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Abstract—Redundancy  Addition and Removal (RAR) and
ATPG/Diagnosis-based Design Rewiring (ADDR) are both logic
restructuring techniques used in the synthesis and optimization of logic
designs. However, not every irredundant target wire can be successfully
removed due to some limitations in these two approaches. Therefore, this
paper proposes an efficient restructuring technique, Error Injection &
Correction (EIC), which formally constructs a corresponding rectification
network at feasible locations without verification efforts for the injected
errors of the wire removal, addition, or gate replacement. We use the
EIC to serve as a logic perturbation engine and combine other logic
optimization engines to optimize the circuit. The experimental results
show that the size of highly optimized circuits can be further reduced
with this EIC technique as compared with the configuration using only
logic optimization engines.

I. INTRODUCTION

Logic synthesis is a process in VLSI design. In this process, gate-
level design is often restructured to achieve different optimization
objectives. Existing approaches to logic restructuring can be classified
into two categories: Redundancy Restructuring and Error Injection-
based Restructuring. The Redundancy Restructuring approach keeps
a circuit’s functionality intact in every operation. Node merging [4]
[12] ~ [15] [18] [23] [34], Rewriting [21], and Redundancy Addition
and Removal (RAR) [5] ~ [11] [16] [20] [24] [31] belong to this
category. Although these redundancy restructuring techniques effi-
ciently transform a circuit, a shortcoming shared among them is that
some wires/gates cannot be adjusted/removed when certain specific
conditions are not met.

On the other hand, the Error Injection-based Restructuring approach
transforms a circuit by first injecting an error/errors and then correcting
it/them [19] [25] [26] [32] [33]. This approach usually provides more
restructuring abilities than the Redundancy Restructuring approach.

In this work, we propose a new technique, Error Injection &
Correction (EIC) for circuit restructuring, which also belongs to the
error injection-based category. The EIC can directly remove, add, or
replace a desired irredundant target wire/gate and rectify the erroneous
functionality due to this removal, addition, and replacement by adding
some other wires/gates, which is named as a rectification network
The main contribution of this paper is that it is the first error-
injection based restructuring technique that can simultaneously deal
wit removal, addition, and replacement of wire/gates of logic circuits
without needing a verification procedure [1] [27] ~ [30]. Moreover,
the EIC can be served as a logic perturbation engine, which fast
restructures a circuit without changing its functionality, and combined
with other logic optimization engines to further optimize the overall
circuit.

II. ERROR INJECTION & CORRECTION
A. Overview
Definition 1: Error Injection-based Restructuring is a problem where
given an original circuit, Cyy;, and an error that is modeled by
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Figure 1. Design error types illustrated by using OR and AND gates [1].

a set of error effects F. = {ei, €2, ..., €;}, we add rectification
networks which are modeled by another set of error effects F, =
{€i+1, €it2, ..., en} into the faulty circuit, so that the rectified circuit,
Clrec, becomes Cori + E. + E,, and the combined error effects
E. + E. = {e1, e, ..., e, } are redundant to Cor;. The error effect
is a situation that the different logic values are on the same wire of
the original and faulty circuits.

There are three issues to be dealt with in the algorithm of the error
injection-based approach:

1) Where to add the rectification network for the error?

2) What to add into the rectification network for the error?

3) How to construct the corrected function with the rectification

networks at the selected locations?

We will discuss these three issues of the proposed algorithm in the
next subsection.

B. The Proposed Approach

Logic design errors are functional mismatches between the spec-
ification and the implementation [3]. A list of typical design error
types, missing input wire, extra input wire, and gate replacement, that
compose most of complex design errors, taken from [1], is shown in
Fig. 1.

