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Abstract— Clock skew scheduling is an effective technique
in performance optimization of sequential circuits. However,
with process variations, it becomes more difficult to reliably
implement a wide spectrum of clock delays at the registers. Mullti-
domain clock skew scheduling is a good option to overcome
this limitation. In this paper, we propose a practical method
to efficiently and optimally solve this problem. A framework
based on branch-and-bound is carefully designed to search for
the optimal clocking domain assignment, and a greedy clustering
algorithm is developed to quickly estimate the upper bound of
cycle period for a given branch. Experiment results on ISCAS89
sequential benchmarks show both the optimality and efficiency
of our method compared with previous works.

I. INTRODUCTION

The performance of a sequential circuit is determined by the
longest combinational logic path between registers. The clock
arrival time to a register is referred to as its clock latency,
and the difference between the clock latencies of registers are
referred to as clock skew. Clock skew scheduling [1] optimizes
the performance of a circuit by intentionally assigning different
clock latencies to registers so as to “steal” time from paths
with larger slacks and to bestow it to more critical ones. For
an integrated circuit, clock latencies are implemented through
interconnections and additional buffers in the clock tree, which
are highly susceptible to within-die process variations. Thus, it
becomes more and more difficult to reliably implement a large
set of arbitrary clock latencies. Consequently, the optimization
power of clock skew scheduling is compromised.

Ravindran et al. [2] was the first to propose multi-domain
clock skew scheduling to overcome this difficulty. Instead
of delivering arbitrary clock latencies in a precise manner,
multi-domain skew scheduling only needs to deliver a given
number of latencies, called clocking domains. This problem
was formulated as a mixed integer programming problem,
and solved by a SAT-based algorithm, in which a SAT solver
is used to enumerate the assignment of registers to clocking
domains based on their encoding by boolean variables. In each
iteration, the SAT solver gives a satisfying domain assignment,
under which the minimum cycle period is calculated. Critical
cycles are then located and encoded as boolean constraints,
which are added into the SAT for next iteration. The algorithm
obtains good results at a high computational cost. For example,
it did not find the optimal solution even after twenty hours on
a circuit with 2921 registers. There are mainly two drawbacks
causing such a failure. The first one is the separation between
domain assignment and clock skew scheduling algorithm. SAT
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solver does not know any details of the circuits except the
constraints obtained from underlying clock skew scheduling
algorithm. The algorithm also lacks of an intelligent domain
assignment strategy. The other drawback is the large overhead
of a SAT solver. Although a mature SAT solver may be fast
nowadays, there are potentially too many invocations in the
algorithm.

Casanova et al. [3] later proposed a multi-level clustering al-
gorithm to tackle the same problem. The algorithm recursively
merges half of the registers at each level until the total number
of clusters reaches the required domain number. Compared
with the work in [2], this algorithm is much faster, but it is just
a heuristics and there is no guarantee on the solution quality.
For example, a 7% gap between their result and the optimum
happened on a circuit with only 23 registers. The algorithm
has no capability of further improving the solution even with
more runtime.

Instead of minimizing the cycle period for a given number
of clocking domains, Ni et al. [4] proposed to minimize the
number of domains for the optimal cycle period. Although they
found that, in some cases many domains may be necessary to
achieve the optimal cycle period, they also showed that most
of the circuits need only a few domains, which confirms the
observations in [2] and [3]. Furthermore, with the expense
of reliably implementing more domains in a clock tree, it
is usually not benefit to add many domains just for a tiny
improvement in cycle period.

In this paper, we propose a new method to solve the
same multi-domain clock skew scheduling problem as defined
in [2] and [3]. The method integrates the conciseness of
branch-and-bound search framework and the efficiency of
greedy algorithm, and is guaranteed to be optimal. The main
contributions are as follows.

1) A framework based on branch-and-bound is developed
to search for the optimal domain assignment. The
framework is concise enough and thus avoids the large
overhead of a SAT solver as in [2]. The search tree
is specially designed, in which the nodes with the
same depth have the same register to assign domains
for branching. Three critical issues are addressed for
efficiency, including order of registers to branch, selec-
tion of branch to process, and tight lower and upper
bounds computation. In each iteration, our algorithm
also heuristically finds a “best” child node and branches
to it preferentially. These strategies effectively guide the
search to the optimal domain assignment.

