-1 | L2 | L3 | L4 )| L5 L-6|L7 L8| LY |L10}L-11]L-12

circuit | Ll (I #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu
c499 15 3 3 4 3l -

c880 25 4 5 50 -

cl1355 29 6 6 6 7 7 -

¢1908 47 9 10 10 10 10 11 1 -

c2670 42 12 12 12 13 13 13 13 14 14; -

c3540 61 17 17 17 18 19 19 19 20 20 23 22 23 22
c5315 58 23 23 23 24 24 24 25 25| -
c7552 50 35 35 35 36 37 38| -
L L3} L6 | LY |L-12|L-15|L-18 [ L-21 | L-24 | L-27 | L-30 | L-33 | L-34
circuit | LIAopt| #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu | #clu

c6288 | 166 25 250 25| 250 26| 28] 28] 30 321 34] 32| 34| -
TABLE Il
ComPARISONS AMONG INITIAL, ADTOC,aND CLUSTER-RW
INITIAL ADTOC CLUSTER-RW

circuit dclay | #node | #cluster | delay | #node |#cluster | delay | #node |#cluster

499 15 202 3 11 217 3 11 3200 32

880 25 357 4 23 415 5 23 848 9

c1355 29 514 6 25 569 7 25 3560 36

c1908 47 880 9 41 950 11 41 4272 44

2670 42 1161 12 34 1227 14 34 2073 21

3540 61 1667 17 49 1880 22 48[ 7496 76

5315 S8 2290 23 51 2311 25 51 8230 83

c6288 166 2416 25 133] 3010 34 128 13647 137

7552 50| 3466 35 45 3540 38 44 9786 98

total 493| 12953 134 412 14119 159 405| 53112 536
entire framework can be directly adopted, except: Column PADTOC shows the results provided BRADTOC.

1) the initial acyclic clustering solution should satisfy botdhe results show that the average circuit delay obtained by

capacity and pin constraints; PADTOC is 1.2% larger than that provided B@LUSTER.

2) the additional pin constraint for the related clustegs ( However, the average number of required clusters is 13% less
than that ofCLUSTERBesides, the cluster utilization ratio of
rFgADTOCis lower than that oADTOC. It means that the pin
constraint is the major limit while applying these reclustering
tﬁchniques. This condition is getting worse as the pin constraint
Ibecomes tighter.

and C;41 in Technique 1;C;, Ciqq, Cy, and C;45 in
Techniques 2 and 3) must be satisfied while applyi
three reclustering techniques;

3) both capacity and pin constraints must be met with
every postprocessing operation.

After these modificationsADTOC is capable of performing

areal/delay tradeoff operations under both constraints. Further- VII. CONCLUSIONS

more, the initial clustering solution is obtained by putting each In this paper, we propose an iterative area/delay tradeoff
node into a separate cluster after applying the delay—orientagstering algorithm. The approach begins with finding an
topological sorting. These fine-grained clusters potentialjyitia| delay-considered area-optimized acyclic clustering so-
have more flexibility for later reclustering operations, anflition. Our reclustering algorithP\DTOC is then applied to
then lead to better delay-optimized solutions. This extendggt the set of comprehensive area/delay tradeoff clustering
algorithm is referred to aBBADTOC.To show its effectiveness, solutions. Experimental results show that the delay-optimized
we use it to generate the delay-optimized solutions under t§8lutions provided byADTOC have almost the same perfor-
previous parameters plus the extra pin constr&int 80, and mance with that of the delay optimal solutions provided by the
the results are given in Table 1V. Colun@LUSTERshows the existing delay optimal algorithm [4] while the required area
results provided by an existing algorithm proposed in [7], aralerhead is significantly reduced. Hence, this algorithm is very
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TABLE IV
CLUSTERVERsus PADTOC UNDER
6(v) =1, w(v) =1, D =2, M =100, P = 80

CLUSTER PADTOC
circuit | delay | #node |[#cluster [ delay | #node [ #cluster
c499 11 202 3 11 259 3
¢880 23 409 5 23 413 6
cl1355 25 598 7 25 577 7
¢1908 41 2390 24 4] 1135 15
c2670 34 1545 17 34 1418 21
¢3540 48 4924 51 49 2338 36
c5315 51 5713 59 51 2461 58
c6288 128 6233 65 132 3847 43
c7552 44 7746 79 44 4490 80
total 405 29760 310 4101 16938 269

useful on solving the timing-driven circuit clustering problem
When both capacity and pin constraints are concerAdzt,
TOC is still capable of providing comprehensive area/dele
tradeoff clustering solutions. It also produces promising dela
optimized solutions and keeps lower area overhead wh
compared withCLUSTERJ[7]. Hence,ADTOC can be easily
applied to perform area/delay tradeoff clustering operatio
for multi-FPGA systems.
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