Let us discuss the requirements for rectifying the functionality of a
circuit after introducing an error. If the error is redundant, the error
effects cannot be propagated to any POs. On the other hand, if the error
is irredundant, the error effects will be propagated to one or more POs.
However, if these error effects can be blocked in all propagating paths
from the error location to the POs by adding rectification networks, the
circuit’s functionality will be corrected. These selected locations for
adding the rectification networks are called destination gates hereafter.
Definition 2: A gate g is in the Transitive FanOut Cone (TFOC) of
a gate g, if there exists a path from g, to g. The dominators [17] of
a wire w (or a gate g) is the set of gates G such that all paths from
w (or g) to any POs have to pass through all gates in G.

After modeling an irredundant design error as error effects, these
error effects will be propagated to at least one PO through the TFOC
of the error location. Therefore, to block the error effects from being
propagated out, the gates in the TFOC are the destination gates for the
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Figure 2.  Three possible regions within the TFOC of the error location
designated for correction.

(b)

1/0
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Figure 3.  The modeling of a missing input wire from an OR gate. (a) The
original circuit. (b) The removal of the target wire a. (¢) The truth table. (d)
The modeling with an error effect 1/0.

rectification intuitively. Fig. 2 shows three possible regions within the
TFOC of the error location for correction. We can choose any one of
them as the destination gate. Note that if we choose region II, the error
effects may be duplicated and then propagated out through different
paths. In such a case, the rectification networks have to be added at
more than one location.

After determining the location of the rectification network, we then
deal with the second issue of the error injection-based approach: “What
to add into the rectification network for the error?”. Here we define
two networks that are used to construct the rectification network.
Definition 3: Given a Boolean network, an error effect, and a
destination gate gd in the TFOC of the error effect, the Definite ON-set
network (DON) {Definite OFF-set network (DOFF)} at gd is defined
as the network having the on-set minterms that change from the on-set
{off-set} of a good circuit to the off-set {on-set} of a faulty circuit,
and having the don’t-care set of minterms that are in the on-set {off-
set} of both good and faulty circuits.

The DON and DOFF are exactly the rectification networks for the
error effects 1/0 and 0/1, respectively.

For example in Fig. 3, the function of the good circuit is a + b, and
that of the faulty one is b. An error effect 1/0 is modeled for the error
of wire a removal. The on-set of DON is {ab}, because this minterm
is in the on-set of the good circuit, and is in the off-set of the faulty
one. The don’t-care set of DON is {ab, ab} because these minterms
are in the on-set of both good and faulty circuits. After including the
don’t-care minterm ab in the DON, the DON can be simplified from
ab to a.

Next, we discuss the third issue of the error injection-based ap-
proach: “How to construct the corrected function with the rectification
networks at the selected locations?”.

Theorem 1: Given a Boolean network, one or more than one
destination gate gd, and the error effects at gd, if the error effect
propagated to gd is 1/0 {0/1}, then the corrected function for the
error effect is gd + DON {gd - DOFF'}. If both 1/0 and 0/1 are
propagated to gd, the corrected function for the error effects is either
(9d+ DON) - DOFF or (gd- DOFF)+ DON.

Proof: An error effect of 1/0 {0/1} at gd means that there are some
minterms changing from the on-set {off-set} of a good circuit to the
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Figure 4. The modeling of a gate replacement error. (a) The original circuit
is a NOR gate. (b) The NOR gate is replaced with an AND gate. (c) The truth
table. (d) The modeling with the error effects 1/0 and 0/1.

off-set {on-set} of a faulty one after injecting the error. Since DON
{DOFF} at least contains these minterms by Definition 3, we can
correct the function by ORing the DON {ANDing the DOFF}. If
both 1/0 and 0/1 are propagated to gd, we sequentially correct the
function. Hence, the rectification network is (9d + DON) - DOFF.
Moreover, since the minterms of DON and DOFF networks are
disjoint, the ordering of connecting DON and DOFF is irrelevant.
Thus, the functionality of (gd + DON) - DOFF is equal to
(gd- DOFF)+ DON. ]

Next, we discuss the derivation of DON and DOFF, which is
an important part of the third issue in the error injection-based
restructuring approach.

a) Regions I and II: Only one path exists from the error location
to each destination gate.
Definition 4: The activating assignments are literals in the smallest
rectification network at the output of the error location.