2) A greedy clustering algorithm is developed to efficiently
estimate the upper bound of cycle period for each



Fig. 1. Example for timing constraint graph: (a) a sequential circuit with
gate delays; (b) timing constraint graph for the circuit in (a)

branch. Iteratively, the registers are clustered greedily
until their total number reaches the requested domain
number. Moreover, different from [3], the algorithm is
not a multi-level process, which improves the perfor-
mance in practice.

The rest of the paper is organized as follows. In section II,
The multi-domain clock skew scheduling problem is formally
stated. The overview and details of our method are presented
respectively in section III and IV. Experimental results on
ISCASS89 sequential benchmarks are shown in Section V.
Finally the conclusions are given in Section VI.

II. PROBLEM FORMULATION
A. Timing constraint graph

A sequential circuit must satisfy both setup and hold time
constraints to work correctly. Let u, v denote two consecutive
registers (connected via a combinational path) in a circuit,
and dpax (4, v), dmin(u, v) denote the maximum and minimum
delays from wu to v. We use [(u),l(v) to denote the clock
latencies at u and v respectively, and ds(v), dy(v) to denote
the setup time and hold time of v respectively. Furthermore,
T denotes the cycle period.

Setup time constraints make sure that the signal from wu to
v has enough time to stabilize its value before v store it:

l(u) + dmax(u,v) < T +1(v) — ds(v). (1

Hold time constraints make sure the signal from w does not
overwrite the previous data before v stores it:

l(u) + dmin(u, v) > 1(v) + dp(v). 2)

Setup and hold time constraints can be interpreted as a
timing constraint graph. Let G = (V, E,, Ep,) denote the
graph, where the set of vertices V' corresponds to the registers,
and the sets Es C V x V and E;, C V x V correspond
to the setup and hold edges respectively. The setup and hold
edges are constructed in the following way. For the setup time
constraint in (1), a directed edge from v to u with weight
w(v,u) =T — dmax(u, v) —ds(v) is added to G. For the hold
time constraints in (2), a directed edge from u to v with weight
w(u,v) = dmin(u,v) — dp(v) is added. Note that primary
inputs and outputs are represented as a single vertex in G.

Figure 1 shows an example for timing constraint graph. A
sequential circuit with gate delays is shown in 1(a). For sim-
plicity, setup time and hold time of registers are all assumed
to be zero. The solid and dashed lines in 1(b) correspond to
the setup edges and hold edges respectively.

B. Multi-domain clock skew optimization problem

Given a sequential circuit, the objective of conventional
clock skew scheduling is to minimize the cycle period while
satisfying the constraints in (1) and (2). Multi-domain clock
skew optimization imposes additional constraints on the clock
latencies. Let the number of domains be n, and their latencies
are dy, do, ..., d, whose values are unknown. Then the latency
of each register must be one of them. The problem is formally
stated as below:

min T

st. H(u) + T — dmax(v,u) — ds(u) > 1(v),V(u,v) € Es
I(u) + dmin (u, v) — dp(v) > 1(v),V(u,v) € Ep 3)
l(w) € {d1,da, ... dn},Yu €V
di€ (~T,0,i=1,---,n.

III. ALGORITHM OVERVIEW

The complexity of multi-domain clock skew scheduling
problem is not known in existing work. However, an upcoming
study from our group has shown that the problem is NP-hard
if the number of domains is not a constant. In this paper, a
method based on branch-and-bound is developed to optimally
solve it. We will first introduce the branch-and-bound search
framework, then discuss the critical issues that may greatly
affect the performance and how we address them, and finally
give an overview of the method.

A. Branch-and-bound search framework

Figure 2 shows an example search tree in our branch-and-
bound framework, in which an internal node represents a set
of solutions corresponding to a partial domain assignment of
registers in our problem, while a leaf node represents a single
solution corresponding to a complete domain assignment.
D(v;) represents the domain of register v;. Each node in
the search tree also contains a register which is ready to be
assigned to different domains for branching, and as shown
in Figure 2, the nodes with the same depth have the same
register to branch. In each iteration, a node will be selected
and branched to several children nodes, i.e., the solution space
it represents is split. Then the upper and lower bounds of the
children nodes are calculated. For each child node, a decision
is made to prune or keep it later.

