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Abstract
We address a way to improve the accuracy of support-set
finding method for a probability-based power estimation
of combinational circuits. Support-set finding methods to
build local BDDs have been proposed to handle large
circuits. However, because they consider only the shal-
low reconvergence, they are not accurate enough to be
used in the power optimization. To solve this problem, we
propose a new algorithm, Feather algorithm, which can
efficiently detect minimal support-set with 100% recon-
vergent node detection rate. The experimental results
show that the average error of our proposed method is
0.1% for the total power and 1.6% for the node-specific
power.

1. Introduction

The increasing needs for portable applications such as
laptop and notebook computers have made the power
consumption a critical concern, and power analysis and
optimization has become one of the most important tasks
to be solved by computer-aided design tools. There have
been several methods to estimate power consumption.
Ghosh [1] used symbolic simulation to produce a set of
boolean functions which represent the conditions for
switching at each gate in a circuit at a specific time in-
stance. Though very accurate, it suffered from low speed
and large memory usage because it used a global BDD to
calculate signal probability. As a result, it could not han-
dle large circuits. To overcome this problem, Kapoor [3]
proposed a method that partitions a circuit and builds a
local BDD. It tries to maximize the number of correlated
nodes within each partition to obtain more accurate re-
sults. The circuit is partitioned into blocks, each of which
has only independent inputs, and each block is repre-
sented by a BDD to calculate the exact signal activity.
Though being accurate, it makes some blocks unneces-
sarily large and as a result requires more memory than

really needed.  Mehta [4] also showed an algorithm to
build a local BDD. However, it only considers a shallow
reconvergence, hence it often misses some correlation
information among input signals of a gate. Therefore,
though it can handle large circuits, the results are often
erroneous. These errors may not be a serious problem for
the power estimation, but for the power optimization the
accurate estimation of node-specific power is very crucial
because it steers the direction of the optimizer [3].

In this paper, we revisit the support-set finding meth-
ods. First, we show the problems of previous methods.
Then we propose a new method, called Feather algo-
rithm, which overcomes the problems and limitations of
previous methods. The validity of the proposed method is
demonstrated by experimental results.

The paper is organized as follows: Section 2 describes
the problems of previous methods. In section 3 a new
support-set finding method is proposed. We show the
experimental results in section 4 and section 5 concludes
the paper.

2. The Problems of Previous Methods

Most of the power in CMOS circuits is consumed dur-
ing charging and discharging of the load capacitance. To
estimate the power consumption, one has to calculate the
switching activity factors of the internal nodes of the cir-
cuit. Methods of estimating the activity factor En(sw) at a
circuit node n involve estimation of signal probability
prob(n), which is the probability that the signal value at
the node is one. Under the assumption that the values
applied to each circuit input are temporally independent,
we can estimate En(sw) by using

E sw prob n prob nn( ) ( )( ( )).= −2 1
 The BDD can be used to calculate the signal probabil-

ity of a gate if all nodes of a BDD are independent each
other [2]. We call such a node set support-set of a gate.
The size of a BDD heavily depends on the number of
nodes and its order. Hence it is very important to extract

ED&TC ’97 on CD-ROM
Permission to make digital/hard copy of part or all of this work for personal or classroom use if granted without fee provided that copies are not made of distributed for fee or
commercial advantage, the copyright notice, the title of the publication, and its date appear, and notice is given that copying is by permission of the ACM, Inc.  To copy otherwise,
to republish, to post on servers, or to redistribute to lists, requires prior specific permission and/or a fee.1997 ACM/0-89791-849-5/97/0003/$3.50



the minimal support-set of a gate to reduce the size of a
BDD.

Kapoor [3] proposed a method to partition a circuit
with the goal of packing as many correlated nodes into a
same partition as possible. Then, the input signals of a
cluster become the support-set of all gates in the cluster.
But this method has a drawback as demonstrated in Fig.
1 where each gray circle represents a partition which has
only independent signals as inputs.
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Fig. 1: Drawback of        Fig. 2: Improved
   the method in [3]           partition of Fig. 1

The bottom circle encloses four gates and five input
signals: x4, x5, x6, x7 and y1. However, the NAND gate
g2 can be excluded from the partition as shown in Fig. 2.
The latter one is better than the former one because the
size of the associated BDD is smaller. This problem
comes from the fact that the method does not use the cir-
cuit topology information.

