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Perturb and Simplify: Multilevel Boolean
Network Optimizer

Shih-Chieh Chang, Malgorzata Marek-SadowsWamber, IEEE and Kwang-Ting Cheng

Abstract—In this paper, we present logic optimization tech-
niques for multilevel combinational networks. Our techniques
apply a sequence of perturbations which result in simplification
of the circuit. The perturbation and simplification is achieved
through wires/gates addition and removal which are guided by
the Automatic Test Pattern Generation (ATPG) based reasoning.
The main operations of our approaches are incremental transfor-
mations of the circuit (such as adding wires/gates and changing ,
gate’s functionality) to remove some particular wire. At each
iteration, a summary information of such wires/gates addition @ (b)
and removal is precomputed first. Then, a transformation is Fig. 1. Example of wire addition and removal.
chosen to remove several wires at once. We have performed
experiments on MCNC benchmarks and compared the results
to those of misll and RAMBO. Experimental results are very another gate within the range of permissible functions. Gate
encouraging. and wire transformations are executed next. In the transduction

method both calculation of permissible functions and gate

|. INTRODUCTION transformations are computationally very expensive. Several
HE technology independent multilevel logic minimiza—heu[]'sgCS havgd been proposed to speed up thebtlranscti)uctlor}
tion is crucial for logic synthesis. In this paper, weénethod. One idea was to use an easy computable subset o

discuss the problem of multilevel logic optimization for Jermissible functions, what resulted in a weaker optimization

combinational Boolean network. Previous multilevel optimizgZ@Pability. Another approach was to determine, for a node
tion approaches can be categorized into two classes. The fiis Network, a superset of permissible functions and later
class locally collapses and optimizes a circuit using techniqugiaeck the validity of the perturbation and/or transformation
like factorization, decomposition, kernel extraction, cube ekl4l- Selection of a gate to be perturbed as well as the resulting
traction, etc. (e.g., misll [5]). The second class introduceschanges are determined based on the structure of the network
perturbation, usually in a form of adding wires, to a networRnd on the permissible functions of the nodes.
and results in potential removal of some redundant gates oAn efficient approach to perturbing and simplifying a net-
wires (e.g., global flow [3], transduction method [18], an#/0rk was proposed in [8], [11] and implemented in RAMBO.
RAMBO [8]). Our proposed approach falls into the seconghe idea was that the perturbation-simplification process of
class. network optimization can be viewed as wire addition and
We now take a closer look at the approaches falling infmoval which can be efficiently computed using automatic
the second class. In [3], techniques of data flow analysis 4@t pattern generation techniques [1]. If adding a wirg
used. A summary information about the circuit is gathered and removing another wire,., the circuit's funcponghty
the form of implicants which result in identification of wiresrfémains unchanggd, we say, IS a single-alternativewire
to be connected or disconnected without affecting the exterd@f w.. An essential contribution of [8] and [11] was how
behavior of the network. At each iteration of the algorithniQ identify the single-alternative wires. Based on the concept
one signal net is restructured. Another group of techniqueksingle-alternative wire, this optimization philosophy is best
are descendants of the transduction method. The basic schéx@ained on the following example. In Fig. 1(a), the dotted
is as follows. To optimize a circuit, for each gate, a set ofire g5 — go is a single-alternative wire for the bold wires
permissible functions is calculated. Then a gate is replaced oy — ¢4 andgs — g7. We may remove botly; — g4 and
" - received 3 11 1965 revised Mav 22. 1996 and Jul — g7 by addingg; — g9. The result is shown in Fig. 1(b).
anuscript receive anuary y , revise ay , an uly . - . .
1996. This work was supported in part by the National Science Foundati erefqre, by_ iteratively removmg re(_dundan_t ere_s _Cal“!sed
under Grant MIP 9419119 and in part by AT&T Bell Laboratories and Xilin@y adding their common alternative wire, logic optimization
through the California MICRO program. This paper was recommended an be achieved. In [6] we applied the ideas of test pattern
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can be improved both in its quality and efficiency. Thenf*ﬁ% (.
we propose several circuit transformations to remove a Wire@,|
P,

for optimization. These circuit transformations include addind

multiple wires/gates. We also show how to identify gates
which are good candidates for local functionality change. Iri
addition, we discuss the problem of adding and removing tw "~
wires, none of which alone is redundant, but when jointly —)
added/removed they do not change the functionality of a
network. We have observed that the ATPG based optimizatiofn
may get stuck at local minimum. A guided perturbation which @ (®)
can lift such ATPG based technique out of local minimurfig. 2. Adding gates to remove wires (gates).

is also proposed. It is based on the analysis of internal don't
cares migration after wire/gate addition and removal.

All the transformations we mentioned in this paper, can b’ (1% A
also considered as incremental transformations for the wirin, — =/ S
control. An incremental removal of particular wires by adding W =)
some wires/gates is very useful to control circuit structure; .L' . o 1
In [6], we mentioned several applications of such incrementer. g o s L T PR
transformations. o [P S B [ & [

LET, Bt

The remainder of this paper is organized as follows = | B
Section Il overviews our approach. Section Ill provides J
necessary definitions. Section 1V reviews the single alternative @) (b)
wire procedure. Section V shows an improved version of tifg. 3. Changing gates’ functionality to remove wires (gates).
procedure to identify the single alternative wires. Sections VI
to X show a series of new transformations and the use of don't
cares. Section XI summarizes our overall algorithm. Finally
we show experimental results and give conclusions. fault of (c->g2 s-a-0) | | Jault of (a->gl s-a-1)

/5

For ease of explanation, we particularly contrast our phi- (&)
losophy with that of RAMBO [8], [11]. Our new techniques
not only result in smaller networks than those produced
by RAMBO, but also speed up the optimization process @
considerably. In this section, we give an intuitive interpretatiofig. 4. Two simultaneously redundant wires.
of the reasons why we are able to improve in these two aspects.

