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Optimal Clock Period Clustering for
Sequential Circuits with Retiming

Peichen Pan, Arvind K. Karandikar, and C. L. Ligellow, IEEE

Abstract—In this paper we consider the problem of clus- lustor the
tering sequential circuits subject to a bound on the area of % combinational
each cluster, with the objective of minimizing the clock period. network
Current algorithms address combinational circuits only, and
treat a sequential circuit as a special case, by removing all
flip-flops (FF's) and clustering the combinational part of the

sequential circuit. This approach breaks the signal dependencies  \ye consider circuit clustering subject to a bound on the area

and assumes the positions of FF's are fixed. The positions of f h component. with ible replication of logic. i
the FF’'s in a sequential circuit are in fact dynamic, because of each component, possible replication o 1ogic, I1.€., a

of retiming. As a result, current algorithms can only consider 9ate may be assigned to more than one component. Following
a small portion of the whole solution space. In this paper, we [19], we refer to each such component as a cluster, and to the
present a clustering algorithm that does not segment circuits by problem as the circuit clustering problem. Our objective is to
removing FF's. In additional, it considers the effect of retiming. - yinimize the clock period of the clustered circuit. The clock

The algorithm can produce clustering solutions with the optimal . . N . .
clock period under the unit delay model. For the general delay period of a sequential circuit is defined as the maximum delay

model, it can produce clustering solutions with a clock period betweep the FF's. . .
provably close to optimal. Previous work on clustering has mainly focused on com-

binational circuits. Effective heuristics and optimal algorithms
|. INTRODUCTION have been proposed [19]-[21]. However, most circuits in prac-

N N . %ice are sequential. Clustering algorithms for combinational
IRCUIT partitioning/clustering is an important aspect of .~ . . o .
circuits can be applied to sequential circuits, by clustering

VLSI design [1]-[3]. It consists of dividing a circuit - : ; )

. . : the combinational logic between the FF's as was done in
into parts, each of which can be implemented as a separaté - LT
€ past [19]. In other words, the FF’s in a sequential circuit

com_ponent (e.g., a chip) Fhat_ satisfies certain design e simply removed to obtain a combinational network. Then
straints. One such constraint is the area of the componetﬂt

S : combinational network is clustered. Finally, the FF's are
The limited area of a component forces the designer to lay o - .
oo : . aced back, as indicated in Fig. 1.
a circuit on several components. Since crossing compone

. . L For sequential circuits, there is a functionality preserving
incurs relatively large delay, such a pa_rtltlomng could greatp/ansformation known as retiming [22]. Retiming allows a
degrade the performance of a design if not done properly. designer to move the FF's around within a circuit. The original
There has been a large amount of work done in the aréa T o .
f circuit titioni d clusteri A1-1181. In circuit _purpose of retiming is to minimize the clock period, the
ol circuit partitioning anc clusiering [41- ] N circurt par number of FF's or both, without modifying the structure
titioning, the circuit is divided into two (bipartitioning) or '

} o - : of the circuit. Polynomial algorithms for doing so and their
more (multiway partitioning) parts. In circuit clustering, the . .~ ~. . . .

TN . ", . fficient implementations have been proposed in the literature
circuit is built up cluster by cluster. To partition designs 022] [25]

large size, bottom-up clustering is often combined with top- . . .
9 L hp lassi ? I f o The conventional clustering approach greatly restricts the

down partitioning. The classical objective of partitioning is tcéolution space that can be explored, since it ignores other

minimize the cut-size, i.e., the number of nets spanning t _spac plored, 'sin gn

or more parts ' ' M= configurations that can be obtained using retiming. It also

pars. fails to consider signal dependencies across FF boundaries,
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Fig. 2. Disadvantage of removing FF’s during clustering.
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Fig. 4. Clustering while considering the effect of FF's.

i \ o the combinational logic. This solution, however has a clock
period of 3, when retiming is applied to it, as shown in
—H=( Fig. 4(b).
O Thus, the shortfalls of the conventional approach, when
applied to sequential circuits, are obvious. As can be seen
from these examples, if a circuit is segmented by removing
I the FF's, or if the effect of FF's is ignored while clustering,
/ - an optimal solution may not result.
Observing the shortcomings of the conventional approach,
N we propose a sequential clustering approach which does not
(b) segment a circuit by removing FF's. The approach also takes
Fig. 3. Clustering while ignoring the effect of FF’s. into account the effect of FF's when forming clusters to avoid
cutting critical sequential paths. We further present an efficient
) ) ) o clustering algorithm for the new approach. The clustering
period below this value. However, if the circuit is clusteredq tion produced by the algorithm has the minimum clock
with the FF's and then retimed, the solution shown in Fig. Z(Qeriod under the unit delay model, and a clock period provably
can be obtained. This solution has a clock period of 1. close to minimum under the general delay model.

