An Efficient Approximate Node Merging with an Error Rate
Guarantee

Kit Seng Tam, Chia-Chun Lin, Yung-Chih Chen, and Chun-Yao Wang

ABSTRACT

Approximate computing is an emerging design paradigm for
error-tolerant applications. e.g., signal processing and machine
learning. In approximate computing, the area, delay, or power con-
sumption of an approximate circuit can be improved by trading off
its accuracy. In this paper, we propose an approximate logic synthe-
sis approach based on a node-merging technique with an error rate
guarantee. The ideas of our approach are to replace internal nodes
by constant values and to merge two similar nodes in the circuit in
terms of functionality. We conduct experiments on a set of IWLS
2005 and MCNC benchmarks. The experimental results show that
our approach can reduce area by up to 80%, and 31% on average.
As compared with the state-of-the-art method, our approach has a
speedup of 51 under the same 5% error rate constraint.
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1 INTRODUCTION

As semiconductor technology advances, the number of tran-
sistors in VLSI designs grows exponentially. Thus, high power
consumption has become a major challenge for designers. One pos-
sible solution to this challenge is to minimize the designs while
preserving the functionality as much as possible. In the meantime,
many error-tolerant applications, such as multimedia processing
or machine learning, etc., are also emerging. Thus, approximate
computing [4] was proposed as a new design paradigm recently.
Approximate computing trades off circuits’ accuracies for achieving
smaller areas, delays, or power consumptions. Many previous works
have demonstrated the effectiveness of this design paradigm shift in
different design levels ranging from algorithm [5][20], architecture
[8][9], logic [1][17], and transistor [6] levels.
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On the logic level, approximate computing constructs a circuit
that approximately implements its function. Many previous works
focused on datapath designs, such as adders [10][26] or multipliers
[12][14]. Recently, approximate logic synthesis, which synthesizes
an approximate circuit from the original one under the given er-
ror constraint, was proposed [15][21][22][23][25]. In [15], Lai et
al. proposed a threshold logic network optimization method with
a hybrid cost function. In [22], Venkataramani et al. proposed to
identify signal pairs in the circuit with similar functionality, which
requires a significant amount of computation, and replace one with
the other. Wu et al. proposed to shrink nodes in a Boolean net-
work by approximating their factored-form expressions [23]. Yao
et al. proposed to apply approximate disjoint bi-decomposition to
the nodes to simplify the circuits [25]. Su et al. proposed a more
accurate batch error estimation to improve the existing approxi-
mate logic synthesis flows [21]. However, these previous works
conduct many approximate modifications for obtaining the best
optimization result in an operation, which is time-consuming. Thus,
in this work, we propose an efficient two-phase approximate logic
synthesis based on node merging.

The node merging is a logic optimization technique without
approximation. However, here we adopt it for approximate logic
synthesis for minimizing errors. Our approach has two phases. In
the first phase, we selectively replace a node in the circuit with a
constant 0 or 1 based on the magnitude of 1’s probability of the
node. This magnitude of 1’s probability for the replacement is a
user-defined parameter. In the second phase, we further replace a
given target node n; with its substitute node ng, where n; and ns
are with similar functionalities. In summary, the proposed approach
is to synthesize an approximate circuit by merging nodes such that
the required error rate constraint is met. We demonstrate that our
approach is much more efficient than the state-of-the-art [21]. The
experimental results show that our approach achieved an average
of 31% area reduction and had a speedup of 51 compared with [21]
under the same 5% error rate constraint.

2 PRELIMINARIES
2.1 Error Metrics

To evaluate the error of an approximate circuit, several error
metrics, such as bit-flip error, error magnitude, and error rate have
been proposed [7]. Bit-flip error refers to the number of incor-
rect bits in the approximate circuit, which is relevant to memory
address approximation. Error magnitude refers to the maximal nu-
merical deviation in an approximate circuit’s outputs. Error rate
refers to the ratio of the number of input patterns that produces
incorrect outputs in an approximate circuit. Many previous works
[10][12][15][21][22][23][25] used the error rate as the error metric,
while few works [17][19] used the error magnitude. Since the error
rate is the most commonly used metric among these error metrics,
in this work, we adopt the error rate as the error metric.
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Figure 1: An example for presenting the node-merging ap-
proach. (a) The original circuit. (b) The resultant circuit after
replacing ns3 by nj.

2.2 Background

An input-controlling value of a gate g determines the output
value of g no matter what the value of the other input is. An input-
noncontrolling value of g is opposite to its input-controlling value.
For an AND gate, its input-controlling value is 0 and its input-
noncontrolling value is 1.

The dominators [11] of a gate g are a set of gates G that all the
paths from g to any POs must pass through. The side inputs of G
are the inputs of G that are not in the transitive fanout cone of g.