The speeding up over RAMBO was possible by observin ) ) o
that while one wire is tested for redundancy, informatio[gorfEOI in the Fig. 2(b)] becomes redundant. This in turn
about irredundancy of some other wires is obtained as a sR{lPWs us to remove the 3-input gaje.
effect. For example, after performing a redundancy checkNetwork perturbation can be also achieved by changing
for the stuck-at-0 fault at wirggs — g¢ in Fig. 1(a), we the functionality of selected gates. For example, gaten
conclude thatg — g and also the new connections, notig. 3(a) may change from aaND to an XNOR as shown
present in the circuity, — g7,91 — go,¢c — gr,c — go N Fig. 3(b). As a result, the wirggg — g7 [dotted in
are irredundant. This information of irredundancy of neWig. 3(b)] and the 3-input gatgs can be removed from the
connections eliminates many trials and is important factor gycuit. Applying these new techniques, along with the earlier
speed up over RAMBO. technique of adding one wire, allows us to explore a larger

Throughout this paper, all the perturbations applied to tis@lution space and to obtain a substantial network reduction.
optimized network, like wire or gate addition and removal, We also propose a general algorithm to detect pairs of si-
the change of gate’s functionality, etc., will be such that th@ultaneously redundant wires. We say that two wites, w; )
external behavior of the network remains intact. When we sayesimultaneously redundaifteach wire alone is irredundant
that a certain gate can be added/removed to/from the netwdskf simultaneously adding/removing, and adding/removing
we mean that this gate can be added/removed without affecting will not change the network’s functionality. For example,
the primary outputs of the network. in Fig. 4(a) the wirex — g; (thick line) and a new connection

The new transforms of adding one or several redundant— g» are each irredundant; however simultaneous removal
gatesto a circuit are illustrated with an example in Fig. 2of a — ¢; and addition ofc — g, shown in Fig. 4(b), does
In Fig. 2(a), theor gateg,, (dotted in the figure) with inputs not change the network’s functionality.
from g5 andd can be added (without affecting the behavior of Note that none of the transformations shown in Figs. 2—4
the network). Then, the originally irredundant wigg — g can be obtained by adding a single wire and eliminating

Il. OVERVIEW OF OUR APPROACH

a b a ¢




1496 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 15, NO. 12, DECEMBER 1996

redundancies. Therefore none of these transformations woulfi—_] gz)— a

be possible in RAMBO. b—~9—
c _____?__01
T

I1l. DEFINITIONS

In the following, we review logic synthesis terminology and
ATPG related concepts used in this paper.

A Boolean network is a Directed Acyclic Graph (DAG)
where each node is associated with a Boolean fungtipand @ (b)
a Boolean variabley;. There is an edge directed from a node€ig. 5. Example of single alternative wire.

n; t0 a noden; if the function f; depends on the variabig.
The noden; is a fanin of the node:; and the node:; is a
fanout of the node;. If there is a directed path from a nod
n; to a noden; then we say that; is in transitive fanin of
n; and thatn; is in transitive fanout ofr;.

The absolute dominatorgdominators) [15] of a wirelt/
is the set of gateg7 such that all paths from wirdV to
any primary output have to pass through all gatesg7inFor

e[16] which requires more CPU time may be applied to obtain
more mandatory assignments.

During the implication process, if the mandatory assign-
ments for a stuck-at fault cannot be consistently justified,
the fault is untestable and therefore, the wire is redundant.
A wire to be removed is referred to as tkerget wire The
. LS corresponding stuck-at fault is called titerget fault Since
example, the dominators @ — g4 in Fig. 1(a) aregs, gs, ¢ goal is to remove the target wire,, we term a logic

and go. . . . )
. . . ... transformatiorcandidateif, after the transformation, SMA4,.
The value of an input to a gate is said to ¢c@ntrolling if teuck-at fault) becomes inconsistent.

it determines the value of the gate’s output regardless of tﬁ
values of the other inputs; the controlling value is 1 forcan
or NOR gate, and O for amND or anNAND gate. The inverse
of the controlling value is called theoncontrollingvalue or In this section, we review a method of adding single
sensitizingvalue. alternative wire to make a target wire redundant. This method
Consider the absolute dominators of a wité. The side finds and adds one redundant wire to make the target fault
inputsof a dominator are its inputs not in the transitive fanoutntestable and therefore redundant. The idea was originally
of the wireW. To generate a test for a stuck-at fault at wire proposed in [8] and [11].
all side inputs of the wird?¥’s dominators must be assigned This procedure of finding single alternative wires consists
to their noncontrolling values. For example, in Fig. 1(a), tof three steps. In the first step, we calculate the mandatory
test wire (gg — ¢4) S-a-1, we must assign 1 @0 to g;, assignments for the target fault. Then, we identify a set of
and 1 tof. candidate connections to be added. Each candidate connection
Assume the stuck-at-0(1) fault at wite. is under consid- when added to the circuit will make the target fault untestable
eration. Thefaulty circuit is referred to as the circuit in whichand therefore the target wire redundant. However, adding such
w, is replaced by a constant 0(1). An input combinatiois a candidate connection may change the circuit's behavior.
a test vectorif the outputs of the good circuit and the faultyTherefore, in the final step, we check whether a candidate
circuit are different when applying. If no such test vector connection is redundant or not. If a candidate connection is
exists, then thestuck-at faultis redundant. redundant, we conclude that it is an alternative wire for the
When we perform ATPG for a wire stuck-at fault, a testarget wire. The following example illustrates the process.
vector must satisfy two conditions: it must activate the fault Example 1: Consider the circuit in Fig. 5(a). Let — go
and it must propagate the fault to at least one primary outpbe the target wire to be removed. First, we compute the
For example, in Fig. 1(a) to tegt — g4 s-a-1 (stuck-at 1), SMA(c — g2 s-a-1). We haveSMA = {a = 1,b = 1,¢ =
any test vector must satisfy; = 0 for fault activation and 0,d = 0,¢; = 0,e = 1}. Note thatg; is outside the transitive
must satisfy{c = 1,97 = 0,f = 1} (side inputs to some fanouts of the target wire and has a mandatory value 0. If we
dominators) for the fault propagation. connectg; to g;, a dominator, it will cause inconsistency of
The mandatory assignmentre the value assignments rethe mandatory assignment @t It is because if the new wire
quired for a test to exist and they must be satisfied by agy — g; is addedg; becomes a side input of the dominatgr
test vector. The process of computing mandatory assignmelitequires a noncontrolling value 1 gt to propagate the fault
and checking their consistency with the previously determinedfect of the target fault to primary outputs. This additional
assignments is referred to asplication [1]. A complete requirement causes a conflict in the MA. The process, thus,
implication process is known to be an NP complete problersuggests wireg; — g5 as a candidate connection. Finally,
In other words, to compute the entire set of mandatowe check whethey; — g5 is redundant by checking if it
assignments may require exponential time in term of the testable when s-a-1 fault is assumed there. The SMA of
number of nodes in a circuit. We adopt the same principle asthis fault is inconsistent and therefore, wige — g5 is an
[8] and [11] and complete the Set of Mandatory Assignmengdternative wire for wirec — gs.
SMA(f) whose members can be found via the implication Of the three steps, the first and third steps can be efficiently
process described in [15] and [19]. A more complex approaperformed by implication and checking the consistency of the

