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ABSTRACT

One of the most difficult jobs in designing communication
and multimedia chips, is to design and verify complex com-
plementary circuit pair (E, E~'), in which circuit E trans-
forms information into a format that is suitable for trans-
mission and storage, while E’s complementary circuit £~
recovers this information.

In order to ease this job, we propose a novel two-step
approach to synthesize complementary circuit E~' from E
fully automatically. First, we assume that the circuit F
satisfies parameterized complementary assumption, which
means its input can be recovered from its output under
some parameter setting. We check this assumption with
SAT solver and find out proper values of these parameters.
Second, with parameter values and the SAT instance ob-
tained in the first step, we build the complementary circuit
E~! with an efficient satisfying assignments enumeration
technique that is specially designed for circuits with lots of
XOR gates.

To illustrate its usefulness and efficiency, we run our algo-
rithm on several complex encoders from industrial projects,
including PCIE and 10G ethernet, and successfully generate
correct complementary circuits for them.

Categories and Subject Descriptors

B.5.2  REGISTER-TRANSFER-LEVEL IMPLEMEN-
TATION]: Design Aids—Automatic synthesis; B.4.4 [ IN-
PUT/OUTPUT AND DATA COMMUNICATIONS]|:
Performance Analysis and Design Aids—Formal models
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1. INTRODUCTION

Communication and multimedia electronic applications
are major driving forces of semiconductor industry. Many
leading edge communication protocols and media formats,
even still in non-standardized draft status, are implemented
in chips and pushed to market, to maximize the chance of
being accepted by consumers and becoming the de facto
standards. Two such well known stories are the 802.11n
wireless standard competition [1], and the disk format war
between HD and blue ray [2]. In such highly competitive
markets, designing correct chip as fast as possible is the key
to success.

One of the most difficult jobs in designing communication
and multimedia chips, is to design and verify complex com-
plementary circuit pair (E, E~'), in which circuit E trans-
forms information into a format that is suitable for trans-
mission and storage, while E’s complementary circuit £~*
recovers this information. Many factors significantly compli-
cate the job of designing and verifying such circuit pairs. For
example, deep pipeline to achieve high frequency, complex
encoding mechanism to achieve reliability and compression
ratio, and so on.

In order to ease this job, we propose in this paper a novel
approach to synthesize E~! from E fully automatically in
two steps.

1. In the first step, we assume that, for £ under some pa-
rameters valuation, its input alphabet sequence can be
uniquely determined by its output alphabet sequence.
We call this assumption parameterized complemen-
tary assumption. We use a SAT solver to check this
assumption and find out proper values for some pa-
rameters that make this assumption hold.



2. In the second step, with the SAT instance and param-
eter values obtained in the first step, we build a circuit
E~! with an efficient satisfying assignments enumer-
ation technology(abbreviated as ALLSAT), which is
specially designed for communication and arithmetic
circuit with lots of XOR gates.

We implement our algorithm on zchaff [3], and run it on
several complex encoder circuits from industrial projects,
including PCIE and 10G Ethernet. We can build comple-
mentary circuits for all of them within 3000 seconds.

The contribution of this paper is twofold: 1) We
propose the first approach to decide if it’s possible to recover
input sequence of an circuit E from its output sequence. 2)
We propose an efficient ALLSAT algorithm for XOR inten-
sive circuits, to build complementary circuit E~' from the
SAT instance of circuit E.

The remainder of this paper is organized as fol-
lows. Section 2 presents background material. Section
3 presents how to check parameterized complementary as-
sumption, and how to find out proper values of its parame-
ters. Section 4 presents how to build complementary circuit.
Section 5 presents experimental results of our approach. Sec-
tion 6 presents related works. Section 7 concludes with a
note on future work.

2. PRELIMINARIES
2.1 Propositional Satisfiability Problem

For a boolean formula F' over variable set V', the Propo-
sitional Satisfiability Problem(abbreviated as SAT) is
to find an satisfying assignment A : V — {0,1}, such
that F' can be evaluated to 1.

If such a satisfying assignment exists, then F' is called a
satisfiable formula, otherwise it is called unsatisfiable
formula.

A computer program that decides the existence of such
satisfying assignment is called SAT solver.

For an assignment A : U — {0,1},if U C V, then A
is a partial assignment, if U = V, then A is a total
assignment.