The domain assignment is essentially a register partitioning
problem. To prevent from symmetry assignment, the number
of children nodes branched should be no larger than either the
maximum domain in current node plus one or the total number
of domains specified. For example, in Figure 2, v; is the first
register to assign domains, and it is not necessary to assign v;
to more than one domain.

It is obvious that such a search tree covers all the possible
domain assignments of registers, which guarantees that the
optimal results are always obtained in our branch-and-bound
search.

B. Critical issues in branch-and-bound framework

The performance of branch-and-bound algorithm depends
heavily on the effectiveness of branching and bounding strate-
gies used. In this problem, there are three critical issues to be
addressed.
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An example search tree in branch-and-bound search framework for

the circuit in Figure 1
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Order of registers to branch. The branch-and-bound
search process is essentially the process of excluding
the “bad” solution spaces that do not have the optimal
solution and keeping the “good” one that may have the
optimal solution. The order of the registers in the search
tree nodes determine the order of solution spaces to visit.
The observation is that if we always exclude the “bad”
solution space as large and early as possible, we find
a good path to the optimal solution in the meanwhile.
In our algorithm, the order of registers to branch are
determined by their slack intervals. Now we formally
define slack intervals. The constraints in (1) and (2) can
be rewritten in a uniform form:

l(v) - l(u) < w(uav)a 4)

where
w(u,v) = {

Given a cycle period T, the weight w(u,v) for each
edge (u,v) € G is fixed, and the clock latencies of
registers can be distributed. The slack of edge (u,v)
is the margin for skew increment without violating the
constraint in (4): s(u,v) = w(u,v) — (I(v) —l(u)). For
any register u, its slack interval represents the latency
range it can have without violating any time constraints:

T — dmax(vvu) - d‘?(u)alf (U,’U) € ES;
dmin(u; U) - dh(v)7if (U’a U) € Eh'

si(u) = [l(u) — miny, (s(u,v)), L(u) + miny (s(t, uw))].
(5)
The slack interval of a register represents the flexibility
of its latency according to the connection relations with
other registers. In our algorithm, latencies and slack
intervals are first calculated for the optimal cycle period
without domain constraints. Then the branching process
starts from the register with minimum slack interval size
to the one with maximum slack interval size. Using such
strategy, “bad “solution spaces can be excluded early,
and those “good” ones are kept.
Selection of branch to process A branch is repre-
sented as a node in the search tree, which contains a
partial domain assignment and a register to branch. The
strategy of branch selection determine the “path” in the

search tree to the optimal assignment. Typical branch-
and-bound algorithms use a depth-first or breadth-first
search. In our algorithm, we use a minimum-cost-first
search strategy. A priority queue for the branches is
maintained, where the priority of a branch is determined
by its upper, lower bounds and depth in the search
tree. This follows from the intuition that the smaller
the upper and lower bounds are, the more possibly the
branch has the optimal solution. The depth of branches
in the search tree are also considered because the goal
of the algorithm is to find the optimal and also complete
assignment as quickly as possible. For two branches
with the same lower and upper bounds, the one with
more registers domain-assigned should be explored first.
Another reason is that when the algorithm comes to
a deeper branch (i.e., with more registers domains-
assigned), the lower and upper bounds often become
larger but still possibly have the optimal solution, then
the depth can be used to compensate this and make this
branch be explored early. The processing priority of a
branch b is:

prio(b) = ax1b(b)+ (1 —«) x ub(b) — 8 x dep(b), (6)

Where [b(b) and ub(b) are the lower and upper bounds
of b respectively, dep(b) is its depth in the search tree,
and «, § are constant factors with o € (0,1) and (3 very
small.

3) Lower and upper bounds computation. Tight lower

bounds and upper bounds are important for branch-and-
bound algorithms as they directly determine whether a
branch can be pruned. In our algorithm, lower bound
of cycle period for a branch is calculated by solving a
conventional clock skew scheduling problem under the
partial domain assignment. The registers in the same
domain are merged, and then Howard’s algorithm [5] is
invoked to solve it. For the upper bound, an efficient
greedy clustering algorithm is developed, which will be
described in Section IV in details.