IV. SINGLE ALTERNATIVE WIRE
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1 single_wirc_ alternative(wire, stuck_type) {

2 compute_SMA(wire, stuck_type);

3 for (each gate g; in the circuit){

4 if (g; has mandatory assignment) insert g; into the source_array.
5 ) if (g; is a dominator) insert g; into the destination_array.
6
7
8
9

for (cach g, in the source_array) {
for (each g, in the destination_array) {

the original circuit
@

if(verify_redundancy(g,, g,. type_0 or 1))
insert_into_alternative_wire_array(g;, g4, type_0 orl);

T . Type 1
ype O e - . |

8:=0 1 }

i, e
Lo 7 w
§2’:ED §2 Fig. 7. Pseudocode for finding single-wire alternative.

two types of transformations

(b) fault propagation at its dominator. Again, consider the same
Fig. 6. Types of transformations. example in Fig. 5(a). There, we add — g¢; to remove the
wire ¢ — go. Since alternative wires are mutual alternatives of

each other, we can also add wire» g, to removeg; — g; in

SMA. Step 2 is detailed in the following. Given a targeI:. . . 3
wire to be removed, Fig. 6 shows two types of candidafe> S(b). The gatgy, is not a dominator ofi — g;. Below,

. : A . we discuss how to find such alternative wires.
transformations. The dotted wires in Fig. 6 are the candldateWe distinguish two types of mandatory assignments: 1)
connections. Both types of candidate connections in Fig. %ckward MA and 2) forward MA. If a mandatory assignment
follow the same principle that after making any transformatior&T

. : ) a gate g; is obtained by backward implications from
the SMA.‘ of the target wire becomes |ncan|§tent and t?]?s fanout, the mandatory assignment is a backward MA.
target wire becomes redundant. The destination gates

a dominator of the target wire. The source gagtehas a If @ mandatory assignment of a galg is obtained by a

. ; o orward implication fromg;’s fanin, the mandatory assignment
mandatory assignment and we also impose the restriction that P MY y 9

is not in the transitive fanout of the target wire. This i a forward MA. During the computation of mandatory
gs A, . 9 ' . sélssignments for the target fault, we can easily mark a gate’s
because ifg; is in the transitive fanout of the target wire,

. ; mandatory assignment as forward or backward depending on
addingg; — gq may alter the mandatory assignmentgat

The candidate connection of type 0 adds a wire frgmto the direction of the implication.

) : : Example 2: Consider the s-a-1 fault at — g5 in Fig. 5(b).
ga- The candidate connection of type 1 adds a wire and M have MA — {g» = 1,04 = 1,---}. The mandatory
inverter from g, to gq.

Both candidate connections when added will make the Ma\ssgnment L omy, is a backward MA. This MA s from

g : gz2's fanout. The mandatory assignment 0 @nis a forward
of the target wire inconsistent. For example, after the type ; - ) :
. S ! A. This MA is from g,’s fanins.
transformationg, becomes a side input to the dominatgr

. . . To identify more candidate connections, we may consider a
and requires a noncontrolling value 1 for the fault prc)p"’lgat'0<[:1andidate connection from some gate with a mandatory assign-
This new requirement ay, after the transformation will

[nent to another gate with a backward (justified) mandatory

c?tnfh(t:rt].Wltth theoozlglnafl man':.jator%/has:/:%n;nerzao.tAs atr?SUéSsignment. In the improved procedure, the line 5 of Fig. 7
atter this type © franstormaton, the or the farget fau hanges to “if [; is a dominator)| (g; has a backward manda-

becomes inconsistent and the target wire becomes redund%'gy assignment)] inser; into the destinatiorarray.” The
i .

Fig. 7 shqws the pseudo_code for flnd|r_19_ the Slngl‘?c'JTJIowing example demonstrates such a candidate connection.
alternative wires of a target wire. Note that this is a subset 0

the entire set of single-alternative wires because only sub erExampIe 3: Suppose we would like to find the single al-
ng Y sUbpShative wire forg; — g5 for the circuit shown in Fig. 5(b).
of mandatory assignments are found. For each candid

X . . .f}rglﬁgss-a-l,theSMAiS{ggzlg4:1c:()---}.
connecﬂon(gs — ga), We _con§|der both types of CIrCUItSincegQ has a backward (justified) mandatory assignment 1
transformations suggested in Fig. 6.

and the primary input has the mandatory assignment 0O, the
connectionc — g¢- is a candidate connection for the target
wire g1 — gs.

In Section IV we only considered candidate connections that
connect to dominators of the target wire. In this section, we
show other possible candidate connections.