For an assignment A : U — {0,1}, and W C U, Alw :
W — {0,1} is the projection of A on W. Its definition
is, for v € W, A|lw (v) = A(v). Intuitively, Alw is obtained
from A by removing all variables v ¢ W.

For an assignment A : U — {0,1}, and u ¢ U, and b =0
or 1, A|*~? is the extension of A on u, its definition is:

oy ={ 1<)

Intuitively, A|“Hb is obtained from A by adding the as-
signment of wu.

Normally, SAT solver requires formula F' to be represented
in CNF format, in which a formula FF = A .., cl is a
conjunction of clauses set C'L, and a clause cl = \/,.,, [ is
a disjunction of literals set Lit, and a literal is a variable v
or its negation —v. A formula in CNF format is also called
SAT instance.

For a satisfying assignment A of formula F, its blocking
clause is :

belsa = \/ -V \/ ) (1)

A(w)=1 A(v)=0

It is obvious that A is not a satisfying assignment of F' A
belsa. So belsa can be inserted into SAT solver to prevent
A from becoming satisfying assignment again.

2.2 Satisfying Assignments Enumeration

Technologies that enumerate all satisfying assignments of
a formula are called ALLSAT. It is obvious that we can
enumerate all total satisfying assignments A by repeatedly
calling a SAT solver, and adding blocking clause bclka of
satisfying assignment A into SAT solver, until no more new
satisfying assignments can be found.

But for a formula with n variables, there may be 2" sat-
isfying assignments to be enumerated. Thus, this approach
is impractical for large n.

In order to reduce the number of satisfying assignments
to be enumerated, we need satisfying assignments mini-
mization technology to remove irrelevant variable’s assign-
ments from satisfying assignment A, such that A can cover
more total satisfying assignments. For example, for OR
gate z «— u V v, its total satisfying assignments that can
make z = 1 are {u «— 1,v <« 0},{u « 1,v < 1} and
{u < 0,v « 1}, they contain 6 assignments to individ-
ual variables. It’s obvious that the first two assignments
can be merged into {u < 1}, in which assignment to v is
removed, and the latter two assignments can be merged into
{v < 1}, in which assignment to u is removed. These two
newly-merged partial assignments contain only two assign-
ments to individual variables, and are much more succinct
than previous three total assignments.

Formally, assume that F' is a formula over boolean vari-
able set V', and obj is one object variable that should al-
ways be 1, and A is a satisfying assignment of F' A obj.
If F'A —obj AN Aly_gyy is unsatisfiable, then Aly_(,} can’t
make obj to be 0, so obj must still be 1. Thus, we can
merge Aly_ o[ and Aly_(,}|""" to remove v from A,
and obtain a succinct partial satisfying assignment Aly _1,;}.

All existing ALLSAT approaches [4, 5, 6, 7, 8, 9, 10, 24]
share this idea of satisfying assignments minimization.

On the other hand, for XOR gate z « u ® v, its total sat-
isfying assignments that can make z = 1 are {u < 1,v < 0}
and {u < 0,v < 1}, they can’t be merged. Unfortunately,
XOR gates are widely used in almost all communication cir-
cuits, including but not limited to scrambler and descram-
bler, CRC generator and checker, pseudo random test pat-
tern generator and checker.

An extreme example is a m-bits comparator that com-
pares two n-bits variables. There are 2" total satisfying as-
signments for this comparator, none of them can be merged
with each other.

Thus, enumerating satisfying assignments for XOR inten-
sive circuits is a major difficulty of state-of-the-art ALLSAT
approaches, we will solve this problem in section 4.

3. CHECKING PARAMETERIZED COMPLE-

MENTARY ASSUMPTION

In this section, we will introduce how to check whether
input sequence of circuit F can be recovered from its output
sequence.

3.1 Parameterized Complementary Assump-
tion

Our algorithm cares about the input and output sequence
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Figure 1: Unfolding Transition Function of Mealy Finite State Machine

of circuit F, so Mealy finite state machine[25] is a suit-
able model for us.