The activating assignments can be derived by examining the truth
table of the gate where the error occurs. Since the error gate usually
does not involve a large amount of inputs in practical circuits, this
operation of activating assignment derivation can be easily achieved.
For example in Fig. 4, the on-set of DON is @b. Since the don’t-care
set of DON is empty, the smallest rectification network is @b. Hence,
the activating assignments are @ and b. Similarly, the on-set of DOFF
is ab, the don’t-care set of DOFF are ab and ab. Hence, the smallest
rectification network is either a or b, and the corresponding activating
assignment is either a or b'.

The DON and DOFF have to be updated when the destination
gates are specified elsewhere along the path. Since there is only one
propagating path from the error location to the destination gate in
this discussion, the side inputs of this propagating path may block
the error effect and may influence the update of DON and DOFF. We
summarize the operation of this update as follows : If the good value
of the error effect is the controlling value of a gate on a propagating
path, which is called controlling error effect, the side input of this
gate is ignored. On the contrary, if the good value of the error effect
is the noncontrolling value of a gate on a propagating path, which is
called noncontrolling error effect, this error effect can be propagated
to the next level by setting the side input a noncontrolling value of the
gate for updating. We call this side input assignment a propagating
assignment.

Theorem 2 summarizes the method of constructing the updated
rectification networks, DON or DOFF, at gd in regions I and II.
Theorem 2: Given error effects and a destination gate gd, if there
exists only one path from the error location to gd, the updated
rectification network at gd, DON or DOFF is the AND of activating

Tn Fig. 4, we choose a as the smallest rectification network DOFF.
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assignments and propagating assignments along the propagating path?.
Proof: The AND of activating assignments represents the smallest
rectification network at the output of the error location. Since there is
only one path from the error location to gd, for all side inputs along
the propagating path, if one side input assignment is not a propagating
assignment, we add don’t-care minterms into the rectification network
by ignoring this side input assignment. On the other hand, if one side
input assignment is a propagating assignment, no additional minterm
will be included into the rectification network. Hence, we AND the
propagating assignments with the original rectification network. As a
result, the updated rectification network at gd is the AND of activating
assignments and propagating assignments. |

b) Region III: More than one path exists from the error location

to each destination gate.

For the destination gate in region III, error effects propagate through
a fanout, and reach a reconvergent gate via multiple paths. Thus, the
method of constructing the updated rectification networks DON or
DOFF as stated in Theorem 3 is slightly different from that in regions
I and II as stated in Theorem 2.
Theorem 3: Given error effects and a destination gate gd, if there
exists more than one path from the error location to gd, then the
updated rectification network DON at gd is expressed as

AN D(assignment) - gdg(assignment) (H
and DOF'F at gd is expressed as
AN D(assignment) - m (2)

where assignment consists of all the activating assignments and
propagating assignments outside the fanout-reconvergent region and
9gdg(assignment) Tepresents the cofactor of gd with respect to these
assignments in the good circuit.

Proof: When there is more than one path from the error location to
gd, enumerating all the propagating assignments in all propagating
paths within the fanout-reconvergent region is not practical. However,
we can derive the propagating assignments outside the fanout-
reconvergent region as we did in Theorem 2. As mentioned in
Theorem 2, we can derive the updated rectification network for the
circuit not considering the fanout-reconvergent region, and denote it
as AN D(assignment). Upon considering the fanout-reconvergent
region, we use the cofactor of gd with respect to the assignments in
the good and faulty circuits to represent the changed minterms. The
9dg(assignment) 1S the network that represents the on-set minterms
at gd in the good circuit with respect to these assignments. The
9df(assignment) 15 the network that represents the off-set minterms at
gd in the faulty circuit with respect to these assignments. Therefore,
AN D(assignment)-gdg(assignment) - 9Af(assignment) Can represent
the minterms changing from the on-set of a good circuit to the off-set
of a faulty one, i.e., the on-set of DON. Next, according to Definition
3, DON also contains the don’t-care set minterms. Thus, we add the
don’t-care set, which is represented as AND(assignment) -
9dg(assignment) 9df(assignment)> t0 DON. As a result,
DON = AND(aSSZgnment) . gdg(assignment) . gd,f(assignmem‘,) +
AND(GSSignment) gdg(assignment) gdf(assignment) -
AN D(assignment) - gdg(assignment) as shown in EQ(1). Similarly,
AND(assignment) gdg(assignmsnt) gdf(assignment) can
represent the minterms changing from the off-set of a good circuit
to the on-set of a faulty one, i.e., the on-set of DOFF. As a result,