In Fig. 5 we choose the wirgy, — g5 as a possible
alternative wire forc — g¢o. The reason is thay; is a
dominator ofc — g» and adding a wire input to the dominator Now we discuss how a wire can be removed by adding
gs blocks the fault propagation path a@ff — gs. Such not only a wire but also a two-input gate. Because the search
a way of blocking the fault propagation at target wire’space is much larger when adding a two-input gate, in this
dominator is the main idea of previous single-wire alternativeection, we show how to reduce the solution domain. It is
procedure. There are other transformations that can make piossible by making use of an observation that while one wire
target fault untestable not necessarily by blocking the wirels tested for redundancy, information about irredundancy of

V. AN IMPROVED SINGLE-ALTERNATIVE WIRE PROCEDURE

VI. A M ORE GENERAL PROCEDURE FOR
FINDING SINGLE-ALTERNATIVE WIRE
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g5 has a mandatory assignment 0, g4 is a dominator (AND gate) and

@
g is a fault propagating wire. b gz/\
original circuit Type 0 (Cj )8l
ELon A = = |
81— -
82— :@ §21 84 -
9
(@) ®) :
Type 2 ¢
!ygp::: 1 2.=0 new gate )
3 B, a
"""" new gate (

Fig. 9. Though there are 16 candidate functions when replacing the 3-input
@ box (highlighted) can make — g¢» redundant in (a), only two candidate
functions (b) and (c) need to be examined for redundancy.

g:'?)l[:uguting &
wire /\/g
(©)
Fig. 8. Circuit transformations when a gate has mandatory assignment 0
and a dominator is aAnD gate. assignment 1, and the cases of the remaining thirteen adequate
logic transformations.

other wires is obtained as a side effect. This observation a”OWSTheorem 1:Consider the transformations of Type 1 and

us to eliminate many unnecessary redundancy tests. T)_/pe 2 in Fig. 8 applied to the samg and gq. If a new
During the discussion, we define a witg; to be afault wire added to the network as suggested by the Type 1

propagating wireof the target wirew,. if there is a path from tLans{_formaznon |sf|rredu_ndant, then so is the wire added by
wire w, to wire wy. the Type 2 transformation.

Proof: We prove that an input vector that can test—
gn S-a-0 in the Type 1 transformation can also test— g,
s-a-0 in the Type 2 transformation. Suppose the Type 1
We will now extend the discussion of Section V and addreggnsformation has been performed. kebe a test vector for
the following general problem. Given a source gafevhich  he stuck-at-1 fault of the dotted wire in Type 1 transformation.
has a MA for the target wire,. and a destination gatg which Applying v to the circuit causeg, = 0 andg, = 1 (g1 and
is a dominator ofw,, we are asking what are the possibl%2 are the side inputs to the dominatgy). If we apply v to
types of logic transformations to connegt to gq such that tne jnputs of the circuit with the Type 2 transformation, it will
Wy pecomes redundant. For simplicity, we assumeis a causeyy = 0 becausg, = 0 andgs = 1. Thereforey is also a
two-input gate. test vector forg, — ¢, s-a-1 under the Type 2 transformation
We can view these logic transformations as replacementGfice the fault can also be propagated thoggh
ga by a 3-input gate fed by, g, and g, [the dotted box  Example 4: In Fig. 9(a), even though there are 16 candidate
in Fig. 8(a)]. There ar@> (256) possible 3-input functions. functions which when replace the 3 input box (highlighted)
We have filtered these 256 three-input Boolean functioRg| make the target wirec — g» redundant, only the two
and found that only sixteen of them are candidate logigndidate functions shown in Fig. 9(b) and (c) need to be
transformations, which have the desired property of blockingamined. If these two functions are not redundant, all the

the target fault propagation. In Fig. 8(b) and (c), we list tWgsmaining 14 functions are not redundant either.
of these sixteen 3-input functions, named Type 0 and Type 1

transformations. )

The Type O transformation [Fig. 8(b)] is the one suggest&j Further Exclusion of Unnecessary Redundancy Checks
in the original RAMBO procedure. Consider the Type 1 In the following, we show that, depending on the value at
transformation in Fig. 8(c). Le#; be a fault propagating wire the dominator gatg, for testing the target fault, the added
and g, be a wire with mandatory assignment O outside theire/gate of either Type 0 or Type 1 transformations must be
transitive fanout ofw,.. Becausey, is a dominator ofw,., the irredundant. Based on this knowledge, we can further prune
added gate,, is also a dominator af,.. Sinceg, is a side input the space of redundancy checks.
to the dominatorg,, g, must be assigned a noncontrolling We defineb,(g;) to be a binaryfault-freevalue at the output
value 1, which causes a conflict with the original mandatof gateg;, andb;(g;) be thefaulty value atg;.
assignment of 0. Therefore, this Type 1 transformation is alsoExample 5: Considerc — g2 s-a-1 in Fig. 9(a). For vec-
a candidate logic transformation. tor (a,b,¢,d, e, f) = (1,1,0,0,1,1),by(g92) = 0,b4(g2) =

Now we will show that only Type 0 and Type 1 transd,b,(g3) = 1,b5(g3) = 0,b4(g5) = 1, andbs(gs) = 0.
formations in Fig. 8 need to be checked and the other four-Theorem 2:Let w, be an irredundant wire in a network.
teen candidate transformations need not to be examined.Let g, be a dominator ofw,. For thew, stuck-at fault, if
Fig. 8(d), we show another possible candidate transformatitivere exists a test vectar, which causes thab,(g;) = 1
named Type 2. The following theorem guarantees that if tie@db(gq) = 0, then, any candidate connection suggested by
added wire/gate of the Type 1 transformation is irredundanie Type O transformation is irredundant. If there exists a test
then the added wire/gate of the Type 2 transformation, wheactor v, which causes,(gs) = 0 andb;(gq) = 1, then the
applied to the same; and gq4, is also irredundant. Therefore,candidate connection suggested by the Type 1 transformation
the Type 2 transformation need not be examined if the Typeust be irredundant.
1 transformation has been performed. We omit a similar Proof: Consider the case that under test veetob,(g,)
discussion whemy is anoR gate, or whery, has a mandatory = 1 andb;(gq) = 0. After the Type O transformation, under

A. Finding Single-Alternative Wires by Adding Gates
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The three-tuple in each Type refers to

(the mandatory assignment of g, function of gy, b,/b for g,)
Type 0: (g, 84, b/bp) =(0, AND, 0/1) Type 1: (0, AND, 1/0)

1499

many wires as in [6] to remove a largedunction wire is
computationally expensive. We have developed an efficient
approach for the multiple-wire addition.