Definition 1. Mealy finite state machine is a 6-tuple
M = (S, s0,1,0,T,G),consisting of the following

A finite set of state S

An initial state sg € S

A finite set of input alphabets I
A finite set of output alphabets O

A state transition function T : S x I — S

S &k W e

An output function G: S x I — O

The circuit E can be modeled by such a Mealy finite state
machine. The relationship between its output sequence o €
O% and input sequence i € I“ is shown in figure 1. This
relationship is built by unfolding the transition function T’
and output function G d times, as shown in formula (2).

n+d—1

A {smﬂ = T(Smyim) A Om = G(sm,im)} (2)

m=n

In order to recover i € I* from o € O“, we must know
how to compute i, for every n, that is, to find a function
f_1 that can compute i, from o € O“.

But due to the limited memory of realistic computers, we
can’t take the infinite length sequence o € O as input to
f~1, we can only use a finite length sub-sequence of 0. This
sub-sequence has two parameters, its length [ and its delay
d compared to i,, as shown in following figure 2.

Thus, f~! : O' — I is now a boolean function that takes
the finite length sequence < 05,4d—i,...,0n+4—1 > as input,
and computes .

For a particular pair of d and I, f~' exists if the the fol-
lowing assumption holds:

Definition 2. Parameterized Complementary Assump-

tion:For any valuation of sequence < ontd—i,. .., 0ntd—1 >,
assume there exists no more than one valuation of i,, that
can make formula (2) satisfiable.

This assumption holds if and only if the following formula
(3) is unsatisfiable.
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Figure 2: f~' and its Parameters

A s = T(Smyim) A Om = G(Sm, im)

m=n
N S = Tl i) A 0 = Gl i)
/\:Lnidnii»ldfl Om = 0\
in # ib
In formula (3), the first line is the same as formula (2),
the second line is a copy of formula (2), except that its vari-
ables are all renamed by appending a prime. These two lines
mean two individual unfolding of circuit £. The third line
constraints their output sequences < op4d—i,...,0n4d—1 >
and < 0}, q_y,.--,0n44_1 > to be the same, and the fourth
line constraints that their input alphabet i, and i}, are dif-
ferent.
For a particular pair of d and [ , checking formula (3) may
return two results:

A
A

3)

1. Satisfiable. In this situation, for a < on+d—1,...,0n4+d—1 >,

there exist two different i,, and i,, that can both make
formula (2) satisfiable. This violates definition 2, so no
f~1 exists for this pair of d and I. We should continue
searching further for larger d and .

2. Unsatisfiable.In this situation, the parameterized com-
plementary assumption is satisfied, so a f~!': 0" — T



exists for this pair of d and I. We will build f~! with
formula (2) in section 4.

3.2 Ruling out Invalid Input Alphabets with
Assertion

Most communication protocols and systems have some
restrictions on valid pattern of input alphabet. Assume
that this restriction is expressed as an assertion predicate
R : I — {0,1}, in which R(in) = 0 means that 4, is
an invalid input alphabet. Invalid input alphabets will be
mapped to some predefined error output alphabet, that is,
for in,iy, € {im|R(im) = 0}, they will both be mapped to the
same error output alphabet e € O. Hence, this will prevent
our approach from distinguishing 4, from 4,,.

Such restrictions are often documented clearly in specifi-
cation of communication protocols, so we chose to employ
an assertion based mechanism, such that the user can code
these restrictions R into their script or source code.

Thus, formula (2) and (3) should be rewritten as following
formula (4) and (5), in which bold formulas are used to
account for predicate R.

n4+d—1
A {sm+1 = T(Smy im) AOm = G(sm,im)/\R(im)} (4)

m=n

/\"HF1 Smt+1 = T(8Smyim) A om = G(Smyim) A R(im ) p A

m=n
AN s =T (S, i) A Oy = G (St i) A R(im ) tA
/\:Lntdn_-&-l'd—l Om = O A\
in F in
(5)

3.3 Approximating Reachable State Set with
Prefix Sequence
In last subsection, we have constrained the valid pattern
of i,,. But s, in figure 1 still hasn’t been constrained yet.
This s, may be outside of reachable state set of circuit F,
which may make checking parameterized complementary as-
sumption fail unnecessary.
Assume that circuit F can be modeled by Mealy state
machine Mg = (S,s0,1,0,T,G). Its reachable state set
with assertion predicate R is:

RSE «— {s|§|q such that

q—1 (6)
S= 8¢ N\ /\ {Sm+l = T(Sm’im) A R(lm)}}

Thus, to rule out unreachable s,, we need to rewrite for-
mula (4) and (5) as formula (7) and (8) :