Ignoring the effect of FF's while trying to optimally cluster \we point out that there are efforts to integrate retiming into
the combinational logic of a sequential circuit, as the convefhe classical bipartitioning problem [26], [27]. The resulting
tional approach does, may not result in the best solution fgfoblem is obviously NP-hard. Our problem is different in
the sequential circuit. Consider the circuit shown in Fig. 3(apature. In fact, under the assumption that delay values are con-
Assuming the delay of each gate is 1, the inter-cluster delgyants, the algorithm proposed in this paper for the clustering
is 2, and each cluster can accommodate three gates, afi@lblem has polynomial time complexity.
clustering the combinational logic optimally, we obtain the The rest of this paper is organized as follows. Section II
solution shown in Fig. 3(b). This solution has a clock periodontains some preliminaries and the problem statement. In
of 8. Retiming can only reduce the clock period to 7, due ®ection Ill, we introduce the strong clustering problem which
the seven units of delay on the combinational path fidmoe. is closely related to the clustering problem. In fact, we will

On the other hand, consider the clustering solution shownsplve the strong clustering problem to obtain a solution to
Fig. 4(a), which, by the way, is NOT an optimal clustering othe clustering problem. Our algorithm to the strong clustering

7




PAN et al: OPTIMAL CLOCK PERIOD CLUSTERING 491

+1 period. This leads to the decision version of the clustering
>,@< = 1:*( )< problem:
_— a 4 Problem 1: Given a sequential circuit, and a target clock
-1 period ¢, find a clustered circuit with a clock period ¢, if

Fig. 5. Retiming a node. such a circuit exists.
With a method to solve the decision problem, we can easily

problem is described in details in Section IV. We present sorf|gd @ clustered circuit with the minimum clock period if it

experimental results in Section V, and conclude with a feb\:f SO de§|red, ,bY carrying out binary search on the target
remarks and future research directions in Section VI. clock period within estimated lower and upper bounds. For
example, the optimal clock period of the original circuit is a

lower bound, and the optimal clock period plug>, where
IIl. PRELIMINARIES AND PROBLEM FORMULATION n is the number of nodes in the original circuit, is an upper

We represent a circuit as a directed graph. A node lound as there are at mostclusters in the clustered circuit.
the graph represents either a primary input (Pl), a primaryTo consider the effect of retiming during clustering, we
output (PO) or a gate, and an edge> v represents an generalize theconcept of I-valuesntroduced in [28] and use
interconnection from node to nodev, in the circuit. An edge I-values as an indirect way to consider retiming. For this
e has a weighta(e), which is the number of FF’'s on thewe introduce another set of weights on the edges in the
interconnection. A node has an area and a delay associategircuit (graph). For each edge — v, the second weight
with it. In this paper, we assume delay values are integers. @f(¢) = —¢w(e)+d(v), wherew(e) is the number of FF’s on
they are not, we can perform scaling and rounding to obtainandd(v) is the delay ofv. Thel-value of a node is defined
integer values arbitrarily close to them.) The clock period ofas the weight of the longest paths from the PI's to the node
circuit is the maximum total delay on the combinational path#sing w; weight. One useful property of I-values is that the
(paths without FF’s) in the circuit. I-values of the PQO’s are an invariant with respect to retiming,

Retimingis a technique of repositioning the FF’s in a circuigs stated in the following result:
without altering its functionality. Retiming a node by a vafue Lemma 1:1f a circuit is obtained from another one by
is an operation of removingFF’s from each fanout edge, andretiming, then the I-values of the corresponding PO’s in both
in the same time addingFF’s to each fanin edge of the nodecircuits are the same.

Fig. 5 shows the cases in whi¢h= 1 and—1. In general, all Proof: Actually the following stronger statement holds:
nodes except the PI's and the PO’s can be retimed collectivelySuppose circuitV, is obtained by applying retiming to
to arrive at a retiming of the circuit. N;. For any pattp from a nodex to a nodey, the difference

A retiming = can be represented as a mapping from thH¥ the w; weights ofp in N, and Ny is ¢(r(z) — r(y)).
nodes to integers wherg(v) is the retiming value for node For each edge. = v, its w; weight in N is —¢w,(¢) +
v. Note that ifv is a Pl or PO,r(v) = 0. After applying d(v) = —¢w(e) + d(v) + ¢(r(u) — r(v)). With this formula,
retiming r, the number of FF’'s on edge — v becomes the above statement is obvious. Sin¢e) = 0 if v is a Pl or
w(e) + r(v) — r(u). PO, the lemma follows from the statement. O

Given a sequential circuit, a clustered circuit is an equivalentFinally, we list a few additional notations. We will usé
circuit formed bylegal clustersA (legal) cluster is a subcircuit to denote the circuit to be clustered throughout the rest of this
with a total area at most/ which is a given parameter. Thepaper. A node is an input to a cluster if the node is not in the
clustered circuit may contain more than one copy of a nogéister, but is connected to at least one node in the cluster. For
in the original circuit and the same is true for edges. In othéach nodev in N, we used(u) to denote the delay incurred
words, logic may be replicated when forming the clusteregh all edges starting at and going into the same cluster, so
circuit. Retiming is also allowed during clustering to exploitt is zero if » is a Pl or the cluster is a PO, otherwise itlis
the whole solution space. It should be noted that a node fer any two nodes: andwv in N, we useA(u,v) to denote
a clustered circuit may differ from the node in the originaihe weight of the longest paths fromto v usingw, weights.
circuit in clock cycles due to retiming.