C. Overview of the method

Algorithm 1 CluBrB(G, n)
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T* := calculateLowerBound(G); // lower bound
T := calculateUpperBound(G, n);
calculateLatenciesAndSlackIntervals(G, T);
calculateRegisterBranchingOrder(G);
pq = @3
initializePriorityQueue(pq);
while pq is not empty do
(b, ) := findMinPriorityBranch(pq);
branchWithBestMatchDomain(b, u);
processBranch(G, b, n, T, pq);
branchWithOtherDomains(b, u);
processBranch(G, b, n, T, pq);
if T' = T then
return 17;
end if

: end while

The branch-and-bound search framework is shown in Al-

gorithm 1. G and n denote the timing constraint graph and



total number of domains respectively. The lower and upper
bounds of cycle period are first calculated before branch-and-
bound iterations in lines 1-2, where the lower bound T is
actually the optimal cycle period without domain constraints.
In line 3, latencies and slack intervals of registers for 7 are
calculated using the slack optimization algorithm in [6], which
finds clock latencies with minimum number of critical paths.
This algorithm is also used in the calculation of upper bound.
It is worth noting that its complexity of O(nm + nlogn) is
relatively high, and what is worse, it may be called many times
in our algorithm. Then in lines 4, registers are sorted by the
size of their slack intervals to determine the order to branch.
The priority queue for branch selection is initialized in lines
5-6.

The main branch-and-bound iterations are in lines 7-16. In
each iteration, the branch b with smallest priority and the
register to branch are extracted. The order of domains to
assign to u is important here, as it indirectly affects which
branch to be processed in the next iterations. For example,
more than one child branch from u may have the same
priority to be processed. According to the first-in-first-out
characteristics of priority queue, the “best” domain assignment
is obtained first by calculating the merge gain of u and existing
domains. Here merge gain is namely the gain of merging u and
clocking domains, which will be defined in Section IV. Now
b is branched by assigning the “best” domain to u, which is
processed immediately, while other domains are assigned to u
and processed later.

Algorithm 2 shows the subroutine for processing a given
branch b. First the timing constraint graph under the domain
assignment in b is constructed by merging registers in the same
domain. Then upper and lower bounds are calculated. If the
upper bound is smaller than the best cycle period 7" found so
far, then T is updated. If the lower bound is greater than 7T,
then current branch is pruned and not explored. Otherwise the
priority of the branch is calculated as in (6), and the priority
queue is updated.

Algorithm 2 processBranch(G, b, n, T, pq)

. createGraphDomainAssignment(G, b);

b := calculateLowerBound(G);

ub := calculateUpperBound(G, n);

if ub < T then
T = ub;

end if

if (b < T then
prio := calculateProcessPriority(b, ub, [b);
v := nextRegisterToBranch(b);
insert(pq, prio, b, v);

: end if
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IV. ALGORITHM DETAILS

In this section, the following algorithms will be discussed
in details: how to estimate the upper bound of cycle period
for a given branch, and how to find the best match register to
merge in the former.

A. Upper bound computation

A good and fast upper bound computation algorithm is very
important in branch-and-bound algorithm, as it not only helps

in pruning “bad” branches but also improves the best solution
found thus far. It does not have to be accurate as its main goal
in our algorithm is to decide the priority of current branch to
be processed. We developed a greedy clustering algorithm to
quickly estimate the upper bound of cycle period in a branch.
Registers are iteratively clustered until their total number
is the same as the number of clocking domains specified.
The algorithm is described in comparison to the multi-level
clustering algorithm in [3]:

1) Clustering strategy. In [3], registers are clustered in
a top-down manner. In each level, half of the registers
are forced to be merged, even though some of them
do not have good candidates for now. In our algorithm,
registers are merged one by one greedily in a bottom-up
fashion, where greedily means that registers are merged
to the “nearest” neighbors. As we mentioned before,
the calculation of latencies and slack intervals is time-
consuming. Thus in our algorithm, they are re-calculated
only when merging of two registers may cause the
optimal cycle period to increase. Although in worst
case the total number of calculating latencies and slack
intervals is |V'| —n, where |V| and n denote the number
of registers and domains respectively, our experiments
show that the number of invocations in real cases is
always very small. For example, during the test on
circuit $35932 with 1442 registers for four domains, the
total number of calculating latencies and slack intervals
is only one, which greatly saves the time cost.

2) A priority queue is dynamically maintained in the clus-
tering process, where the priority represents the merge
gain of register pairs. In each iteration, two registers
with largest merge gain are selected and clustered.