Sn € RSENA
nd-1 {sm+1 = T(Smy im) A 0m = G(Smsim) A R(im)}

(7)

sn € RS A s, € RSEA

A2t st = T(Smyim) A 0m = G(Sm, im) A Rlim) A
/\"m‘:l;1 St = T (S, im) A O = Gty i) A R(il,) pA
Zj:dnlldfl Om = Oy A\
in # il

(8)

Now we have two extreme cases:

1. One extreme case is formula (4) and (5) with low com-
putation complexity, but high risk of unnecessary fail
in checking parameterized complementary assumption.

2. The other extreme case is formula (7) and (8), which
are not affected by unreachable state set, but with very
high computation complexity in computing reachable
state set RSE.

Obviously, on the balance of these two extremes , we want
a method with both acceptable computation complexity and
low risk of unnecessary fail in checking parameterized com-
plementary assumption.

To achieve this, we approximate RSE with a prefix state
transition sequence of length p:

RS?, — {s|

n-1 9)
S=sn A /\ {smi1 =T (sm,im) A R(zm)}}

m=n—p

Obviously, formula (9) is very similar to (6), except that
(9) doesn’t consider initial state so. So RSg and all RS%,
form a total order relation :

RSp C---CRSL C---CRSL C... wherep>gq

So now, in addition to parameters d and [, we have the
third parameter p to be searched. In order to account for
RS%., we need to rewrite formula (4) and (5) as following
formula (10) and (11), by changing starting index of m from
n ton — p:

Fg «—
n+d—1
A {sm+1 = T($mim) A 0m = G(8m,im) A R(im)}

m=n—p

(10)

/\n711-~':0l1_11_p Sm41 = T(Smyim) A 0m = G(8m,im) A R(im)
L 1S = T(Shy i) A Oy = G(shn, i) A R(iny,)
/\::;L:dn:—ld—l 0"/1 = 0/

in F Ip

A
A

(11)

Now put it altogether, with formula (10) and (11), we
iterate through all valuations of d, I and p, from smaller
one to larger one, until we find one valuation of d,l and p
that makes formula (11) unsatisfiable, then that valuation
and Fg in formula (10) will be used in section 4 to build
complementary circuit £~ 1.



4. BUILDING COMPLEMENTARY CIRCUIT
WITH ALLSAT ALGORITHM DESIGNED
FOR XOR INTENSIVE CIRCUITS

If we find a proper value for parameters d,l and p in sec-
tion 3, we can now build the complementary circuit £~ '’s
boolean function f~!: O' — I in this section.

4.1 Algorithm Framework

According to section 3.3, f~' : O' — I can be built from
formula (10) by enumerating satisfying assignments of <
Ontd—1ls---y0ntd—1 > and in.

Assume that the set of all total satisfying assignments of
formula (10) is {A1,..., A}, then £~ can be defined as:

FTH< Ongats- oy Onga—1 >) =
A1 (ln) Zf /\:Lrj_:dn_jdfl Oom = A1 (Om)
Ay(in) if NS om = Ad(om)

But this naive approach suffers from the state space ex-
plosion problem. For O' that contains m boolean variables,
there may be 2™ satisfying assignments, which make it im-
possible to build f~! for large m.

There exists some much more efficient approaches to enu-
merate satisfying assignments of SAT instance [4, 5, 6, 7, 8,
9, 10, 24]. Their basic idea has been introduced in subsection
2.2.

But these approaches are still not efficient enough for our
application. The essential reason that leads to this ineffi-
ciency is the wide usage of XOR gates in communication
and arithmetic circuits. As explained in subsection 2.2, sat-
isfying assignments of XOR can’t be minimized.