A stuck-at fault in VLSI testing is a fault model used to represent
a manufacturing defect on wires or gates in digital circuits. A stuck-
at 0 (sa0) or stuck-at 1 (sal) fault on a faulty wire or faulty gate
indicate that the signal on a faulty wire (gate) is stuck at a fixed
logic value “0” or “1”, respectively. A stuck-at fault test is a process
to search for a test pattern that can generate the different values at
any PO to distinguish a faulty circuit with a stuck-at fault from a
fault-free one. A test pattern needs to activate the fault effect and
propagate the fault effect to any PO. If there exists no test pattern
that can both activate and propagate the fault effect to any PO, the
fault is an untestable fault.

The mandatory assignments (MAs) are the unique value assign-
ments to some nodes necessary to generate a test pattern for de-
tecting a fault in the circuit. Consider a stuck-at fault on a gate
g, the MAs are obtained by setting g to the fault-activation value
and by setting the side inputs of the dominators of g to the input-
noncontrolling values. By performing logic implications forward
and backward from these MAs, more MAs can be inferred. If the
MAs of a stuck-at v (sav) fault on a wire are inconsistent, it means
that no test pattern exists for this fault. Therefore, this fault is
untestable and g can be replaced by the faulty value v.

2.3 Node-Merging Approach

The node-merging (NM) approach [2][3] is a logic optimization
technique that identifies node mergers for obtaining a minimized
circuit considering observability don’t cares (ODCs). NM modeled
the process of merging two nodes as a misplaced-wire error in
the circuit and discussed the detection of this error. We use the
example in Fig. 1 to demonstrate the NM [2][3]. The circuit in Fig.
1(a) is presented in And-Inverter-Graphs (AIGs) [18], where q, b, c,
and d are primary inputs (PIs), nodes nj ~ ns are two-input AND
gates, and a dot on an edge is an inverter. In this circuit, ny and
n3 are not functionally equivalent, merging them (i.e., creating a
misplaced-wire error) may affect the overall functionality of the
circuit. However, we observed that the values of n; and n3 only
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differ when b = ¢ and d = 1. Since b = ¢ implies nz = 0, and ny =
0 is an input-controlling value to ns, ny = 0 can block the error
effect of merging n3 with n;. Thus, this misplaced wire error is
undetectable, and merging nodes n3 with n; will not change the
overall functionality of the circuit.

To detect the error of merging two nodes, the input pattern has
to cause different values on n; and n; for activating and propagating
the error effect to any PO. If there is no input pattern that can detect
the error, merging n; with n; is safe from the viewpoint of circuit’s
overall functionality. NM [2][3] proposed a sufficient condition
about merging n; and ng as stated in Condition 1.

Condition 1 [2][3]: Let f denote an error of replacing n; with ng. If
ng = 1 and ng = 0 are MAs for the stuck-at 0 and stuck-at 1 fault test
on ng, respectively, f is undetectable.

Let us briefly explain the effectiveness of Condition 1. The error f
in Condition 1 represents the merging of n; and ns. Since generating
different values for n; and n; is equivalent to activating the error
effect, generating ng = 0 is necessary for testing the sa0 fault on n;
(nt has to be 1 for activating sa0 fault). However, if ng = 1 is also an
MA for the sa0 fault on n;, the sa0 fault on n; is untestable due to
the contradiction on the value of ng. In the same way, if ng = 0 is
also an MA for the sal fault on ng, the sal fault on n; is untestable.
Since the error of replacing n; with ng, where we care about the
different values of n; and ng only, cannot be detected by testing the
sa0 and sal faults on n;, f is undetectable.

Based on Condition 1, the process of identifying the node merg-
ers is to compute the MAs of the sa0 and sal fault tests on n;. We
also use the circuits in Fig. 1 to demonstrate the NM algorithm.
Suppose n3 is a target node n;, we would like to find its substitute
nodes ng. We compute the MAs of the sa0 and sal fault tests by
setting n3 to the fault-activating value and the side inputs of n3’s
dominators to the fault-propagating values. The MAs of the sa0
fault testonnz are{n3 =1,np=1,d=1,¢=0,b=1,n1=1,n4 =0, n5
= 1} and that of the sal fault test on n3 are {n3 =0, n2 =1,d =0, c =
0,b=1,n1 =0, n5 = 0}. As aresult, d and n; satisfy the requirement
of Condition 1, and can be chosen as the ng. However, although ns
also satisfies the requirement of Condition 1, ns will not be chosen
as an ng. This is because n5 is in the transitive fanout cone of the
target node ns. If n3 is replaced by ns, a cyclic combinational circuit
occurs, which is not allowed in that work.