8t ..., _ 820 ewgate 1n We will explain the principle of the multiple-wire addition
§21_—5;{;<D”” ﬁ_‘égagjr\uﬁg by analyzing the example in Fig. 2. Suppose our objective
e is to remove the wiregs — g. First, we attempt the one-
Type 3: (0, OR, 1/0) Type 4;5;502,401@ 0/1) wire substitution using the approach explained in Section V.
fat ... faut g R 8O 1 We compute the SMfgs — g7 s-a-) = {g5 = 0,93 =
: 0 propagatin
=D VLo Lot = 0,91 = 0, = Lb = 1,d = 0,/ = 1}. Then,
we determine a set of candidate connections. A candidate
Type 5: (1, AND, 0/1) Type 6: (1, AND, 1/0)

8s=1

&s=1
] ew gate

fault

connection is expressed by a triple: (source node, destination
node, type). Consider the candidate connectign o, Type

A ol .81 . . . .
§1=F > Ev'ﬁg’“g/“y(g 0). To make sure that it will not affect the functionality of
the network, we need to verify its redundancy. Since the
fype T2 (1, O 10 Type:fh PROD qate_on  SOMA(g = g9 s-a) = {g5 = 0,93 = 1,91 = 0,94 = 0,a =
RN fault o gz_i@{“_gp—j@ 1,b = 1,d = 1,f = 1,96 = 1} is consistent, we cannot
§% wire gr— - conclude that the; — gg is redundant. Therefore, the target

_ _ wire gs — g7 cannot be removed by adding just the candidate
Fig. 10. The complete set of transformations that need to be checked. "
connection §5, g9, Type 0).

The candidate connectiom;(, g9, Type 0) causes the wire
the same vector,, b,(g4) Will be 0 and thus the good circuit g¢ — gr to be redundant, but it itself is irredundant. We
behavior has been changed for this vector. Therefore, Typen@y still add it to the network and seek another redundant
transformation must be irredundant. wire or gate to be added which would make;, g9, Type

Corollary 1: Suppose that all test vectors far. stuck-at 0) redundant, or which would replacg, — g9 by some
fault causeby(gq) = 0 and bs(gy) = 1, then only the Type redundant structure. To achieve this, we now consider simulta-
0 transformation needs to be consideredb fg;) = 1 and neously the SMAgs — g7 s-a-1) and SMA(gs — g9 s-a-1).
bs(ga) = 0, then, only the Type 1 transformation needs t@ve note thatd = 0 in SMA(gs — g7 S-a-1) butd = 1 in
be considered. If some test vectors cabigéys) = 0 and SMA(gs — go S-a-1). Suppose a 2-inpudbr gate g,, (with
bt(ga) = 1 and others causk,(gq) = 1 andbs(gq) = 0, then inputs fromd and g;) is added as shown in dotted line in
neither of the transformations needs to be considered. Fig. 2(a). We will prove that the added witg, — gg is

Fig. 10 enumerates all the transformations which are genezdundant and the addition af,, — g9 makes the wire
alized from Type 0 and Type 1 whetg could be a two-input g¢ — g7 redundant too. To verify the redundancy, we need
AND Or OR gate,g, has a mandatory assignment either 1 or @ compute the SMéy,, — g9 s-a-1). The only difference
and g, has a mandatory assignment of eithg¢6 or 0/1. between SMAg,, — g9 s-a-1 and the SMAg; — g9 s-a-1)
is that we have one more assignment, naméhke 0 in the
SMA(gm — ge S-a-1). Sinced = 1 is in the SMAXg; —
g9 s-a-1), the SMA(g,, — go s-a-1 is inconsistent, and
gm — go IS redundant. As a result, we can add the new wire
o w — g9 as shown in Fig. 2(b), without changing the circuit’s
In addition, for thei‘qunctioiality. Furtherm(?re, (tr?e addition Qj,,? —g> go also
allow gates to Ch"’mgﬁlarantees that the target wigg — g; becomes redundant.

It is so because on one hantl= 0 and g5 = 0 in the
] . N SMA(g¢ — g7 s-a-1 so thatg,, = 0. On the other hand,
A. Multiple-Wire Addition the mandatory assignment gf, needs to be 1 because it is a

Removing a redundant fault may result in the deletion sfde input of the dominatags. The addition of wireg,,, — gg
multiple wires and/or gates. For example, whgn— g; in causes inconsistency of the SNIfy — g; s-a-1). Therefore
Fig. 2 is removed, the 3-input gaig can be also removed. after adding the gatg,, and the wirey,,, — go, We can remove
This in turn leaves gatg; with a single input, therefore athe wire g¢ — g7.
direct connectiorys — gs is possible andy; can be deleted. The above example demonstrates our basic philosophy of
If deleting a wire can result in the removal of more than 2dding multiple wires so as to cause an originally irredundant
wires or gates from the network, we refer to such a wireandidate connection to become redundant. Suppose we wish
as alarge_redunctionwire. When optimizing a circuit, we to remove a largeeduction wire, and all the single-wire
give higher priority to removing largeedunction wires. In candidate connections are irredundant. Then, we try to add
case that adding one redundant wire (gate) cannot removenaltiple wires. The procedure is as follows. We compute
large redunction wire, we may add more than one wire (gatand store the SMA(,. stuck-at fault). Then, we pick a
to delete the wire in question. For example, in Fig. 2, weandidate connectiony., (gs1,94, type) and compute the
add a 2-input gatey,,, and a wireg,, — g9 to remove the SMA(candidate wire stuck-at fault). Then, we look for a gate
largeredunction wiregs — g;. However, arbitrarily adding denoted asg,> such that it is in both the SMA{,. stuck-