So we invent a novel approach that is specially designed
for XOR intensive circuits, as shown below:

ALGORITHM 1. Synthesizing Complementary Circuit

1. assume that Iyar and Oyaer are respectively boolean

variable sets that represent i, and < On+d—iy- -+, Ontd—1 >-
and Fg is defined in formula (10)
2. Gxor — {}
3. foreach v € Lyar {
4. SA, —{}
5. while ( Fg ANv =1 is satisfiable) {
6. Assume A is a satisfying assignment
7. Aprr «— BFL(Fg,A,v)
8. {AXOR,G}&XORMIN(FE,ABFL,U)
9. SA, — SA, U {AXOR}
10. Gxor «— GxorUG
11. FEHFE/\bClSAXOR
12. FE<—FE/\/\(I1<_1)1®U2)€G{$1 EU1@1}2}
3.}

14.  Building fy* :{0,1}% " — {0,1} for v € Ler
15. }
16. Building f~': {0,1}%var — {0, 1}1ver

In line 2, Gxor is a set of XOR gates discovered by
XORMIN on line 8. It will help to speedup the process
of enumerating satisfying assignments of F'r Av =1 on line
5. More details will be given in subsection 4.3.

Line 3 will iterate through all input boolean variables v €
Iyar, and build a function fv_l for it in line 14, f_1 can be
built from all such f, ! in line 16. The detail of building
fot and f~! will be given in subsection 4.4.

In line 4, SA, is a set of satisfying assignments that can
make v = 1, this set will be used in line 14 to build f,!.

In line 5, we will iterate through all satisfying assignments
A of Fg Av =1, and minimize them in two steps.

1. BFL in line 7 is a modified BFL[6] that will be de-
scribed in subsection 4.2.

2. XORMIN in line 8 will further minimize the result
of BFL by discovering hidden XOR gates, and return
the minimized assignment Axor and discovered XOR
gate set G. This is one of our major contributions, and
will be described in subsection 4.3.

In line 11, we will rule out the enumerated satisfying as-
signment Axor by adding its blocking clauses into Fg.

In line 12, we will add clauses to Fr for newly discovered
XOR.

4.2 Minimizing Satisfying Assignments with
Modified BFL algorithm

The basic idea of BFL has been introduced in subsection
2.2, so we present the modified BFL here directly.

ALGORITHM 2. BFL(Fg,A,v)

1. Assume Ogyar is boolean variable set that represents
< On+4d—1y-++,0ntd—1 >

2. foreach u € Oyar {

3 if(FE N 20 A A|oyq.—{u} 5 unsatisfiable) {
4 A — A|Ovar7{u}

5. Ovar — Oyar — {u}
6.

7.

8.

}

return A

In line 2, we iterate through all output variable u € Oyqr-

In line 3, if that formula is unsatisfiable, then A|o,,, —{u}
is sufficient to lead to v = 1. Thus, we can remove assign-
ment of u from A.

According to subsection 2.2, for circuits with lots of XOR
gates, BFL can’t minimize its satisfying assignments. Thus,
algorithm 1 can’t terminate in reasonable time for large
XOR intensive circuits.

4.3 Minimizing Satisfying Assignments by Dis-
covering XOR gates

Intuitively, assume that the circuit in figure 3a) has an
input variable set V = {v1,v2,v3,...,0,}, and it MAY
contain a XOR v' « v; @ v2. We can avoid enumerating
the assignments of v; and v2 by first checking the existence
of this XOR, and then, as shown in figure 3b), if this XOR
actual exists, we add another XOR =1 < v1 @ v2 into this
circuit, and enumerate assignments on V U {z1} — {v1,v2}
instead of V.

Formally, to check existence of XOR v’ « v; @ v, for a
satisfying assignment Ar of formula Fg, we define a new as-
signment A, in formula (12), by first removing assignments
of v1 and vy from Ap, and then adding assignment of z; as
result of XORing v; and v into Ap.
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Agy AF|Ovar*{v17v2}|11<_AF(1)1)€BAF(U2) (12)

With this A,,, existence of v’ « v1 @ v2 can be decided
by checking unsatisfiability of the following formula :

Fe A—v A Az, A1 =01 D02} (13)

Unsatisfiable of formula (13) means that A,, can’t make
v to be 0, so Ay, must be a satisfying assignment of Fg A
v A {x1 =v1 v}

Thus, Ar and Ap|y _{p, eyt 7 AF D P27 AR 02) that
can’t be merged by BFL, have now been merged into A,,
with the help of a newly discovered XOR gate z1 <« v1 @ va.
If we repeatedly merge assignments by checking unsatisfi-
ability of formula (13), we can get a partial assignment of
FgAnuonN{z1=--D...} AN zp =---®...} in formula (14),
which contains 2" total assignments, that can’t be merged
by BFL.