Algorithm 3 calculateUpperBound(G, n)
1: mpq := constructMergingPriorityQueue(G);
2: while mpq’s size > n do
3 (u, v) := findMinPriorityMergePair(mpq);
4:  merge(u, v, G);
5. if overlap of slack intervals between u and v is negative

then
6: mpq = constructMergingPriorityQueue(G)
7:  end if

8: end while

The upper bound computation algorithm is shown in Algo-
rithm 3. The priority queue for merging registers is initialized
first in line 1, and the main clustering iterations are in Lines
2-8. In each iteration, the register pair with smallest priority
(largest merge gain) is extracted and merged. The priority
queue is re-constructed only when the overlap of their slack
intervals is negative, which means cycle period probably needs
to increase in order to still satisfy the timing constraints.

The subroutine of constructing priority queue used in Algo-
rithm 3 is shown in Algorithm 4. After calculation of a lower
bound of cycle period T, clock latencies and slack intervals for
T are obtained using the slack optimization algorithm in [6].
Then registers are sorted by their latencies. Now the algorithm
iterates over each register in order of latencies, finds the best
register to merge, and adds the register pair into the priority
queue. Note that the priority is negative of the merge gain.



Algorithm 4 constructMergingPriorityQueue(G)

1: T := calculateLowerBound(G)
calculateLatency AndSlacks(G, T);
[ := sortRegistersByLatency(G);
mpq = ¢
for i = 1 to #vertices in G do
u = [[i]
(v, gain) = findBestRegisterToMerge(z, 1);
insert(mpq, —gain, u, v);
end for
return mpq;
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B. Finding best register to merge

The slack interval of a register reflects the flexibility of
changing its clock latency without violating timing constraints.
The theorem in [3] implies the effect of merging two reg-
isters on cycle period. Let v and v be two registers, and
overlap(u,v) be the overlap between their slack intervals,
T and T’ be the cycle period before and after merging
respectively, then:

o if overlap(u,v) >0, then T' =T,

o if overlap(u,v) <0, then T <T' < T+ w.

It is observed that the more overlap the slack intervals of
two registers have, the less impact on cycle period merging
them causes. The concept of merge gain in [3] is also used in
finding best match register or domain:

gain(u,v) = 2xoverlap(u, v)—(range(u, v)—overlap(u, v)),

where range(u,v) is the range of the union of the slack
intervals.

The subroutine of finding the best register to merge is shown
in Algorithm 5. The best register to merge for register u, i.e.,
the one with the largest merge gain with w, is searched in the
next SearchRange registers in register list [ sorted by their
latencies. Here SearchRange is an integer constant. In our
implementation, we find that the best register to merge is often
in the nearest neighbors in [ and SearchRange = 4 makes a
good tradeoff between accuracy and performance.

Algorithm 5 findBestRegisterToMerge(:, 1)
maxGain = —o0
bestMatch = —1;
u = 1[i];
for j =i+ 1 to i+ SearchRange do
v =1[j];
gain := calculateMergeGain(u, v);
if gain > maxGain then
maxGain = gain;
bestMatch = v;
end if
end for
return (best M atch, maxGain);
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V. EXPERIMENTAL RESULTS

We implemented our CluBrB algorithm in C++ and exper-
imented on a laptop with an Intel dual-core 2.1GHz CPU
and 4GB memory. The performance and solution quality
are evaluated on ISCAS89 sequential benchmarks, which
have been technology mapped through SIS [7] using library

lib2.genlib. Table I shows the results in comparison to those
in [2] and [3]. Columns “#Vertices” and “#Edges” give the
number of vertices and edges in timing constraint graph, where
the number of vertices is equal to the number of registers plus
one for primary inputs and outputs. Column “T7°, " gives
the optimal cycle period from clock skew scheduling without
domain constraints, which is actually a lower bound for multi-
domain case. Column “Runtime/#iterations in CluBrB” reports
the runtimes and branch-and-bound iterations of our algorithm.
The results of cycle period for n = 2, 3,4 domains from [2],
[3] and our algorithm are shown in columns “SAT-based”,
“Multi-level clustering” and “CluBrB(ours)” respectively. For
convenience of comparison, all the cycle period are normalized
to Tfy"de as in [3]. Note that results of 11 circuits are missed
in [3] for unknown reasons.