3 PROPOSED APPROACH

In this section, we first present the proposed approximate node
merging, which consists of two phases, node to constant and node
replacement. Then, we present the flow of the proposed approach.
3.1 Node to Constant

By observing the circuit, we find that the functionalities of some
nodes are very similar to constant 0 or 1. If we can easily find
these nodes and replace them by constant 0 or 1, the circuit can be
simplified effectively with fewer errors. Thus, the node to constant
phase is proposed to focus on replacing nodes by constant 0 or 1. In
other words, a node having a higher magnitude of 1’s probability
will be replaced by a constant 1. The magnitude of 1’s probability p
for the replacement can be determined by users.

To determine if a node is similar to a constant 0 or 1, we simulate a
large number r of random patterns for estimating the 1’s probability
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Algorithm 1: Pseudo-code for Node to Constant Phase

Input: Original circuit C, error rate constraint ¢;;
Output: An approximate circuit Capprox;
1 Initialization: error rate er = 0; Capprox = C; ercounter = 0;
erperiod =
2 RandomSimulation(C, r);
3 for each node in Cqpprox in the DFS order from POs to Pls

4 if (g >p)

5 Replaced by constant 1;

6 NewCapprox = CleanFaninCone(Capprox);
7 €rcounter = €rcounter +1;

8 if (ercounter == erperiod)

9 er = Compute_error(C, NewCapprox);
10 ercounter = 0;

11

Lo if (L1
elseif (\! <1-p)
12 Replaced by constant 0;
13 NewCapprox = CleanFaninCone(Capprox);

14 ercounter = €rcounter +1;

if (ercounter == €Tperiod)
L er = Compute_error(C, NewCapprox);

=0;
if (er > 0.5¢1) erperiod = 1;

€rcounter

18
19 if (er < &1) Capprox = NewCapprox;

20

L else break;

21 return Capproxs

of each node in the circuit. For each node in the circuit, we count
the number of 1s at the node, denoted as |1|, after simulating r

patterns. If one node is with the probability of g > p, the node
will be replaced by a constant 1. If one node is with the probability

of @ < 1 - p, the node will be replaced by a constant 0.
Algorithm 1 is the pseudo-code of node to constant phase. The
inputs to the algorithm are the original circuit C and the error
rate constraint ¢ in this phase. The output of the algorithm is an
approximate circuit Cgpprox With an error rate less than ;. First,
we initialize the error rate of approximate circuit er to zero and the
period of checking the error rate erp,joq to five. Then, we simulate
r random patterns! to obtain the number of 1s at each node. We
iteratively examine a node from the POs to the PIs in the depth-first
search (DFS) order and replace it with a constant if applicable. The
reason for adopting the DFS order is that we can also remove the
single-fanout fanin (SFoFi) nodes in the fanin cone of the replaced
node for effectively reducing the circuit. Then the error rate of the
new approximate circuit is estimated by using 10r random patterns.
Since this phase allows more errors and node to constant operation
usually does not create many errors, estimating the error rate after
every node to constant operation is not necessary. To elevate the
efficiency of our approach, we compute the error rate every five
times of node to constant operations if the error rate is smaller than
0.5¢1; otherwise, we compute the error rate after every node to
constant operation. If the error rate of approximate circuit is less

! The number of random patterns r for simulating the circuit to obtain the number of
1s at each node is a user-defined parameter. In our approach, we set r to 10,000.
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than ¢1, the algorithm proceeds to the next iteration; otherwise, the
approximate circuit in the last iteration is returned as the output.

3.2 Node Replacement

After running the node to constant phase, we conduct the node
replacement phase, which aims to find the substitute node ng to
replace the target node n; efficiently. The idea is that when n; and
ng are with a high similarity, we replace n; with ng under accepting
some errors. One possible naive method to find out the n;-ns pairs
is to compare the signatures of the nodes after simulation. For
example, assume that the signature of n; = 110011 and ng = 010011
after simulating six random patterns, we can consider they are a
n;-ng pair. This idea is similar to that of the node to constant phase.
However, this naive method cannot effectively find out the n;-ng
pairs as further considering the error rate. That is, this naive method
cannot observe the error effect caused by the replacement during
the procedure of finding ng, which is quite important for the last
phase of this approach. Therefore, we propose the node replacement,
which can effectively find out the n;-ng pairs based on NM [2][3].

As mentioned in Section 2, NM [2][3] proposed a sufficient condi-
tion for finding node mergers. If we arbitrarily choose an n;-ng pair,
the replacement might cause two faults. The first one is denoted as
fi0, which means n; = 1 before the replacement and n; = 0 after
the replacement. The second one is denoted as fy1, which means
n; = 0 before the replacement and n; = 1 after the replacement.
Next, we explain the relationship between Condition 1 of NM [2][3]
and these two faults caused by the replacement from the viewpoint
of test pattern existence. In the rest of this paper, MAs(n; = sa0)
denotes the MAs for the sa0 fault test on ns, and MAs(n; = sal)
denotes the MAs for the sal fault test on n;. With these notations,
we can divide Condition 1 into two parts:

(1) ng = 1is an MA in MAs(n; = sa0).
(2) ns = 01is an MA in MAs(n; = sal).