Ty D...

Az oan < AF|0yar—{o1,... 3 L [ETE s (14)

With above discussion in mind, we describe XORMIN
below:

ALGORITHM 3. XORMIN (Fg, AF,v)

1. G={}

2. do{

3. Grew = {} // the set of newly discovered XOR
4. foreach vi,v2 € Oyar {

5. if(formula (13) is unsatisfiable){

6. Grew +— Grew U {xl — v D 'U2}

a Ap — AF|OUM7{U1YU2}‘MHAF(%)EDAF(I&)
8. Ovar — O’ua'r U {xl} - {'U17U2}

9. Fg — Fe Nbclsa,
10. Fg HFEAA{Ilel@Uz}Gan {z1 =v1 ® v}
11. }

2.}

18. G =GUGnew
14. } while(Gnew # {})
15. return {Ar,G}

In line 1, G is an empty set that will be used to hold all
XOR gates discovered by this algorithm.

In line 2, the do-while statement will repeatedly discover
new XOR gates, until no more XOR gates can be discovered.

In line 4, foreach statement will enumerate each pair of
v1,v2 € V, and line 5 will test if there is a XOR gate between
v1 and va.

Table 1: Information of Benchmarks
XGXS | XFI 66 bits PCIE | T2 et-
scrambler hernet
Line number
of verilog 214 466 24 1139 1073
source code
Number of 15 135 58 22 48
registers
Data path 8 64 66 10 10
width

Table 2: Result of Checking Parameterized Comple-
mentary Assumption

XGXS | XFI 66 bit PCIE | T2 et-
scrambler hernet
run time 0.51 71.60 2.51 32.74 | 44.48
(seconds)
d 1 0 0 2 4
P 0 3 1 1 0
l 1 2 2 1 1

4.4 Building 7, ! and

The complementary function f~* : O' — I is the function
that takes < 0n4d—1,.-.,0ntd—1 > , and computes i, . As-
sume that i,, is represented by boolean variable set [,q,, and
< Ontd—1l,---,0n+d—1 > is represented by boolean variable
set Oyar-

Thus, f~! in boolean domain is f=* : {0, 1}9ver — {0, 1} ver.

Then building f~! can be partitioned into multiple tasks,
each task builds a boolean function f; ' : {0,1}%v —
{0,1} for a v € Lyar.

To build f, !, let’s assume that SA, is the set of satisfying
assighments that makes v to take on 1. Then f, ' can be
defined as :

1,0 J1 JA € SA,.st.x = A(z)
fo (@) = { 0 else

5. EXPERIMENTAL RESULTS
5.1 Benchmarks

Our approach is the first one that can synthesize comple-
mentary circuits automatically, so we can’t compare it with
other research results.

Temporal logic synthesis is a research topic that is some-
what close to us, but it can’t be scaled to large circuits,
and no commercial available IP cores are written in tempo-
ral logic. Thus, it’s impossible to compare our result with
temporal logic synthesis.

Table 1 shows some information of following benchmarks.

1. The first benchmark is a XGXS encoder that is com-
pliant to clause 48 of IEEE-802.3ae 2002 standard [11].

2. The second benchmark is a XFI encoder that is com-
pliant to clause 49 of the same IEEE standard.

3. The third benchmark is a 66 bit scrambler that is used
to make a data sequence to have enough transitions
between 0 and 1, such that it can run through high
speed noisy serial transmission channel.



Table 3: Result of Building Complementary Circuits

XGXS XFI 66 bit PCIE T2 ethernet
scrambler
BFL run time(seconds) | 32.67 | > 10,000 8.56 > 10,000 | > 10,000
only line number of 2927 N/A 11882 N/A N/A
generated verilog
BFL+ run time 1.52 2939.47 11.97 47.55 36.64
XORMIN line number of 1525 48829 4723 11254 16616

generated verilog

4. The fourth benchmark is a PCIE physical coding mod-
ule.

5. The fifth benchmark is Ethernet module of Sun’s OpenSparc

T2 processor.

5.2 Experimental Results

Table 2 shows the run time of checking parameterized
complementary assumption on these circuits, and the dis-
covered proper values of parameters.