In a clustered circuit, an edge from a node outside a cluster
to a node inside the cluster incurs an inter-cluster delay
which, asM, is also a given parameteérhe clustering problem  Dealing directly with the clock period during clustering
addressed in this paper is to find a clustered circuit with theroves to be difficult since we do not have the clustered circuit
minimum clock periodWe assume each Pl or PO formsefore clustering is complete. In this section, we introduce the
a singleton cluster of its own and no inter-cluster delay so-calledstrong clustering problemvhose objective is stated
incurred on edges involving its cluster. in terms of |-values. Our approach to the clustering problem

In the description above, the underlying delay model is to solve the strong clustering problem. We also identify
usually called thegeneral delay modeas the delay values a subset of clustered circuits such that it suffices for us to
of the gates can be arbitrary. When all gate delays are zeansider only clustered circuits in the subset to find a solution
and D = 1, we have the so-callednit delay mode[19]. to the strong clustering problem.

In practice, a target clock period is usually given and the First we state an important property of I-values whose proof
objective is to find a clustered circuit with the target clocks given in the appendix.

I1l. TRANSFORMING THE CLUSTERING PROBLEM
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Theorem 1:In a sequential circuit, if there is a PO whose N. As a result, all copies of the same node ihare

I-value is greater tham, the circuit cannot be retimed to a functionally equivalent in the clustered circuit, and the
clock period of¢. If, on the other hand, the I-values of all edges fanning out of these copies can be redistributed
PO’s are less than or equal # the circuit can be retimed among the copies without changing the functionality of
to a clock period less thag + K where K is the maximum the clustered circuit. This property will be utilized in
gate delay in the circuit. discussing the next two requirements.

This result shows a close tie between retiming and I-values.3) For each node in&, there is at most one cluster at
In fact, l-values can be viewed as a sequential version of the node.Supposeu in N has several clusters in the
arrival times commonly used in combinational circuits. To clustered circuit. We modify the clustered circuit by

check whether the target clock perigds achievable, we can removing all such clusters except one with the smallest
simply examine the |-values of the PO’s. This leads us to the |-value at the output. Then we redirect all edges coming
following problem: from these clusters so that they come from the output
Problem 2 (Strong Clustering Problem)Given a positive of the only remaining cluster at. This modification
integer ¢, find a clustered circuit such that the Il-values of preserves functionality as the outputs of all clusters at
the PO’s in the clustered circuit are less than or equal.to are equivalent. Moreover, it does not increase the |-value

If there is no solution to the strong clustering problem, from of any node. Thus, if the clustered circuit is a solution
Theorem 1 there is no clustered circuit with a clock period of  to the strong clustering problem, so is the modified one.
¢. On the other hand, if a clustered circuit is a solution to 4) If the cluster atu is connected to nodes in the cluster
the strong clustering problem, the circuit can be retimed to a  at v, then the cluster at; does not contain a copy of

clock period less than plus the maximum oD and the largest u. Suppose the cluster atcontains a copy ofi,«’. If
gate delay inV. In the special case of unit-delay model, the in the clustered circuit, the I-value af exceeds the I-
clustered circuit can actually be retimed to a clock periog.of value ofw by an amount larger than or equal &),

Therefore, instead of studying Problem 1, we study the strong  we removew’ and redirect all edges coming out@fso
clustering problem. We will present an efficient algorithm to that they come from:. On the other hand, if the I-value
the strong clustering problem. of ' is less than the I-value of plus é(u), we redirect

In solving the strong clustering problem, we restrict the all edges fromu to nodes in the cluster atso that they
search space while making sure at least one of the solutions to come from«'. In either case, none of the |-values in the
the problem is in the restricted space. We focus on clustered clustered circuit is increased.

circuits that satisfy the following four conditions: A clustered circuit that satisfies all the above four require-

1)

2)

Each cluster has one outpuif. there is a cluster with ments will be referred to as simple clustered circuitBased
more than one output, we can replicate the clusten the above analysis, we have the following result:
enough times so that each copy of the cluster has onlyTheorem 2: If the strong clustering problem has a solution,
one output. This transformation does not change theif-has a simple solution. O
values of any node in the clustered circuit. It, of course, Because of this result, we only consider simple clustered
may increase the number of clusters and the amouwitcuits in solving the strong clustering problem. Simple
of logic replication. We can overcome this problem byglustered circuits are well-behaved and have the following
a post-processing step to merge the clusters. We wilseful property which may not be true for nonsimple ones:
refer to a cluster with the output coming from node Lemma 2: Let S be a simple clustered circuit. ' is a

a cluster atw. cluster at a node in S, then

The retiming value at each node in the clustered circuit ) .