2The DON or DOFF also can be expressed as AND(assignment) where
assignment represents the activating assignments and propagating assignments
along the propagating path.
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DOFF = AND(assignment) 'gdg(assignment) 'gdf(assignment) +
AND(assignment) ) gdg(assignment) gdf(assignment) =
AN D(assignment) - gdg(assignment) as shown in EQ(2) when
including the don’t-care set. |

III. EXPERIMENTAL RESULTS

We implemented our algorithm in C language within the ABC [2]
environment. The experiments were conducted on a 3.0 GHz Linux
platform (CentOS 4.6). The benchmarks are from LGSynth93 circuits
and IWLS 2005 suite [35]. Each benchmark was initially transformed
into an AIG format and we only considered its combinational portion.
The correctness of all results were verified by an equivalence checking
tool, cec [22], in the ABC package.

The EIC can directly remove, add, and replace a target wire/gate in
a circuit and rectify its functionality with some rectification networks.
Thus, in the experiment, we served the EIC as a perturbation engine
followed by other optimization engines to further achieve smaller
circuit size, though the EIC itself increases the circuit size.

The optimization engine we used was a combination of three logic
optimizers - Node merging (NMG) [12] [14], Node addition and
Removal (NAR) [13], and resyn2 script [21] in ABC. This is because in
[13], the authors mentioned that the combination of NAR, NMG, and
resyn2 script can achieve a more reduction in circuit size. Moreover,
iteratively using the combined techniques can get an even smaller
circuit size. Therefore, we considered the resyn2 script followed by
NMG and NAR as one optimization process and repeatedly ran it for
30 times - (resyn2 + NMG + NAR)x30 = optimizationx30
- over each benchmark. These highly optimized results were used
for comparison against the optimization flow embedding the EIC
algorithm.

On the other hand, we perturbed the circuit structure by our EIC
approach after initial optimization processes and then ran the opti-
mization processes again. In each perturbation, the target wire/gate, the
injected error type, and the destination gate, were randomly selected
in the experiments. Thus, the configuration of the optimization flow
with our approach is optimization x5+ (EIC x5+optimization X
5)x5. Note that the runs of optimization are the same for the both
two optimization flows.

Table II summarizes the experimental results. Column 1 lists the
benchmarks. Column 2 lists the number of nodes /N in each bench-
mark. Columns 3 to 5 list the results by the original optimization
flow. They contain the number of nodes N, after the optimization,
the percentage of improvement % with respect to IV, and the CPU
time 7' measured in second. Columns 6 to 8 list the corresponding
results by our approach.

For example, the benchmark fable5 initially has 1474 nodes. The
original optimization flow reduced the node count to 643 nodes or
56.38% improvement. The CPU time was 19.8 seconds. On the other
hand, our approach cost 19.7 seconds to reduce the node count to 580
nodes or 60.65% improvement.