In Part (1), for detecting n; sa0 fault, we can derive the MAs(n; =
sa0), which includes n; = 1. We collect all the patterns satisfying
MAs(n; = sa0) in Ty. If we find an ng = 1 that is in MAs(n; = sa0)
and use it to replace n;, all the input patterns in Ty cause n; = ng = 1.
Due to the same value of n; and ng in Ty, replacing n; with ng will
not cause fjo. Similarly, in Part (2), for detecting n; sal fault, we can
derive the MAs(n; = sal), which includes n; = 0. We collect all the
patterns satisfying MAs(n; = sal) in Ty. If we find an ng = 0 that
is in MAs(n; = sal) and use it to replace ny, all the input patterns
in T7 cause n; = ng = 0. Due to the same value of n; and ng in T3,
replacing n; with ns will not cause fy;. In summary, a node with a
value simultaneously satisfying Part (1) and Part (2) of Condition 1
will not cause both fj¢ and f; faults. Thus, the node can be selected
as an ng for replacement without changing circuit’s functionality.

However, if a node satisfies Part (1) but does not satisfy Part (2)
of Condition 1, the input patterns in T; will detect fy;. Similarly, if
a node with a value only satisfies Part (2) of Condition 1, the input
patterns in Ty will detect fio. Therefore, in the node replacement
phase, we consider to select a node satisfying either Part (1) or
Part (2) as an n; to replace the target node n;. The next issue to be
considered is judging which node is a better ny as satisfying either
Part (1) or Part (2).
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Figure 2: An example for demonstrating node replacement.
(a) The original circuit. (b) The resultant circuit after replac-
ing ny with ny. (c) The value assignments of MAs(ns = sa0).
(d) The value assignments of MAs(ns = sal).

Algorithm 2: Pseudo-code for Node Replacement Phase

Input: Original circuit C, simplified circuit by node to constant
phase Che, error rate constraint ¢;
Output: An approximate circuit Capprox;
1 Initialization: Capprox = Cnc; €Tcounter = 0; €rperiod = 3;
2 for each node n; in Capprox in the DFS order from the POs to the PIs
Compute MAs(n; = sa0);
Compute MAs(n; = sal);
5 for each level | in Capprox in the ascending order from the PIs to
the POs
NA = number of the [*”* level’s node assignments in
MAs(n; = sa0);
7 NA; = number of the [*”* level’s node assignments in
MAs(n; = sal);
if (NA) = NA; =0) continue;
if (NAg < NA;)
10 ‘ ns = node that has the lowest probability of 1 when

3

4

ny; =0 in MAs(n; = sa0); break;
else

L

Replace n; by ng;

ns = node that has the lowest probability of 0 when
n; = 1in MAs(n; = sal); break;

13
14 NewCapprox = CleanFaninCone(Capprox);
15 €rcounter = €lcounter +1;
if (ercuunter == erperiud)

L er = Compute_error(C, NewCapprox);

if (er > 0.8¢) erperioa = 1;

16
17
18 ercounter = 0;
19
20 if (er < &) Capprox = NewCapprox;

21 else break;

22 return Capprox;

We use an example in Fig. 2 to explain the satisfaction of either
Part (1) or Part (2) in Condition 1. In the AIG of Fig. 2(a), suppose n;
is the n;. We first compute the MAs(n; = sa0) and MAs(ny = sal),
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and they are MAs(n; =sa0) = {n1 = 1,x1 =L, xp =1,n7 =0,n¢ =
1,ny = 0,n5 = 1,x3 = 0,n3 = 0,ng = 0,x4 = 0} and MAs(ny
sal) = {n; = 0,n7 = L,ng = L,ny = O,n5 = 1,n3 = 0,ng = 0},
respectively. There are four MAs that are PIs in MAs(n; = sa0),
and Ty = {x1x2x3x4X5 = 11000, 11001}?, which is represented as
“1100-". Similarly, there is no PIs in MAs(n; = sal), then Ty = “----- ”,
The number of test patterns in Ty is 2 and that in T is 2° = 32. Since
in Part (1) and Part (2), the ng for the replacement can make the
corresponding fault untestable, we select the ng that is with respect
to a larger test pattern set. In this example, the size of T; is larger
than Ty. Therefore, we choose an n; satisfying Part (2) of Condition
1 to replace n;.