is zero.That is, we only consider the clustered circuits ~ 'v = max{lu + A(u, v) + 6(u)|u is an input toC}

that do not involve retiming. This requirement does n%herelm denotes the I-value of nodein S.

exclude all solutions to the strong clustering problem. Proof: Let p be a path from a Pl te in S, and« be the

_Consider an arbitrary_clu;tered c_irc_uit. If there is a nOdrﬁ"ode inp that is an input ta”. « separateg into two segments
in Fhe clustered circuit with a retiming value£ 0, we p1 andp,, wherep, is the segment from to v andp; is the
retime th('a.node one more time by a value equa&o_ rest. Thenuw: (p) = wy (pr) + w1 (pa) + (1) < Lo+ Au, 0)+
This additional retiming step cancels out the existing w). Thus, L, = max, wi(p) < max{ly + A(u,v) + 8(uw)|u
retiming at the node and makes the net retiming valyg . input, tboC}. b = “ ’

at the node zero. From Lemma 1, the l-values of the We next showl, > I, + A(u,v) + (u) for any inputu
PO’s of the clustered circuit are kept the same aftsN - ;

he additional retimina. Theref if the initial ol 6 C. For a path fromu to v in the original circuit withw;
the additional retiming. Therefore, If the Initial clustere eight equal toA(u,v), consider the corresponding path in

circuit is a solution to the strong clustering problemS. Since S is simple, the path must originate from Thus,

so is the retimed one. Thus, if the strong clusteri
. oo T e path must cros€. Hence,l,, > I, + A(u, 6(uw). O
problem has a solution, it has one that satisfies t?l% P 2 bu+ Alw, ) + 6(u)

requirement. Since there is no retiming at each node
in such a clustered circuit, each node is functionally tH
same as the corresponding nodeNirand each edge has In this section, we present an efficient algorithm for the
the same number of FF’s as the corresponding edgesitnong clustering problem. The algorithm has two phases. In

. AN ALGORITHM FOR THE STRONG CLUSTERING PROBLEM
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LABEL(N, ¢) TIGHTENBOUND(v)
for each v in the circuit N do for each node v in N do
if (v 1s a PI) then /(v) =0 calculate '(u) according to Eq. 1
else l(v) = -o0 sort all I’ values in increasing order Ly, Lo, ..., L;
for : = 1 to B do /* B, number of iterations */ low =1,high =1
changed = FALSE while (low < high) do
for each non-PI node v in N do mid = (low + high)/2
(lnew: Cnew) = TIGHTENBOUND(v) remove every node u with '(u) < Lpig
if ({new > {(v)) then form cluster C,
(V) = lew if (area of C, 1,,, > M) then
changed = TRUE low = mid + 1
Cy = Chew else
if (v is a PO and I{v) > ¢) then high = mid
return FAILURE /* no solution */ return (Liow, Cy,Ly,,)

if (changed = FALSE) then

return SUCCESS /* Bounds have settled */ Fig. 7. Computing the improved lower bound.

Fig- 6. Outline of the labeling procedure. If « is an input to a cluster at, then the new bound for

v is at least!’(u), for this is the case in a simple clustered
the first phase, for each node M a label and a correspondingcircuit (Lemma 2). Remember that we want to minimize the
cluster are computed’he label we wish to compute is the mininew lower bound. We set the new lower bound to be the value
mum I-value of the node in all simple clustered circuits\ofif ~ given by the following formula:
the labeling phase stops successf_ully, the algorlthm goes to the min {max{!’(w)|u is an input taC'}}.
second phase to generate a solution by connecting the clusters « a cluster at - -
;:r?mtputedhln the _];_'LSt phase. IT th|sthse<i_t|on, we f'IrSt _?esﬂbeObviously, the new bound is equal to one of fhevalues.

Ie V\tlﬁ P as(,jes. . tentwefana yzhe € |met Cf”]{ﬁ eX||y O.thtf% find this!’ value, we sort thé’ values of the nodes itV
algorithm and point out a tew enhancements o the algorthify, 5 Jist and do a binary search on the list. The main step