Our algorithm has been tested on all the benchmarks, and
gives optimal solution. Tests on 27 of the 31 circuits finish
in less than two seconds, while other 4 circuits takes slightly
longer. The results are the same as in [2], but the runtimes
are much shorter on most circuits.! In most cases the number
of branch-and-bound iterations is very small in despite of the
potentially exponential possible domain assignments. Even in
the most time-consuming circuit s38584 with 1451 vertices
and 17900 edges for 4 domains, our algorithm finishes in
only 25 branch-and-bound iterations. This strongly proves the
efficiency of our searching strategy. Many circuits finished in
zero branch-and-bound iterations, because the optimal cycle
period has already been obtained in upper bound computation,
i.e., even before the main branch-and-bound iterations, which
shows the accuracy of our greedy clustering strategy.

In [3] it takes multi-level clustering algorithm no more
than two seconds on any ISCAS89 benchmarks. Although our
algorithm seems slower than theirs, it is more accurate. In their
results, a degradation of 2% — 7% happened on 15 of the total
60 tests, even on very small circuits, while in our algorithm
the optimality is guaranteed.

Our method also has the characteristics of approximation.
The solution is gradually improved during the branch-and-
bound iterations, and it can be terminated early to get an
approximate solution. The iterations for the largest four cir-
cuits for 4 domains are tracked as shown in Figure 3. Here
the runtimes and cycle periods are all normalized. It can be
seen that the algorithm can find good solutions (less than
2% compared to the optimal ones) in the very early stage.
Table I shows that several circuits such as s400 and s953
have relatively many iterations, and thus the performance
of our method may be case dependent. However, if given
limited runtime, one can terminate the program early while
still expecting good results due to the good characteristics of
approximation.

VI. CONCLUSIONS

In this paper we presented a practical method for multi-
domain clock skew optimization problem. The method is based
on branch-and-bound framework for searching domain assign-
ments, where three critical issues are addressed for efficiency

n [2], the accurate runtimes on ISCAS89 benchmarks are not shown, but
the authors claimed that 27 circuits take less than one minute, while others
take longer.