On the other hand, if the size of Ty and T; are the same, we
choose an ng from the part that has fewer assignments closest to
the input side of circuit in the MA set. We use Figs. 2(c) and 2(d)
to explain this situation. Suppose ns is the n;, Fig. 2(c) shows the
assignments in MAs(ns = sa0). There are four assignments (11, na,
n3, and ng) in MAs(ns = sa0) that are closest to the input side of
circuit. Similarly, Fig. 2(d) shows the assignments in MAs(ns = sal),
but there are only two assignments (n; and ny) that are closest to
the input side of circuit. In this situation, we will choose the ng
from the set satisfying Part (2) of Condition 1.

After determining the source of ng, either from Part (1) or Part
(2), we next select an ng to replace n;. In the example of n; = ny,
there are three ng (ny = 0, n3 = 0, and ny4 = 0) satisfying Part (2)
of Condition 1. We will select the node that might cause fewer
fio faults after the replacement as the ng. Therefore, we conduct
another round of random simulation to obtain the probability of
(n¢,ns)=(1,0). The probabilities of (n;, ns)=(1,0) are %, %, or 3%
when ng = ny, n3, or ng, respectively. Since replacing n; with ny
creates fewer fjo faults, ny is a better ng to replace n;. The resultant
circuit of replacing n; with ny is shown in Fig. 2(b). If all the ns
are with the same probability, we randomly choose one n; for the
replacement.

Algorithm 2 is the pseudo-code of node replacement phase. The
inputs to the algorithm are the original circuit C, the simplified
circuit by the node to constant phase Cp¢, and the error rate con-
straint e. We initialize the period of checking the error rate erperioq
to three. Each node in Cgpprox is selected as n; in the DFS order
from the POs to the PIs. First, we compute the MAs(n; = sa0) and
MAs(n; = sal). Then, we count the number of node assignments
at the I*" level. The level of a node is the length of the shortest path
from the PIs to the node. Note that when [ is equal to 0, we use the
number of PI assignments to represent the sizes of Ty and Tj. If there
does not exist the I level node assignment in MAs(n; = sa0) and
MAs(n; = sal), we count the number of the next level’s node as-
signment in MAs(n; = sa0) and MAs(n; = sal). Then, we select the
MAs set with respect to ng by choosing a smaller number between
NAj and NA;, where NAj and NA; are generally inversely pro-
portional to the sizes of Ty and T7. Next, we choose the ng that has
the lowest probability of (ns, ng)=(v,0") when ng € MAs(n; = sav).
Finally, we remove the SFoFi nodes in the fanin cone of n; and
compute the error rate er by conducting random simulation after

2The computation of all MAs for a stuck-at-fault test is an NP-complete problem [13].
Here we compute as many MAs as possible by a heuristic. Thus, Ty and T; are not
exact, and their sizes can be considered as the upper bound of test pattern number for
testing the faults.
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replacing n; with ng. Similar to the node to constant phase, the error
rate is estimated by using 10r random patterns. If the error rate is
smaller than 0.8¢, it is computed every three times of node replace-
ment operation; otherwise, after every node replacement operation.
If the error rate of approximate circuit has exceeded ¢, the last legal
approximate circuit is returned as the output.

3.3 Error Rate Estimation

As mentioned, we adopt the error rate as a metric to measure
the quality of the approximate circuit. Since we do not simulate
the input patterns exhaustively like most previous works, the error
rate of an approximate circuit is estimated by EQ (1)

|IncorrectPattern)|

ErrorRate = X 100%

1)

|TotalSimulation|

where |TotalSimulation| represents the total number of random
simulations, |IncorrectPattern| is the number of simulations hav-
ing incorrect outputs. At the end of the node to constant phase, we
use 10r random patterns to determine if the error rate has exceeded
£1. At the end of node replacement phase, we use another set of 10r
random patterns to evaluate the final error rate ¢. Note that in the
later iterations of approximations, it is much easier for the error
rate to violate the error rate constraint. Therefore, we heuristically
set the different periods for checking the error rate at earlier and
later iterations.

4 EXPERIMENTAL RESULTS

We implemented the proposed approach in C language within
an ABC [27] environment. The experiments were conducted on an
Intel Xeon E5-2650v2 2.60 GHz CentOS 6.7 platform with 64GBytes.
The benchmarks are from IWLS 2005 [28] and MCNC [24]. Since
approximately optimizing a design with a long critical path design
causes an enormous error effect, the arithmetic multiplier was ex-
cluded from the benchmarks. The combinational portion of each
benchmark was considered only and transformed into an AIG for-
mat. We used the error rate calculation tool [16] for computing the
exact error rate of the approximated circuits.

We conducted three experiments. The first one is to present the
circuit size reduction by setting different magnitude of 1’s probabil-
ity (p) in the node to constant phase. The second one is to compare
the circuit size reduction and the CPU time among our approach,
the state-of-the-art [21], and a naive method under a 5% error rate
constraint. The last one is to demonstrate the effectiveness of our
approach under different error rate constraints.