VII. M ULTIPLE-WIRE ADDITION
AND GATE FUNCTION SUBSTITUTION

In this section, we extend the idea of addinge wire
(gate) to addingmultiple wires (gates).
purpose of removing a wire, we also
their functionality.
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at fault) and the SMAY. stuck-at fault) but has different functionality. We may change some gates’ functionality to

mandatory assignments. In the example of Fig. 2, the dateachieve SMA’s inconsistency, and therefore create a redun-

appears with the assignment 0 in the S(A— g7 s-a-1) and dancy. In Fig. 3, suppose we wish to delete the connection

with the assignment 1 in the SM#&s — g9 S-a-1 so the gate g¢ — g7. The SMA(ge — g7 s-a-1) is (g1 = 0,92 = 0,- -+,

d is our g4». Finally, we add a gate,,, and a wireg,, — g4 andgs = 0). Now, changingg; from an AND to an XNOR

where g, is the dominator of the candidate connection, usintauses thay; = 1 becausey; = 0 and go = 0. But on

the following rule. The gate,,, is anOR(AND) gate, if the gate the other handy; needs to be 0 for the fault propagation.

g4 1S an AND(OR) gate. The inputs tg,, areg,; andg,. If Therefore, we conclude that 4§ can be changed to amoR

gs1 = 1(0) in SMA(w, stuck-at fault) andy,,, is anOR(AND) gate, then SMAys — g7 s-a-1) is inconsistent andgs — g7

gate, we invert the input gf;; to g,,,. The same rule is appliedis redundant.

to gs2. In our exampleg,, is anOR gate andgs; = g5 and For the largeredunction wires, if the single wire addition

gs2 = d. Bothd = 0 andg; = 0 in the SMA(gs — g7 S-a-1) approach does not work, we try either to add multiple wires

so we do not invert the input phase férand g; to g,.,. or to make a functional change of some gates. These two
new techniques substantially extend the power of redundancy

addition and removal.
B. Changing the Gate’s Functionality

In this section, we discuss how to change a gate’s function
to remove a particular wire. For example, in Fig. 3, we can
change the gate; from anAND to anXxNOR without changing
the circuit functionality. After changing; to an XNOR gate, We say that two wires(w,,w,) are simultaneously re-
the wire g¢ — g7 becomes redundant. Two issues need to loeindant if each wire is itself irredundant but simultaneously
addressed; namely, how to check if a given gate can charagiling/removingu, and adding/removing, does not change
its functionality, and which gate should be changed to makiee circuit’s functionality. That is, the double fault, andw;,

a target wire redundant. is redundant. For example, in Fig. 4 the wite— ¢; and a

Consider amND gateg,(g:1, g:2) with two inputsg;; and new connectiorc — g, are each irredundant. Therefore we
g:2. If the output ofg, is a don’t care whefig;1, ¢;2) = (0,0), cannot remove (add) — g¢;1(c — g2). However, we can si-
the function ofg..(gi1, g:2) can change fromanD to XNOR. We  multaneously remove the wire— g¢; and add: — g, without
first show a procedure to verify whethér;,v-,---,v,) is @ changing the network’s functionality. We have developed an
don't care minterm for a gate, (g1, gi2, - -+, gin). It is based efficient algorithm to identify two simultaneously redundant
on checking consistency of a certain SMA. wires.

To verify whether a minterm(wvy,va,---,v,) is a don't Multiple stuck-at faults have been studied extensively [13].
care 10 g.(g:i1,gi2, -, gin), We first setg;; = wv1,9.2 = The existence of two simultaneously redundant wires is an-
v, -+, gin = v, @nd include this assignment in a SMA. Thenalyzed as follows. LetV;(w, stuck-at fault) denote all the
we treat the output of, as stuck-at the value produced bynput vectors that can test the,. stuck-at fault. That is any
that minterm and compute the appropriate SMA. Thereforegctor in V,(w, stuck-at fault) can distinguish the original
this SMA includes the MA's for justifying the minterms plus(good) circuit from the faulty one. Consider another wisg.
the MA's to sensitize a path from, to any primary output. If both sets,V,(w, stuck-at fault) andV;(w, stuck-at fault)

In the following theorem, we show that if the SMA) is are the same, and the fault effects of these two faults are
inconsistent, the minterm is a don'’t care. propagated through the sameRr (XNOR) gate (from different

Theorem 3: Consider the SMA induced by setting thdanputs of the gate), they cancel out at the output of xbe
gate’s inputs to a minterm in question and treating the gateeNoRr) gate. Thus, neithe¥;(w, stuck-at fault) norV;(w,
output as stuck-at the value produced by the minterm. dfuck-at fault) can detect the double fault. In the example of
this SMA cannot be consistently justified, then the minterfig. 4, Vi(a — ¢1 s-a-1 is the same a$;(c — g s-a-0 =
(g1, iz, -+, gin) 1S @ don’t care of they, (g1, 9i2, -+, 9:n) {(0,0,1)} and both faults propagate through the saxo®

VIIl. SIMULTANEOUS ADDITION AND
REMOVAL OF TWO WIRES (GATES)

embedded in the network [4]. gate. For the: — ¢; s-a-1, the fault, /b; atg; is 0/1 and for
For example, consider the gage in Fig. 3. We will verify thec — g, s-a-0, the faulb, /b, at g4 is 1/0. When primary
that(g:,g2) = (0,0) is a don't care ofj;. We setg; = 0,9, = inputs= (0,0, 1), the Xxor output of the original circuit is 1

0 and assume that there is a fault at the outpugpfn the in the good and in the double faulty network.

network. Sinceyg is a dominator ofy;, we need the following  Theorem 4:Let g,. be a fanin of XOR (XNOR) gatg,. and

mandatory assignments at the side inpyts=1 and f = 1. letg, be another gate. [fg,, g-) = (0,1) and(g,, g-) = (1,0)

This yields the SMA= (g1 = 0,90 = 0,95 = 1,f = 1,94 = are don't cares in the network, we can replage— g, by