is, then, solving the following problem:
Problem 3: Given an integel., determine whether there is
Due to the presence of loops, there are cyclic dependencielegal cluster at such that thd’ value of each input to the
among the labels. Our approach to overcome this difficultyuster is at mostL.
is to maintain a lower bound on the label of each node andTo solve Problem 3, we form a clustét, ;, atv as follows:
successively tighten the lower bound. All nodes having anl’ value less than or equal td are
Initially, the lower bounds of all nodes are set tooc removed fromV andC, ;, is composed of all nodes that still
except for the PI's, whose lower bounds are always zero. have a path ta. Intuitively, C, ;, consists of all gates that
general, a certain number of iterations are needed for the loweust be inside a cluster atsince they have a path tothat
bounds to reach the respective labels. We f5sé0 denote cannot cross clusters.
the number of iterations. For now, we assutBeis large Lemma 3: Problem 3 has a positive answer @, ;, is a
enough so that either all lower bounds settle down or omegal cluster and does not contain a Pl.
of the PO’s is found to have a lower bound larger tiiaWe Proof: <« By construction, each input t@, ; is a
will present an estimate foB later. If the lower bound for removed node and has /4 value less than or equal tb.
a PO exceed®, as will be shown later, there is no solutiorSince it is a legal cluste?, ;, is a solution to Problem 3.
to the strong clustering problem and the labeling procedure=- It suffices to show that any clustér that is a solution to
terminates with a return value FAILURE. Fig. 6 shows aRroblem 3 must contai@’, .. We prove this by contradiction.
outline of the labeling procedure, whereGRTENBOUND is  Supposeu is in C,, , but not inC. Sincew is in C, p, there
the routine that tightens or improves the lower bound for exists a path from: to v such that every node ip has al’
given node. Each timel@HTENBOUND is called, it returns the value larger tharl. p must crossC' for otherwiseu, would be
improved lower bound and an associated legal cluster. in C. This meang” has an input with ai’ value larger than
We now introduce the procedureGHTENBOUND. To make L, which contradicts the assumption th@tis a solution to
sure the lower bounds approach the labels from below, Weoblem 3. O
increase each lower bound only by an amount that is absolutel\Based on Lemma 3 we can carry out binary search on the
necessary, based on the current lower bounds for all nodkst. of I’ values to determine the improved lower bound for
Namely, we minimize the new lower bound for each nod&ig. 7 summarizes the proceduresHTENBOUND
Suppose we are to improve the lower bound $ofFor each ~ We now use the circuit in Fig. 8 to illustrate the labeling
nodew in N, we calculate a valu&(w) as follows: procedure. For this example, the cluster area, inter-cluster
delay and target clock period are assumed to be 2 units, and
U(w) = 1(u) + Ay, v) + 6(u) (1) the area and delay of each gate are assumed to be one unit.
Wherel(u) is the current lower bound for node The table in Flg 8 shows the all-pairs matxfor the circuit.

A. Computing the Labels
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o of the edge leading to the PO.) Since no change in the bounds

is encountered, the labeling procedure comes to a halt.

e Lemma 4: (1) For any nodey, l(v) is nondecreasing from
iteration to iteration. (2) After the labeling procedure stops

with SUCCESS/(v) = max{l(u) + A(u,v) + §(u)|u is an

input to C,}.

Proof: Using induction on the number of calls to
TIGHTENBOUND, it is easy to showl(v) < lew, Which
obviously implies statement (1).

Suppose the labeling procedure stops with SUCCESS. Con-
sider the last iteration in the procedure. For each ngdince
Fig. 8 A circuit and its all-pairs matrix fop = 2. l(v) < lhew and changed= FALSE, we have,l(v) = lpew-
Right after the call to TGHTENBOUND(v), lpew = max{l(u)+
— Au,v)+ 6(w)|u is an input toC, } = I(v). Since no changes
B Yep< in any lower bounds thereafter, this relation holds when the
procedure stops. O
Lemma 5: Let I, be the |-value of a node in a simple
[ (b)) \ clustered circuit. Thenj(v) < I,.
a — Proof: We prove the statement by induction on the
T N number of times TGHTENBOUND has been called. At the

Q
AN
bo| —] S || R

Lol Lo e
ol Ll A

beginning of the algorithm, with the initial values of the lower
bounds the statement is obviously true. Suppose it is true right
before a call to TGHTENBOUND(v). After the call only the

i

(@) (b)

Fig. 9. Final clusters for the example. lower bound forv may be changed, so all we need is to show
the new lower bound for is still less than or equal té,.
Initially, 1(4) = 0,1(a) = I(b) = I(c) = (o) = —ox. Let C; be the cluster at in the simple clustered circuit.
Suppose we tighten the lower bounds fob, ¢ in this order. From Lemma 2, we havg, = max{l, + A(u,v) + 6(u)lu is
After the second iteration, the lower bounds becadifi¢g = an input toC1}. Thus

0,l(a) = l(c) = L,I(b) = 2,l(0) = 0. Consider the third

iteration of the procedure ABEL. new = Hgn{max{l(u) + A, v)

For nodea: + &6(u)|u is an input toC'} }

V() =1(6) + Al,a) +8(i)=0+14+0=1 < max{l(u) + A(u,v) + 6(u)|w is an input toC }
U'(b) =1(b) + A(bya) +6(b) =2+ (-1)+2=3 < max{l, + A(w,v) + §(u)|u is an input toC; }
U(c)=l(c)+ Alc,a) +6(c) =1+ (=2)+2=1. =1,.