4.1 Probability p in Node to Constant Phase

Table 1 shows the result comparison in the node to constant
phase when using different magnitudes of 1’s probability p under
3% (e1 = 0.6¢ = 0.6 X 5%) error rate constraint. Columns 1 ~ 3 list
the information of benchmarks including names, the number of PIs
and POs, and the number of nodes in each benchmark represented
by AIG, respectively. Columns 4 ~ 7 list the percentages of the node
count reduction (R.) of the four p values (99%, 98%, 97%, and 96%).

For example, the benchmark alu4 has 14 PIs and 8 POs, and 1601
nodes. 23.24% of nodes in the circuit were removed by setting p
to 98%. However, setting p to 99%, 97%, and 96% removed 21.24%,
16.61%, and 18.05% of nodes in the circuit, respectively. According
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Table 1: The comparison of node count reduction among dif-
ferent magnitudes of 1’s probability in the node to constant
phase

Benchmark Information Node Count Reduction (R.)(%)
Name [PI]/TPO] [Node[[[p =99%[[p = 98%[[p = 97%|[p = 96%
misex 25/18 91 29.67 29.67 29.67 0.00
c880 60/26 323 11.76 11.76 10.53 10.53
chkn 29/7 344 63.08 63.08 63.08 68.90
c1908 33/25 412 13.59 22.33 23.06 23.06
i9 88/63 541 0.00 0.00 0.92 0.92
c2670 233/140 694 17.58 18.16 18.88 0.00
simple_spi  148/144 815 9.82 18.90 18.90 9.45
¢3540 50/22 941 4.25 4.25 3.08 0.00
dalu 75/16 1067 4.87 4.87 9.18 4.87
cps 24/109 1244 49.92 49.92 36.82 19.69
c5315 179/123 1415 1.91 1.91 0.00 0.00
c7552 207/108 1537 0.78 0.78 1.61 4.42
alua 14/8 1601 21.24 23.24 16.61 18.05
515850 611/684 2752 19.66 19.66 19.66 19.88
des_area 368/192 4391 1.57 0.98 0.43 0.00
s38417 1664/1742 8147 12.80 12.59 0.00 0.00
Average — 1645 16.41 17.63 15.78 11.24

to Table 1, setting p to 98% in our approach can remove 17.63% of
nodes for all the benchmarks on average, which is the best among
these four p values. When setting p = 99%, since there are not many
nodes satisfying this requirement, the amount of nodes that can
be approximated to constant 0 or 1 is fewer. On the other hand,
when we set p = 96%, although many nodes can be approximated
to constant 0 or 1, the caused larger error effect terminates this
phase earlier. As a result, we heuristically set p to 98% in the node
to constant phase to minimize the circuit size.

4.2 Circuit Size Reduction

In the second experiment, we compare the circuit size reduction
using our approach against the state-of-the-art [21] and the naive
method. In the naive method, the node replacement phase is changed
to use the same idea of the node to constant phase when choosing
the ns-ns pairs for the replacement.

In Table 2, Columns 4 ~ 6 list the percentages of the node count
reduction (R.), error rate (E.), and the required CPU time measured
in second. Columns 7 ~ 9 list the corresponding results of [21]
and Column 10 lists the ratio of CPU time between [21] and our
approach for each benchmark. Columns 11 ~ 14 list the correspond-
ing results of the naive method. Since the benchmark s38417 is too
large, the error rate calculation tool [16] cannot report the error
rate of this benchmark. According to Table 2, the exact error rates
for all the benchmarks in the three approaches are within 5%. The
percentages of average node reduction for our approach and [21]
are similar. However, our approach has a speedup of 51 under the
same 5% error rate constraint considering all the benchmarks. The
average speedup is 12 for all the benchmarks. It can be seen that
the speedup of our approach is high for larger circuits, e.g., 38417,
$15850. This indicates that our approach is more scalable than [21].
On the other hand, the naive method spent 208.72 seconds for re-
moving 17.60% of nodes for all the benchmarks on average, while
our approach spent 48.95 seconds for removing 31.06% of nodes on
average.