0,97 =1,96 = 1,93 =1,a = 17b = 17d =191 = 1) Since 9a — Gz-

g1 is inconsistent(g;, g2) = (0,0) is a don't care ofy;. Proof: Any input vectory, that can distinguish between
Theorem 3 suggests how to verify quickly if a gate cathe original circuit and the faulty circuit (circuit after wire

switch its functionality without affecting the network’s behavreplacement) is the vector that causes,g.) = (0,1) or

ior. (9a,9r) = (1,0). In addition, the discrepancies between the
The sets of mandatory assignments, SMA'’s, computed good and faulty networks after applying should propagate

justify particular conditions in the network depend on gate$d a primary output. If the set of such vectors is empty then
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the good and faulty circuits are functionally equivalent. The
above procedure verifies that indeed such vectors do not exist.
Note that when a dominatgj; is anXOR (XNOR) gate, the Yy
network transformations in Fig. 10 are no longer valid and
cannot be used to remove a particular wire. It is because some
of the test vectors caugg to assume, /by = 1/0, and others
causegy to assume,/b; = 0/1. According to Corollary 1, _
none of the transformations can be applied. Therefore, the Y Re Reduce
redundancy addition and removal technique cannot be applied
when a dominator is aROR (XNOR) gate.
The wire replacement technique based on identification of @) () ©
two simultaneously redundant wires is very useful when thefr&@. 11. Internal don't cares migration.
are XOR (XNOR) gates in the network. It can be applied to
remove largereduction wires which are inputs bR (XNOR)
gates.

Cone JT Dc Increase Dc Reduce

care set is small (large). We use the tebservabldgo describe
how difficult it is to propagate the fault. Therefore, if a gate
has a fanout to a primary output, the gate is fully observable
IX. A GREEDY OPTIMIZATION BASED and has no observability don’t cares. Typically, if a gate has
ON INCREMENTAL TRANSFORMATIONS more fanouts, it is easy to be observed. This is because we may
In this section, we discuss how to apply the transformatidi@ve more paths to primary outputs. However, it is not always
technique for logic optimization. The global optimizatiorirue because multiple fault effects may cancel each other due
strategy is similar to that used in the program RAMBG®o reconvergence of fanouts. In the following, we discuss how
[8], [11]. A node g; is chosen randomly. For each witg. Observability don’t cares can be redistributed when one wire
which shares at least one dominator wigh we compute is replaced by another wire.
the alternative wires forw,.. Then, we form a list of such In Fig. 11 two types of single wire substitutions are de-
alternative relationships. For example, we record that addipgted. They are referred to as fanout and fanin substitution.
wire z or y may make wireq redundant, adding wire, or » We say that fanout substitution occurs when a fanout wire
may make wiré) redundant, and adding wiremay make wire (g, — gq) Of a gate is replaced by another fandut, —
d redundant. Therefore, we can conclude that adding wireg,). This case is shown in Fig. 11(a). Here, we restrict our
may make wires:, b, andd redundant. Note that in RAMBO, discussion to the case whep is a dominator ofg, and
when adding a wire to a nodg, they only consider removal g, has the same gate type ag. We will discuss how the
of the wires in the input cone of;. In our algorithm, we internal don't cares are redistributed during fanout substitution.
consider all wires that share a common dominator with  Referring to Fig. 11(a), let Cone Il contain all the wires in the
This greedy approach adds one or several wires/gatesifirsection of the transitive fanout cones @f and in the
remove more wires and gates from a circuit. It is very efficieftansitive fanin cones of,.
because at each iteration only a subset of wires is consideredrheorem 5: Suppose wirgy, — g4 is replaced by, — gs
In addition, whenever some wires/gates are added to a circeifd « is a wire in Cone Il. A test pattern which deteats
some wires/gates can be removed. On the other hand, suajgk-at fault in the circuit after substitution also detects the

greedy approach may easily be stuck at a local minimum. fgyit in the circuit before substitution.
the following we discuss a perturbation technique which can  proof: Consider testingw stuck-at fault in the circuit

lift such a greedy approach out of a local minimum. after substitution. Becausg is a dominator forw, the side
input g, must be assigned to noncontrolling value. This

X. INTERNAL DON'T CARE MIGRATION assignment ay, is independent of both wireg, — g4 and

AFTER WIRE SUBSTITUTION ga — gy. Therefore any test pattern which can detectuck-

The single-wire substitution technique can be viewed as?h fault for the circuit after substitution is also a test pattern
perturbation. Replacing one wire by another wire can altfgr the same fault in the circuit before substitution. O
the circuit structure without increasing its size. Repeatedly Corollary: The size of don't care set for the wires in Cone
applying single wire substitutions may potentially lead to H increases after replacing, — ga by go — gs.
better circuit structure for subsequent optimization. Instead of The increase of don’t cares for those wires in Cone Il will be
randomly applying such single-wire substitutions, we carefull§eneficial for circuit optimization. However such replacement
guide the process. In this section, we analyze the interragy also potentially reduce the don't cares for other parts of
don’t care migration after single-wire substitution. Based dhe circuit. Consider the situation of replacigg — ga by
the analysis, we can guide the substitution to achieve efficignt — g». Let Cone | [in Fig. 11(a)] include all the wires that
optimization. are in the transitive fanin of,. The size of the don't care
The degree of difficulty to propagate a fault effect from aets for the wires in Cone | may potentially decrease. The
wire(gate) to any primary output is expressed in terms of itstuition behind this observation is as follows. For simplicity,
observability don’t cares. Intuitively, it is easy (difficult) toassume thay, — g4 is the only fanout and is replaced by
propagate a fault effect to any primary output when the donjt, — ¢,. Sinceg, is a dominator ofgy, the distancefrom
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go t0 the primary output is now shorter. It is therefore easier Perurb_the_circuit (

to observeg, after replacement. If the observability of is for cach wire w, (g4->g4) in the circuit {
increased, so are the gates in the input cong,ofTherefore o e g o vty 280 |
the observability don't cares for wires in the input coneygf # of dominators of g, increase < THRESHOLD)

replace_w]_by_w2();

may decrease.
; clse if (there is a fanin substitution wy=g,->g4) {
To summarize the effect of such a replacement, we have if (Cono 111 > Cone IV & &

the don't care set size increasing for the wires in Cone Il and decrease of # of dominators of g,> increase of # of dominators of g,)
potentially decreasing in the Cone I.4f is a primary input, ~, | ) PRI

the input cone ofy, is empty. The replacement, — g4 by
do — g» IS always beneficial. Suppose now that has a
fanout to a primary output. Replacing — g4 (g4 is another
fanout of g,) with g, — g, is also good for optimization.