The new lower bound for: is still 1. To form the corre- O
sponding cluster, both and ¢ are removed, so the resulting The labeling procedure returns FAILURE if there is a PO
cluster is{a,b}, as shown in Fig. 9(a). whose lower bound exceeds which according to Lemma

For nodeb: 5, implies that the |-value of that PO in any simple clustered

V() =1(1) + A(4,b) +6(:)) =0+0+0=0 circuit exceedsp. This means the strong clustering problem
y has no solution. Thus, we have the following result:
Ha) =la) + Ala,b) +8(a) =1+ (-1) +2 =2 Lemma 6: If the labeling procedure returng FAILURE, the

U(c)=l(c)+ Ale,b) + 6(c) =1+ (-1) +2 = 2.

The new lower bound fob is still 2, and the corresponding
cluster is{b} formed by removingi,« and ¢, as shown in B. Generating a Clustered Circuit

strong clustering problem has no solution. O

Fig. 9(b). After the successful completion of the labeling procedure,
For nodec: we also have a cluster for each node, in addition to the label,
'(0) =1() + A, e) +6() =0+ (=1) + 0= -1 i.e., the final lower bound. In this phase of the algorithm, we
U(a)=1(a)+ Ala,c) +6(a) =1+ (-2)+2=1 construct a solution for the strong clustering problem. This

y is done by connecting the clusters together. If nades an
1) =ib) + Alb,c) +6(b) =2+ (-1) +2=3. input to the cluster at node, the output of the cluster at is

The new lower bound fot is still 1, and the corresponding connected to each node thaits supposed to be connected to in
cluster is{c¢,b} formed by removingi and a, as shown in the cluster ab, and the number of FF's on each connection is
Fig. 9(c). kept the same as that on the corresponding connectidh In

For the POo, I(0) = I(b) — ¢w(b,0) = 0. (Note that since general, some clusters are redundant in that their outputs have
each PO forms a cluster by itself, its lower bound is alway® path to the PO’s. After all connections are made, we remove
that of the gate that generates the output, plusutheveight the redundant clusters by tracing the clustered circuit backward
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Note that the final lower bound for each PO is less than or
equal to¢. Hence the |-value of each PO ifi is less than
or equal to¢ according to Lemma 7. Combining this with
Lemma 6, we have have the following result which asserts the
correctness of our algorithm.

Theorem 3:If the labeling procedure returns FAILURE,
there is no solution to the strong clustering problem. If, on the
other hand, the procedure return SUCCESS$ a solution to
the strong clustering problem. O

To obtain a solution to Problem 1, we optimally retirfe
Let S,. denote the retimed circuit. Combining Theorems 1 and
3, we have the following result:

Theorem 4:1f the labeling procedure returns FAILURE,
there is no clustered circuit with a clock period ff On the
other hand, if the procedure return SUCCESShas a clock
period less thaw + K, where K is the maximum of the gate
delays andD. O

For the unit delay model, whei®@ = 1, and each gate delay
is zero [20], we have that the clock period 8f is less than
¢ + 1, which implies the clock period is less than or equal to
¢, since ¢ is an integer. Thus,

Corollary 1: For the unit delay modelS, has a clock
period less than or equal toif the labeling procedure return
SUCCESS. O

For the clustered circuit in Fig. 10(a), after retiming we
obtain the clustered circuit in Fig. 10(b), which meets the
target clock period 2.

(b)
Fig. 10. (a) Initial clustered circuit; (b) retimed one with a clock period of 2C, Time Complexity and Improvements

In this section, we determine the time complexity of the

from the PO’s, and deleting all clusters not encountered. Lghejing procedure as it is the most time consuming step in the
the resulting circuit be5. For example, Fig. 10(a) shows thealgorithm. In the following, we will use: andm to denote

solution for the circuit in Fig. 8 constructed using the clustetfa number of nodes and number of edgedVimespectively.

in Fig. 9. _ _ _ We first determine3 the number of iterations needed in the
Lemma 7:1f v is the output of a cluster ii¥, the l-value |56jing procedure. For this, we modify the labeling procedure

of vin § IS less than or equal to the final lower bound for 1, setting the initial lower bound for each node to its I-value

Proof: Let /(v) be the final lower bound fov, andC,,  j; W since the I-value of any node in any simple clustered

be the corresponding cluster at It suffices to show/(v) is eyt is obviously larger than or equal to the l-value of the

larger than or equal tav;(p), the totalw; weight of p, for | 4e in V.

any pathp from a Pl tow in 5. We prove this by induction  consider the clustered circust generated by our algorithm.

on the number of cut edges gn Any simple path can cross clusters at mest- 1 times
For the base case thatcontains no cut edge, must be & 45°¢ has at mostn clusters. As a result, the l-value of