Figs. 5 shows the effect of the perturbations during the optimization
processes for the benchmark table5. In this figure, X-axis represents
iteration index and Y-axis represents the node count of the resultant
circuit. The dotted line represents the original optimization flow
without perturbation and the bold one represents the flow with our
approach. For comparison, in the original optimization flow we did
not perform the optimization in the iterations of 6 to 10, 16 to 20, 26
to 30, 36 to 40, and 46 to 50, in which our approach perturbed the
circuit structure such that the circuit restructured and the node count
changed as highlighted. In Fig. 5, the result of our approach not only
escaped from a local minimum but also kept reducing the area.
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Table I
EXPERIMENTAL RESULTS FOR AREA OPTIMIZATION.

|Node|

Original Opt. Ours
Benchmarks N |[ Nopt % TG) [[ Nopt % T(s)
misex | 55 43121.82 1.10 42123.64 1.14
sqrt8 96 48 |50.00 1.12 41(57.29 1.18
rd53 103 34166.99 1.02 23177.67 1.00
misex2 | 110 80 27.27 1.25 77130.00 1.29
bw 173 123]28.90 1.81 120 | 30.64 1.85
Sxpl| 210 74 | 64.76 1.27 57|72.86 1.31
sa02 | 348 14259.20 2.05 134 161.49 1.98
rd73| 479 136 | 71.61 2.00 111]76.83 2.02
clip| 656 236 | 64.02 3.57 218 |66.77 3.58
duke2| 708 331(53.25 5.75 326(53.95 6.05
rd84 | 908 364 (59.91 7.42 333(63.33 7.11
C3540| 1038 917 | 11.66 15.92 913 |12.04 17.77
rot | 1063 690 | 35.09 3.96 684 | 35.65 4.96
misex3c | 1078 493 |54.27 10.09 462 |57.14 9.91
i2c| 1306 864 |33.84 9.88 853 |34.69 12.29
e64 | 1436 244 183.01 3.66 252 (82.45 4.16
table5 | 1474 643 (56.38| 19.80 580 |60.65| 19.70
dalu| 1740 920 | 47.13 15.14 911 |47.64 17.14
table3 | 1744 633]63.70| 19.60 617 |64.62| 21.08
C5315| 1773 || 1278|27.92 13.57 || 1278|27.92 18.05
C7552| 2074 || 155425.07 19.47 || 1557(24.93| 26.05
apex1 | 2124 901 [ 57.58| 35.50 869 [59.09| 37.33
ex4p| 2235 505 | 77.40 5.05 4341 80.58 4.76
apex3| 2364 || 1132]52.12| 71.04| 1119(52.66| 74.97
i8| 2673 946 | 64.61| 25.69 939 |64.87| 2791
systemcdes | 3190 || 2423|24.04| 76.82| 2418|24.20| 112.05
ex1010| 3267 || 1904 [41.72| 176.79 || 1864 |42.94| 186.82
il0| 3310|| 1689|4897 | 43.84|| 1643 |50.36| 25.69
apex5 | 3666 712 80.58 9.93 692 | 81.12 11.13
alu4 | 5270 || 1448|72.52| 100.95 || 1398 |73.47| 102.30
ex5p| 7429 || 2044 |72.49| 442.16|| 2017|72.85| 455.99
misex3 | 8140 || 1395|82.86| 100.05|| 1492 |81.67| 115.67
apex2 | 8716|| 1198|86.26| 69.61 | 1195]86.29| 74.63
systemcaes | 13054 || 10218 | 21.73 | 981.00 || 10093 | 22.68 | 1353.57
ac97_ctrl | 14496 || 10310 | 28.88 | 376.72 || 10308 | 28.89 | 701.45
mem_ctrl | 15641 || 7113 |54.52| 524.03 || 7113 |54.52| 892.34
aes_core | 21513 || 18955 | 11.89 | 1156.61 || 18935 | 11.98 | 1783.47
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Figure 5. The comparison of node number in table5 benchmark between the
original optimization flow without perturbation and ours.

IV. CONCLUSION AND FUTURE WORK

[28]

[29]

This paper presents a fast formal logic restructuring technique, EIC, 3¢,
through the process of injecting errors first and then correcting them.
The EIC offers opportunities to the logic restructuring, and it can be  [31]

served as a logic perturbation engine to further optimize the area of
highly optimized circuits. Our future work is to integrate this work

[32]

with other optimization engines to reach different objectives, e.g., [33]
power, delay, or reliability of the VLSI circuits.
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