Table 3 shows the results of generated verilog description
of complementary circuits. With BFL only, complemen-
tary circuits of the three most complex circuits: XFI, PCIE
and T2 ethernet, can’t be built within 10,000 seconds. While
with BFL and XORMIN, we can finally build all comple-
mentary circuits successfully within 3000 seconds.

These generated complementary circuits are all been ver-
ified by dynamic simulations.

6. RELATED WORKS
6.1 Temporal Logic Synthesis

Automatically synthesis of program from logic specifica-
tion is first identified as Church’s problem in 1962[12]. Some
early researches [13, 14] solve this problem by reducing it to
checking emptiness of tree automata.

With the invention of temporal logic in the early 1980s,
this problem was considered again [15, 16]. But in 1989, A.
Pnueli and R. Rosner[17] pointed out that the complexity
of LTL synthesis was double exponent in the size of the
formula.

This high complexity drives researchers turning their fo-
cus on finding smaller but still useful subset of temporal
logic, such that synthesis problem can be solved with lower
complexity.

One line of research [18, 19, 20] focused on the so-called
generalized reactive formulas of the form: (O0p1A- - - O0pm )
(O0g1 A---00gn). Complexity of solving synthesis problem
for such formula is O(N?).

The other line of research focused on finding efficient sym-
bolic algorithm [23] for expensive safra determination algo-
rithm [21] on a useful formula subset, or just avoiding it[22].

6.2 Satisfying Assignments Enumeration

ALLSAT algorithms all try to enlarge total satisfying as-
signment by removing irrelevant variables from total satis-
fying assignment, such that a large cube that contains more
total satisfying assignment can be obtained.

The first such approach is proposed by K. L. McMillan
[5]. He constructs an alternative implication graph in SAT
solver, which records the reasoning relation that leads to the

assignment of a particular object variable obj. All variables
outside this graph can be ruled out from the total assign-
ment. Kavita Ravi et al.[6] and P. P. Chauhan et al.[10]
remove those variables that can make obj = 0 satisfiable
one by one. Shen et al.[8] and HoonSang Jin et al.[4, 7] use
a conflict analysis based approach, to remove multiple irrel-
evant variables in one SAT run. Orna Grumberg et al.[9]
separates the variable set into important subset and non-
important subset. Variables in important subset have higher
decision priority than non-important ones. Thus, the impor-
tant subset form a search tree, each leaf is another search
tree for non-important set. Cofactoring [24] qualifies out
non-important variables by setting them to constant value
returned by SAT solver.

6.3 AND-XOR Logic Synthesis

Classical logic synthesis works on AND-OR network. Its
kernel is two-level logic minimization, which tries to find a
small sum-of-products expression for boolean function f. It
is obvious that such two-level logic minimization algorithms
are very similar to satisfying assignments enumeration de-
scribed in previous subsection, except that they don’t work
on SAT solvers.

Three most well known two-level logic minimization algo-
rithms are Quine-McCluskey[26], Scherzo[27], and Espresso-
11]28].

Just like state-of-the-art ALLSAT that can’t deal with
XOR-intensive circuits efficiently, classical logic synthesis
also has the same problem. So many researchers propose
synthesis algorithms that target XOR-intensive circuits.

One research direction focuses on extending classical two-
level AND-OR minimization to two-level AND-XOR net-
work [29, 30]. These works normally describe circuits with
most general ESOP (exclusive sum of product) expressions.
But very high computation complexity of these approaches
prevents them from handling large circuits.

Another line of research relies on Reed-Muller expansion[31],
one of its most used variant is Fixed Polarity Reed-Muller
Form (FPRM) given by Davio and Deschamps[32], in which
a variable can have either positive or negative polarity. Some
related works that rely on FPRM are 33, 34, 35].

7. CONCLUSIONS AND FUTURE WORKS

In this paper, we propose the first fully automatic ap-
proach that synthesizes complementary circuits for commu-
nication applications. According to experimental results,
our approach can synthesize correct complementary circuits
for many very complex circuits, including but not limited to
PCIE and Ethernet.

One possible future work is to automatically generate as-
sertions that rule out invalid input data patterns, such that



the users can be free from the burden of inspecting docu-
mentation and writing assertions.

Another possible future work is to deal with circuits with
memory array and multiple clocks, such that more com-
plex communication mechanism, such as data link layer and
transaction layer, can be dealt with by our approach.
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