Pl (since we assume each PI forms a cluster of its own), §8y node in$ is larger than the l-value of the node in
the statement is trivially true. _ N by at most(n — 1)D. During each iteration before the
Now assume the statement is true for any path withi cut  |5heling procedure stops, at least one of the lower bounds
edges. Suppose there dreut edges op. Letu be the node in 5 increased. After at mosi(n — 1)D iterations, all lower
p thatis an input to the cluster &} C,. u separatep into tWo )04 must reach their maximum possible values. Thus, we
segmentg, andp, wherep, is the segment from t0 v and ¢4 setB to n(n — 1)D in the labeling procedure. If there
p1 is the rest. Thenw, (p) = wi(p1) + wip2) +6(w) < e still unsettled lower bounds aftexn — 1)D iterations,
wi(p1) + Au,v) + 6(u). From the induction assumption, s qoes not exist, which means the target clock period is
wi(p1) < U(u). Therefore, not achievable. In this case, the procedure simply stops by
l(v) = max{l(u1) + A(ug,v) + 6(u1)|ug is an input t&,}  returning FAILURE.
(Lemma 4 _ G_ivenOd)6 the) I-va_lluesBoTIthe nl(:)deds lhlf ca}nh be de:jerrrr:inetla:
in time O(nm) using Bellman-Ford algorithm, and the all-
Huw) + Alw, v) + 8(w) pairs matrix A can be calculated in tim&(n? logn + nm)
wi(p1) + A, v) +6(u) > wi(p). [29]. (Note that longest paths become shortest paths if we
O negate the edge weights.) INGHTENBOUND, searching the

2
>
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o of the copy with the smaller I-value can replace the copy
with the larger |-value. This does not increase the I-values
\ of any nodes. Also, we have observed that there are only a
£ b )= | few “critical paths” that make one or more of the PO’s with I-

| " values close or equal to For nodes on noncritical paths, there
are slacks available and their I-values need not be minimum.
This property can also be used to further remove replicated
nodes while keeping the I-values of the PO’s to be less than
or equal top. Once this reduction of replicated nodes is carried
= out, there may be clusters that are not completely filled. We
i can merge some of the clusters, provided that the area bound
is not exceeded.

Several techniques were proposed to guide the cluster
merging for combinational circuits in [19]. Similar ideas apply
list of I values and determining the corresponding clustgere except that I-values are used in place of combinational
take timeO((n +m)log n). TIGHTENBOUND is called at most path delays. We follow a two-stage strategy. In the first stage,
B times at each node. Hence the time cost of the labeligg search for clusters which contain copies of the same node.
procedure isO(n*mDlogn) in the worst case. This Worst- If these clusters are merged, all such copies in the resulting
case scenario is unlikely to occur in practice as the estim@{@ster could potentially be replaced by the copy with the
of B is obviously very loose. We also have several methodgnallest I-value. Note that the previous condition that require
to improve the running time, as discussed next. the I-values to differ by an amount greater than or equal to

One area for improvement is iNIGHTENBOUND, which  the inter-cluster delay can now be relaxed, since the nodes
tightens the lower bound far. Noticing that only those nodes heing replaced are now in the same cluster. Two clusters are
that have a path ta can be in the clusteC’, ., we only mergeable if their combined area (after the replicated copies
consider those nodes in determining the improved bound. haye been removed) does not exceed the area bound.

If TIGHTENBOUND is called with a particular order of the | the next stage, the remaining clusters are simply merged
nodes, the number of iterations can be reduced significantdy,ch that the area bound is not violated. When there are
An effective ordering is obtained as follows. A set of nodegnhoices, we select “strongly connected” clusters to merge.
are selected to break all cycles M. A topological order is The reason for doing this is as follows. Merging clusters
obtained for the remaining nodes. We then append the remoyggt have edges between them results in removing inter-
nodes at the end of the topological order to generate an ordeggfster delays between the clusters. This could potentially
all nodes inV. The intuition here is to tighten the lower boundsequyce the I-values of all nodes downstream of these nodes.
of the fanins of a node before the node itself. Obviously, thig may now be possible to replace nodes that previously
is not possible for all nodes in the circuit if there are feedbaglgy|d not be replaced. Hence, we follow this merging step by
loops. The proposed order makes sure that this is the caserfQfa|culating the I-values of the nodes. We then iterate between

most of the nodes. In our experiment, we observed that eith@placing copies and merging clusters till no further reduction
the lower bounds settle down, or a PO with a lower boungd possible.

larger than¢ is found in a very small number of iterations
when TIGHTENBOUND is called in this order.

Fig. 11. Cluster reduction.