Another method to reduce the size of a BDD is pro-
posed in [4]. It will be denoted as X method in this paper.
The support-set finding algorithm is as follow: for all
input pairs of a gate, (i, j), check whether the support-set
of signal i and j, isup and jsup, have common items. If they
have common items, the support set of the gate output is
the union of isup and jsup. If not, the union of i and j is the
support set of the gate output. It can resolve the problem
of the method in [3], but this approach has the following
problem. Let’s consider the example of Fig. 3 where each
circle is a gate and the support-set is shown in a gray box
near each gate. When we process node D which has input
signals 6 and 7, the support sets {6} and {3, 4} have no
common elements. Hence the support set of signal 10
becomes {6, 7}. Same argument is applied to node E and
the resulting support set is {8, 9}. Then, signal 10 and 11
are considered as independent when calculating the sup-
port-set of node F because the support-sets of the two
signals, {6,7} and {8,9} respectively, are independent.
However, in fact they are not independent because signal
4 reconverges at node F, and as a result an incorrect sup-
port-set and its BDD will be constructed for node F. The
correct support set of each gate including node F is
shown in Fig. 4. This problem is due to the fact that the
X method only considers the shallow reconvergence.

Hence it misses some correlation information among the
input signals of a gate.
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Fig. 3: Drawback of the method in [4]
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Fig. 4: Correct support-set of Fig. 3

3. New Support-Set Finding Algorithm

In order to detect all the reconvergence including the
deep one, our new algorithm uses the primary input sig-
nals as a criteria to determine the dependence among
input signals of a gate. Then, it finds the minimal sup-
port-set of a gate composed of internal signals to reduce
the size of a BDD. The pseudo code of our algorithm is
shown in Fig. 5. First, we visit all nodes and write tran-
sitive fanins of a node using only primary inputs, called
PISet. Then we revisit every node and check whether the
PISet’s of input signals are independent. If they are inde-
pendent, the union of input signals themselves become
the support-set. However, if they are dependent, we have
to find minimal support-set by examining PISet’s of in-
put signals: We list all the input signals, which we call
dependent node list and check if any of them is inde-
pendent from other signals by using the PISet. If any of
them is, it is deleted from the list and added to the sup-
port-set of the node. The other signals, each of which is
dependent with at least one of the remaining signals, are
examined to select the signal whose support-set cardinal-
ity is maximum. The selected signal is deleted and its
input signals are added to the tail of the list. The above
procedures are repeated until the list becomes empty. To
prevent the resulting support-set from growing too large,
we employ a limit. If the sum of the support-set cardinal-
ity and the dependent node list cardinality under process
is more than the prescribed limit, we exit from the loop
and the union of those two is returned as the support-set.



We call this algorithm as Feather algorithm because it
looks like a falling feather which glides back and forth
continuously.

  Algorithm Feather
  /* FIs(i): immediate fanins of node i */
  /* SSi: support-set of node i */
  /* ID(S): true iff ∀i, j∈S ∧ i≠j, PISeti∩PISetj=∅ */
  /* DNi: dependentNodeList of node i */
  /* IDs(S): {i | i∈S, ∀j∈S ∧ i≠j, PISeti∩PISetj=∅} */
  for each node i from PI to PO{
      PISeti = ∪{PISetj | j ∈ FIs(i)}
  }
  for each node i from PI to PO{
      if ( |FIs(i)| == 1 || ID(FIs(i)) == true ){
          SSi = ∪ FIs(i)
      }else {
          DNi = ∪ FIs(i)
          while DNi ≠ ∅ {
              if ( |SSi| + |DNi| > limit) {
                  SSi = SSi ∪ DNi

                  break while loop
              }
              if (IDs(DNi) ≠ ∅){
                   SSi = SSi ∪ IDs(DNi)
                   DNi = DNi \ IDs(DNi)
              }
              MCS = {k | |SSk| == MAX∀j∈DNi(|SSj|)}
              DNi = DNi \ MCS
              DNi = DNi ∪ FIs(MCS)
          }
      }
  }

Fig. 5: Pseudo-code of Feather algorithm

To illustrate the operations of our algorithm, we show
the steps involved in finding the support-set of node F of
Fig. 3 in Fig. 6. In the first row, signal 10 and 11 has
common PISet element, 1 and 2. Hence signal 10 is re-
placed with 6 and 7. In the second row, signal 11 and 7
has common PISet element 1 and 2, but 6 is an inde-
pendent signal. So 6 is deleted from the list and added to
the support-set. After similar steps, the support-set is
obtained as in the last row.