TABLE I

RESULTS OF OUR ALGORITHM CLUBRB ON ISCAS89 SEQUENTIAL BENCHMARKS

. : : : Tc cle/Too le
Design | #Vertices | #Edges | Ty | umimer#iterations in CluBr SATbased (2] [MuliTevel clactering[3T] CTaBrBlours)
n=2 n=3 n=4| n=2] n=3| n=4| n=2] n=3 n=4] n=2| n=3| n=4
s1196 19 365 | 22.28 0.001s/0 0.001s/0 0.001s/0 { 1.00|1.00 | 1.00 | 1.00| 1.00 1.00|1.00 | 1.00|1.00
s1238 19 365 | 24.33 0.003s/2 0.001s/0 0.001s/0 [ 1.00|1.00 [ 1.00| 1.03 | 1.03 1.01]1.00 | 1.00|1.00
s13207 471 3885 | 53.36| 21.219s/99 14.71s/42| 34.38s/79|1.03|1.00 | 1.00 - - -11.03{1.00|1.00
s1423 76 2235 73.13 0.192s/3 0.340s/5 0.486s/5[1.03[1.01|1.00|1.05]1.04 1.04{1.03|1.01|1.00
s1488 8 266 | 23.18 0.000s/0 0.000s/0 0.000s/0 { 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00{1.00 | 1.00 | 1.00
s1494 8 266 | 23.85 0.000s/0 0.000s/0 0.000s/0 { 1.00|1.00 [ 1.00 | 1.00 | 1.00 1.00{1.00 | 1.00| 1.00
s15850 565 16375| 85.27 9.605s/9 | 107.100s/52 | 50.225s/45 | 1.08 | 1.04 | 1.04 - - -] 1.08[1.04|1.04
s208 10 70| 991 0.001s/0 0.000s/0 0.001s/0 | 1.00| 1.00 | 1.00 - - -11.00|1.00|1.00
s27 5 21 5.06 0.001s/2 0.000s/0 0.000s/0 | 1.14|1.00 | 1.00 - - -] 1.14{1.00| 1.00
$298 16 86| 10.79 0.008s/4| 0.021s/10 0.001s/0 [ 1.05]1.00|1.00|1.07 | 1.07 1.05|1.05(1.00|1.00
s344 17 121 13.15 0.005s/2 0.011s/3 0.014s/4{1.09|1.00 | 1.00 | 1.09| 1.00 1.00{1.09 | 1.00| 1.00
s349 17 121 13.51 0.005s/2 0.010s/3 0.012s/4{1.091.01 [ 1.00 | 1.09 | 1.00 1.00{1.09 [ 1.01 | 1.00
$35932 1442 6128 | 286.24 4.053s/2 4.095s/2 1.160s/0 [ 1.00 [ 1.00 [ 1.00 | 1.01 | 1.01 1.01{1.00|1.00|1.00
s382 23 175 9.63 0.010s/3 0.030s/7 0.002s/0 {1.20{1.01 [ 1.00| 1.20 | 1.03 1.031.20 | 1.01{ 1.00
" 38417 1465 31980 | 86.19 34.190s/9 37.68s/6 47.27s/5(1.00|1.00 [ 1.00 | 1.00| 1.00 1.00{1.00 | 1.00| 1.00
$38584 1451 17900 | 286.62 | 107.175s/31 | 142.750s/26 | 167.700s/25 | 1.00| 1.00 | 1.00 | 1.00 | 1.00 1.00|1.00 | 1.00 | 1.00
s386 8 129 9.61 0.003s/3 0.000s/0 0.000s/0 [ 1.04|1.00 | 1.00 | 1.04 | 1.00 1.00{1.04|1.00| 1.00
s400 23 175 9.89| 0.043s/16 0.012s/2 | 2.647s/577|1.17]1.03|1.02|1.18]1.03 1.03]1.17(1.03]1.02
s420 18 146 | 21.13 0.001s/0 0.001s/0 0.001s/0 { 1.00 | 1.00 | 1.00 - - -1 1.00 | 1.00 | 1.00
s444 23 175 8.10 0.032s/11 0.038s/8 0.008s/1[1.34[1.18|1.10| 1.39] 1.18 1.15({1.34|1.18| 1.10
s510 8 103 | 14.29 0.000s/0 0.001s/0 0.000s/0 { 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00{1.00 | 1.00 | 1.00
$526 23 167 11.22 0.017s/6 0.002s/0 0.002s/0 [ 1.05]1.00[1.00|1.07 | 1.07 1.05]1.05(1.00|1.00
$526n 23 167 | 11.31 0.012s/4 0.002s/0 0.002s/0 | 1.05|1.00 | 1.00 - - -] 1.05]1.00|1.00
s5378 165 2180 22.88 | 0.707s/17 0.477s/10 0.272s/5{1.13 | 1.01 | 1.00 - - -11.13(1.01 | 1.00
5641 21 486 | 29.51 0.002s/0 0.002s/0 0.002s/0 [ 1.00|1.00 [ 1.00 | 1.00 | 1.00 1.00{1.00 | 1.00| 1.00
s713 21 486 | 30.58 0.002s/0 0.002s/0 0.002s/0 { 1.00|1.00 | 1.00 | 1.00| 1.00 1.00|1.00 | 1.00|1.00
$820 7 213 | 16.74 0.000s/0 0.000s/0 0.000s/0 | 1.00 | 1.00 | 1.00 - - -11.00|1.00|1.00
$832 7 213 | 16.22 0.000s/0 0.000s/0 0.000s/0 { 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00{1.00 | 1.00 | 1.00
s838 34 298 | 44.66 0.000s/0 0.000s/0 0.000s/0 | 1.00 | 1.00 | 1.00 - - -11.00{1.00|1.00
$9234 140 2226| 33.76 1.101s/23 0.265s/3 0.300s/3 [ 1.01|1.00 | 1.00 - - -] 1.01|1.00|1.00
s953 8 94| 14.38 | 1.134s/321 0.015s/3 0.1696s/3 | 1.03| 1.00 | 1.00 - - -11.03{1.00|1.00
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Fig. 3. Track of the search progress for large circuits in ISCAS89 benchmarks

including order of registers to branch, selection of branch to
process, and tight lower and upper bounds computation. An
efficient greedy clustering algorithm was also developed to
estimate the upper bound of cycle period for a given branch.

The efficiency and optimality of our method were evaluated
on ISCAS89 benchmarks. The results show that despite the
potential exponential complexity of domain assignments, the
total number of iterations in the branch-and-bound search
is very small. The approximation characteristics was also
studied. The track on the branch-and-bound iterations for the
largest four circuits shows that our method can find a very
approximate solution in the early stage.
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