In the last experiment, we demonstrate the effectiveness of our
approach by setting 5% and 10% error rate constraints. Since the
CPU time of the state-of-the-art [21] for 10% error rate constraint
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Table 2: The comparison of experimental results among the state-of-the-art [21], the naive method, and our approach

Benchmark Information Ours Su’s [21] Naive
Name |PI|/|PO| |Node]| || R.(%) E.(%) Time (s)|| R(%) E.(%) Time (s) Ratio|| R.(%) E.(%) Time (s) Ratio
misex 25/18 911| 58.24 3.98 1.45 || 52.75 4.54 1.55  1.07|| 47.25 4.79 4.63  3.19
c880 60/26 323 || 17.34 4.29 3.71|| 14.86 4.09 2,59  0.70 7.12  5.00 31.58 8.51
chkn 29/7 344 || 80.81 4.83 5.69 || 80.52 4.91 9.68 1.70|| 72.38 3.48 2341 4.11
c1908 33/25 412 || 60.92 4.05 3.41|| 61.65 3.66 8.43  247]| 39.32 3.71 17.64 5.17
i9 88/63 541 1.66 3.71 5.94|| 240 4.78 217 037 1.29 3.71 6.90 1.16
c2670 233/140 694 || 22.19 3.33 6.35|| 29.68 4.47 51.17 8.06|| 18.16 4.48 25.57 4.03
simple_spi  148/144 815| 20.86 5.00 12.64 || 19.75 4.80 20.67  1.64|| 10.18 3.62 17.45 138
€3540 50/22 941 11.58 4.81 30.79 8.18 4.76 10.16  0.33 1.38 4.79 28.95 0.94
dalu 75/16 1067 || 33.83 5.00 38.56 || 34.68 4.90 47.95 1.24 0.84 3.56 13.36  0.35
cps 24/109 1244 || 68.65 4.71 25.411| 70.50 4.90 110.49  4.35|| 20.02 4.71 10.87 0.43
¢5315 178/123 1415 6.15 4.87 9.41 1.84 3.88 48.86  5.19 3.96 493 151.23 16.07
c7552 207/108 1537 7.29 4.11 29.52 9.04 1.86 18.25  0.62 143 4.64 36.71 1.24
alud 14/8 1601 || 44.28 4.13 26.72|| 31.92 1.23 32.64  1.22|| 20.67 4.57 37.50 1.40
515850 611/684 2752 | 32.34 4.89 136.92| 35.17 4.98 2546.44 18.60|| 24.02 5.00 207.63 1.52
des_area 368/192 4391 5.26 3.01 185.74|| 7.79 498 775.06 4.17 0.14 4.77 83.26 0.45
538417 1664/1742 8147 || 25.56 — 26097 || 25.19 — 36819.18 141.09 || 13.42 — 2642.78 10.13
Average — 1645 || 31.06 —  48.95(|30.37 — 2531.58 12.05 || 17.60 — 208.72 3.76
Ratio — — — — 1 — — 51.72 — — — 4.26 —
Table 3: The comparison of experimental results under dif- [4] V.Chippa et al., “Analysis and Characterization of Inherent Application Resilience
. . for Approximate Computing,” Proc. DAC, 2013, pp. 1-9.
ferent error rate constraints in our ap proaCh [5] V. Ch?}f)pa etal, “Dynagiic E%fort Scaling: Manag?r?g the Quality-Efficiency Trade-
Benchmark Information £=5% £=10% off)” Proc. DAC, 2011, pp. 603-608.
Name [PI[/[PO] [Node[ [[ R.(%) Time (s) || R.(%) Time (s) [6] V. Gupta et al., “IMPACT: IMPrecise adders for low-power Approximate Com-
misex 25/18 91 || 58.24 145 ([ 71.43 1.63 puTing,” Proc. ISLPED, 2011, pp. 409-414.
880 60/26 323 || 17.34 371 || 21.05 7.91 [7] JHan et al, “Approximate Computing: An Emerging Paradigm for Energy-
chkn 29/7 344 || 80.81 5.69 || 89.53 9.24 Efficient Design,” Proc. ETS, 2013, pp. 1-6.
1908 33/25 412 || 60.92 3.41 || 62.86 .03 [8] K.He, et al., “Controlled Timing-Error Acceptance for Low Energy IDCT Design,”
9 88/63  541|| 166 594 628 656 Proc. DATE, 2011, pp- 1-6. o A
2670 233/140 694 || 22.19 635 || 35.45 798 [9] M. Iman} et”aL, Resistive Configurable Associative Memory for Approximate
. . Computing,” Proc. DATE, 2016, pp. 1327-1332.
simple_spi 148/144 815 1] 20.86 12.64 11 25.15 27.55 [10] Y.Kim et al, “An Energy Efficient Approximate Adder with Carry Skip for Error
€3540 50/22 9411| 11.58 30.79 || 17.22 353 Resilient Neuromorphic VLSI Systems,” Proc. ICCAD, 2013, pp. 130-137.
dalu 75/16 1067 || 33.83 38.56 || 46.30 64.67 [11] T.Kirkland et al., “A Topological Search Algorithm for ATPG,” Proc. DAC, 1987,
cps 24/109 1244 || 68.65 25.41 || 69.77 26.49 Ppp. 502-508.
¢5315 178/123 1415 6.15 9.41 8.48 11.54 [12] P.Kulkarni et al., “Trading Accuracy for Power with an Underdesigned Multiplier
c7552 207/108 1537 7.29 29.52 || 11.39 48.30 Architecture,” Proc. VLSID, 2011, pp. 346-351.