Fig. 12. The perturbation algorithm.

perturb_simplify(n_iterations)

This is becausg, is already fully observable since one of its { if (scquential_circuit) {
fanouts is a primary output. It is not possible to increase its cal_unreachable_states();
observability anymore. Intuitively, we can gain some benefit } construct_external_dont_cares();

if g, is close to primary inputs or primary outputs apgdis
far away fromg,.

We now focus on the other type of single wire substitution.
First, we have the following observation. In Fig. 11(c), let
ga — gq be a fanin wire ofgy. Suppose the fanout cone of
wire g, — g4 does not intersect the fanout coneggfs other
fanouts. Adding (deletingy, — g4 decreases (increases) the
don't cares for wires that are dominated by. Fig. 13. The overall algorithm.

The intuition behind is as follows. If a gate has more
fanouts, it is easier to observe it. As a result, the don’t care for wire wy, and if the size of Cone Il is greater than the

associated with this gate decrease and so happens with @ of Cone I in Fig. 11(a), we calculate the difference of the

vr\?res that are dom_mate(: ?}y tfh|s gate. The_restnctlonl Humber ofg,’s dominators before and after the substitution. If
the empr. .mtersectlon of the fanout cones is to prec u‘#ﬁe increase of the number gf’s dominators is smaller than
the possibility of reconvergence. Reconvergent fanouts M3 me threshold. we replage, (g — ga) bY ws (ga — gb)

potentially cause fault effect cancellation and invalidate tr'tstherwise, we try the fanin substitution. If there exists a fanin

above theorem. , _ ‘wire wa (g, — gq), and the size of Cone Ill is greater than
. Based on the apovg ob.serv'atlon, we consider the'f0||0\'NI size of Cone IV in Fig. 11(b), we count the difference of
single wire substitution in Fig. 11(b). Let the fan!n Wir€ne number ofj’s and g,’s dominators before and after wire
9ga — 9a Of @ g_ategd be replaced by another fanin WIr€substitution. If the decrease of number fs dominators is
v — ga. According to the above theorem, since one fanoWfeaer than the increase of number ggfs dominators, we

wire of the gateg, is deleted, the don't cares of the Wireg,o form the fanin substitution. The pseudo code for perturbing
(marked as Cone Il in the figure) dominated hy possibly the circuit is shown Fig. 12,

increase. And since one fanout wire of the ggjeis added,
the don’t cares of those wires (marked as Cone 1V) dominated

if (external_dont_cares_exist)
build_ficticiouts_side_circuit();

for (i =1 to n_iterations ) {
greedy_optimzation(); /* shown in Section 10 */

perturb_the_circuit(); /* shown in Section 11 */

by ¢, possibly decrease. For logic optimization purposes, we XI. THE OVERALL ALGORITHM
would like the area of Cone Il to be larger than the area of The overall algorithm of our optimization scheme is shown
Cone IV. in Fig. 13. If the circuit is a sequential circuit, we calcu-

The observation of the single wire substitution effect Opte the unreachable states and use them as external don't
the internal don’t cares migration can be used to guide wiggres for optimizing the combinational parts of the network.
selection for replacement to improve the optimization resultshen, we performn iterations of the following two steps:

As shown in Fig. 11(a) and (b), the don't care sets of wiregreedyoptimizationdescribed in Section IX angerturb.the
in Cones Il and Il increase and are beneficial for logigjrcuit described in Fig. 12.

optimization and the don’t cares of wires in Cones | and IV

decrease and are detrimental. In general, keeping track of how

much don't cares increase/decrease is quite time consuming. Xll. EXPERIMENTAL RESULTS

Our heuristic uses the number of dominators of a gate aswe applied the algorithm in Fig. 13 to MCNC and IS-

cost function. After substitution, if a gate has more (les€§)AS combinational and sequential circuits and the parameter

dominators, then most likely that it has less (more) don't caresterations was chosen to be 2.

than before. Table | shows results for combinational circuits. For these
We now discuss the perturbation algorithm. Both fanin ararcuits, we minimize circuits usingcript.algebraicof misll

fanout substitutions mentioned above are applied. For edilst, followed by our algorithm and RAMBO. For comparison

wire w; (g, — ga) in the circuit, we check the fanoutwith misll, we also runscript.booleanof misll (for consis-

substitution first. If there exists a fanout substitution(g, — tency, we don’t usescript.ruggedbecause some examples
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TABLE |

COMBINATIONAL OPTIMIZATION RESULTS.
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16% better than RAMBO in terms of number of 2-input
gates. Our algorithm has also a low memory requirement. For
example, C7552 uses only 6 Mbytes of memory. This makes
our approach very attractive for large circuits. All our results
have been verified using the circuit verification command in

For MCNC and ISCAS sequential benchmarks circuits, we
computed the unreachable states and use them as external
don’t cares. Then, the circuits were minimized by using
script.algebraicin misll [5]. Next, we applied our logic opti-
mizer to the resulting circuits. The results of some sequential
benchmarks are shown in Table Il. We compared them with
those produced bgcript.ruggedn misll [5]. The misll results
also include the use of the unreachable states as external
don’t cares. Similarly to Table I, Columns 2 and 3 show the
number of 2-input gates and the literal count. The average
improvement of our results to misll’s is around 21%.

Again, our algorithm shows a very low memory usage.
For example running the circugcf requires only 3 Mbyte
of memory and running1196 requires 10 Mbytes. We do not
show several large sequential circuits because the state reach-
ability computation causes time/space violation in our system.
However, for logic optimization, the complete reachability is
not required. Heuristics for finding subsets of unreachable
states [9] can be used.

XIII.

In this paper, we presented an ATPG based approach
to simplify multilevel Boolean networks. In particular, we
have proposed several new techniques to add one or more
redundant gates/wires to remove other gates/wires from the
network. We have shown how to identify gates which are
good candidates for local functionality change for simplifying
a network. In addition, we discuss the problem of adding and
removing two wires, none of which alone is redundant, but
when jointly added/removed they do not affect functionality
of the network. These new techniques allow us to simplify
substantially the networks. Our experimental results have
demonstrated usefulness of our approach.

C ONCLUSION
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