V. EXPERIMENTAL RESULTS

D. Cluster and Replication Reduction We implemented the clustering algorithm proposed in this
In the previous discussion, we assume each cluster has paper, and carried out some experiments. In this section, we
output. If this assumption is relaxed, a post-processing step cscribe our experiments and summarize the results.
be added to reduce the number of clusters, without increasingrhe test examples come from the sequential circuits in the
the l-values of the PO’s. For this, techniques similar to tho$8CAS 89 suite. In our experiments, we set the area and delay
in [19] can be used. For example, if the I-value of a nodef each gate to one unit and the inter-cluster delay to two units.
v in its own cluster is equal to the I-value of a copy of the For each circuit, we tested three area boundsis 5, 10,
node in another cluster, the entire clustepr &an be removed, and 20% of the number of gates. The results obtained are
and replaced by the copy. As an example, for the circuit Bummarized in Table I, where colum# lists the minimum
Fig. 10(a), the |-value of thé in the cluster ata is 1, the clock period, columm#g lists the number of gates, and column
same as the I-value of tHein its own cluster. Hence, we can#c lists the number of clusters in the clustered circuit. The
remove the cluster dtand replace it with thé in the cluster final column lists the largest CPU time among the three area
at a. After the reduction, we obtain the clustered circuit ilounds for a given target clock period on an UltraSPARC 2
Fig. 11. This circuit can also be retimed to the target cloakorkstation.
period 2. From the table it can be seen that overall our algorithm
Replicated nodes can also be reduced, as follows. If theobtains optimal clock period clustering solutions with reason-
values of two copies of the node differ by an amount greatable area overhead. As the cluster size increases, there is more
than or equal to the inter-cluster deldy, then the output freedom in assigning gates to clusters. The results in the table
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TABLE | (only if) Let » be the following retiming:
EXPERIMENTAL RESULTS

" test circuit 5% 10% 20% CpPU 07 visaPloraPO
name | 6] #|| 6] #8|#c| o] #u|Hc| o] He]d#c|time(s) rw) =1 1y
s208.1 | 10 | 104 | 13| 107 | 22 11 109 | 12 |[ 10 106 6 0.05 vl i
3349 14 | 161 | 18 | 162 | 21 || 17 163 | 11| 15 163 6 1.48 ’7 ¢ —‘ 1’ OtherWISe
4201 112 | 218 114 | 228 | 25 [/ 13 227 | 11 [ 12| 219 6 0.25
s635 66 | 286 || TH | 298| 22| 70| 286 | 11| 68| 286 6 0.76 H H H H H
ARSI AR IR AR AR IR B R AR TG and G, denqte the circuit obtalneq by retiming according
1196 | 24| 529 |[26 | 558 | 22 | 25| 570 | 12| 24| 572 6 0.65 to r. We claim G,. has a clock period of.
s1423 |53 | 657 || 55| 673 | 22 (53| 657 | 11| 53| 647 6 5.20 i i - i imi i
e e e R gt R S FII’S’t, we verify that isa legal retiming. Thgt is, the numb_er
3330 | 14 | 1789 15 | 1795 | 21 14 1874 | 1T 141139 | 6 ) of FF's on any edge in the retimed circuit is nonnegative.
s4863 |30 | 2342 || 31 [ 2351 | 20 30 [ 2348 | 11 |30 [ 2352 | 6| 658.37 Consider an edge. = v. We have,l, > [, + wi(e) =
Sh378 [ 21 | 2779 | 21 | 3168 | 24 [ 213164 | 12 | 21 | 3112 6| 60.62 v o=

l, —dw(e)+d(v). There are four cases depending on whether
u andwv are gates, PO’s, or PI's. All the case can be proved

show that our algorithm can automatically detect and utiliz%m'larly'_Here we show the case thatis a gate and; is a

this freedom, to produce clustered circuits with decreasifig”: " this case, we have> I, > I, — gw(e) +d(v), S0¢ =

clock periods. I, —¢w(e). Dividing both sides by and taking the ceiling, we
When the area bound is 10% of the number of gates, V€L = 7(v)(=0) +1 2 [lu/¢] — w(c) = T(“,) +1-w(e).

clock period of the clustered circuit obtained by our algorithrﬁ‘ _er_revx{ntmg, we have the number of FF's anafter the

is very close to the optimal clock period of the original circuit €iming isw(e) + r(v) = r(u) = 0. .

which can also be viewed as a clustered circuit withequal To show the retimed has a clock period less thai K,

to the number of gates. This shows the effectiveness of olif ne_ed to show that for any pagbhsuch thatd(p) = ¢ + K,

algorithm in avoiding cutting sequential critical paths as 10dpere is at least one FFon it. Let the first and last nodgs of

is still a small fraction of the size of the circuit. e andv, respectively. Then,

ly 2 by + wi(p) = lu = ¢w(p) + d(p) — d(w).
VI. CONCLUSIONS Dividing both sides byp and taking the ceiling, we have,

Circuit clustering is an important step in the design of VLSI r(v) +1 2> r(u) + 1 —w(p)
circuits. The solution formed at this step greatly influences the d(p) — d(u)
quality of the final design. We have developed a clustering + [
algorithm for sequential circuits that incorporates retiming. ¢
The c_Iock period of t_he solution obtained by our algorithmrhys, the number of FF’s opin G,., w,.(p) = w(p) +r(v) —
is optimal for the unit delay model, and provably close to,) > 1, 0
optimal for the general delay model.
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