alug 14/8 1601 || 44.28 26.72 || 52.34 87.59 [13] W.Kunz et al., “Recursive Learning: An Attractive Alternative to the Decision
s15850 611/684 2752 || 32.34 136.92 || 35.32 152.24 Tree for Test Generation for Digital Circuits,” Proc. Int. Test Conf., 1992, pp. 816-
des_area 368/192 4391 5.26  185.74 8.75  146.93 825.
$38417 1664/1742 8147 || 25.56  260.97 || 26.70  580.99 [14] K.Y.Kyaw et al., “Low-Power High-Speed Multiplier for Error-Tolerant Applica-
Average —  1645||31.06  48.95|36.75  76.43 tion,” Proc. EDSSC, 2010, pp. 1-4. ) o
[15] Y.-A Lai et al., “Efficient Synthesis of Approximate Threshold Logic Circuits with
an Error Rate Guarantee,” Proc. DATE, 2018, pp. 773-778.
exceeded the time limit, 10 hours, we cannot list their results here. [16] N.Lee et al, “Towards Formal Evaluation and Verification of Probabilistic Design,”
. IEEE Trans. on Computers, 2018, pp. 1202-1216.
In Table 3, Columns 4 ~ 5 and Columns 6 ~ 7 list the results under [17] J. Miao et al., “Appr(j)]ximate Logifgynthesis under General Error Magnitude and
5% and 10% error rate constraints, respectively. According to Table Frequency Constraints,” Proc. ICCAD, 2013, pp. 779-786.
3, our approach for 10% error rate constraint achieved more circuit [18] A: Mifhihenko, “A Catalog of.Three-Variable Or-Invert and And-Invert Logical
. . . . Circuits,” IEEE Trans. Electronic Computers, 1963, pp. 198-223.
size reduction on average with some CPU time overhead. [19] I Scarabottolo, “Partition and Propagate: an Error Derivation Algorithm for the
Design of Approximate Circuits,” Proc. DAC, 2019, pp. 1-6.
5 CONCLUSION [20] I;) OSZhanb};;;gO, ;l;:liable and Energy-Efficient Digital Signal Processing,” Proc. DAC,
» Pp. 630-830.
In this paper, we propose an efficient node merging approach to [21] S.Su et al., “Efficient Batch Statistical Error Estimation for Iterative Multi-level
thesize th roximate circuits under the error rate constraint Approximate Logic Synthesis,” Proc. DAG, 2018, pp. 1-6.
synthesize the app ate circuits unae € ¢ ant. [22] S. Venkataramani et al., “Substitute-and-Simplify: A Unified Design Paradigm for
The main ideas include changing nodes to constant nodes, and Approximate and Quality Configurable Circuits,” Proc. DATE, 2013, pp. 1367-1372.
replacing the target nodes by the substitute nodes with a hlgh [23] Y. Wu et al, “An Eﬂ‘icient.Me’thod for Multi-level Approximate Logic Synthesis
. . under Error Rate Constraint,” Proc. DAC, 2016, pp. 1-6.
similar ity. The experlmental results demonstrate that our appr oach [24] S.Yang, “Logic Synthesis and Optimization Benchmarks,” Microelectronics Center
has achieved the similar quality of approximate circuit as compared of North Carolia, Tech. Rep., 1991.
[25] Y. Yao et al., “Approximate Disjoint Bi-decomposition and Its Application to

to the state-of-the-art, while having a significant speedup.

REFERENCES

[1] L. Chakrapani et al., “A Probabilistic Boolean Logic for Energy Efficient Circuit
and System Design,” Proc. ASP-DAC, 2010, pp. 628-635.

[2] Y.-C. Chen et al., “Fast Detection of Node Mergers Using Logic Implications,”
Proc. ICCAD, 2009, pp. 785-788.

[3] Y.-C.Chen et al,, “Fast Node Merging with Don’t Cares Using Logic Implications,”
IEEE TCAD, 2010, pp. 1827-1832.

271

Approximate Logic Synthesis,” Proc. ICCD, 2017, pp. 517-524.

[26] N.Zhu et al., “An Enhanced Low-Power High-Speed Adder for Error-Tolerant
Application,” Proc. ISIC, 2009, pp. 69-72.

[27] Berkeley Logic Synthesis and Verification Group. ABC: A System for Sequential
Synthesis and Verification [Online]. Available: http://www.eecs.berkeley.edu/
~alanmi/abc

[28] http://iwls.org/iwls2005/benchmarks.html




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