 Step    dependentNodeList    Support-set    DividedSignal
    1                10, 11                                             10
    2                11, 6, 7                    6                     11
    3                 7, 8, 9                   6, 9                     7
    4                 8, 3, 4                 6, 9, 3                   8
    5                 4, 5                6, 9, 3, 4, 5

Fig. 6: Steps involved in finding the support-set
of node F of Fig. 3 by Feather algorithm

In implementation, we have employed the following
heuristics to reduce the CPU time and memory require-
ment. First, in detecting independent signals from the

dependent node list, only those signals are checked that
were added in the very last iteration because only they
can be the candidates for independent signals. Second,
when the cardinality of PISet is smaller than the prede-
fined value, we use the PISet itself as a support-set with-
out finding the minimal one. This reduces the number of
nodes that has to be processed with a little memory pen-
alty because it does not use the signal probability of the
internal nodes but only uses that of the primary input that
is given at the start of the estimation. Third, to reduce the
memory requirement we free the memory space that is
used by PISet as soon as the node’s support-set is calcu-
lated. We also free the support-set information as soon as
it is used to build a BDD. Finally, the memory used for
BDD is freed right after the signal probability of the node
is calculated. Because we process the nodes from the
primary input side to the primary output side, as we ap-
proach to primary output side where more memory is
needed due to the larger BDD than that at primary input
side generally, the more memory  has been already freed
and available for a BDD. These heuristics enable us to
reduce the CPU time and memory requirement.

4. Experimental Results

We have implemented the previous support-set finding
methods and our algorithm in SIS environment[5] and
used ISCAS85 benchmark circuits mapped onto 2-input
gates of mcnc.genlib library as our input circuits[6]. All
power estimations are measured in µW with 20MHz
clock frequency and compared to those obtained using
the method presented in [1] for circuits from C17 to
C1908 and to those obtained using simulation for the
other circuits. All the methods employed in our experi-
ments are represented by the pair of (M, C). M represents
the support-set finding methods: X method and
FE(Feather algorithm: our proposed algorithm). C repre-
sents the cardinality limit of a support-set. It can be ei-
ther U (unlimited) or an integer number.

First, we compared the reconvergent node detection
rate. The result is shown in Table 1. The X method de-
tects only 18.7% reconvergent nodes on the average be-
cause it can not detect the deep reconvergence. In con-
trast, our method detects all the reconvergent nodes be-
cause we use the primary input signals as a criteria to
determine the dependence among input signals of a gate.

Second, to see the effect of different reconvergent node
detection rate to the accuracy of power estimation, we
compared the total power and node-specific power as
shown in Table 2 and Table 3, respectively. For our algo-
rithm, we tested it with varying the limits of support-set
cardinality. Table 2 shows that our proposed method es-



timates the total power within 0.1-0.5% error on the av-
erage, which is almost one order of magnitude improve-
ment compared to 2.2% error of X method. In addition,
Table 3 describes that our proposed method estimates the
node-specific power within 1.6-7.0% error on the aver-
age, which is much better than that of the X method,
13.8% on the average.

Third, we compared the CPU time of global BDD
method in [1], X method and our proposed method
measured on SPARC20. We used ordering of BDD vari-
ables in [7] for all three methods. The result is listed in
Table 4. The global BDD method not only takes lots of
CPU time but also can handle only the circuits from C17
to C1908 due to the excessive memory requirements for
other circuits. The X method and our proposed method
solve all the circuits from C17 to C7552 due to the
minimal support-set finding capability. Our proposed
method is slower than the X method because of the addi-
tional routines to find all the reconvergent nodes. Nev-
ertheless, the CPU time of our method is still reasonable
even for large circuits.
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Table 1: Reconvergent node detection rates
of X and FE

Table 2: Total power comparison
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Table 3: Node-specific power comparison
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Table 4: CPU time comparison
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5. Conclusion

In this paper we presented the problems of previous
support-set finding methods and proposed a new algo-
rithm called Feather algorithm which can detect all the
reconvergent nodes and find the minimal support-set.
The experimental results show that the average error of
our proposed method is 0.1% for the total power and
1.6% for the node-specific power, which is almost one
order of magnitude improvement compared to the previ-
ous methods. In addition, the CPU time of our method is
still reasonable.
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