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Abstract

Boolean Satisfiability (SAT) is a core NP-complete problem in logic
synthesis. Several heuristic software and hardware approaches have
been proposed to solve this problem. In this paper, we present a hard-
ware solution to the SAT problem. We propose a custom IC to implement
our approach, in which the traversal of the implication graph as well
conflict clause generation are performed in hardware, in parallel. In our
approach, clause literals are stored in specially designed cells. Clauses
are implemented in banks, in a manner that allows clauses of variable
width to be accommodated in these banks. To maximize the utiliza-
tion of these banks, we initially partition the SAT problem. Our design
is flexible in that it can implement various Boolean Constraint Propa-
gation (BCP) engines on the same die, at the same time, allowing the
user to switch BCP engines dynamically. Our solution has significantly
larger capacity than existing hardware SAT solvers, and is scalable in
the sense that several ICs can be used to simultaneously operate on the
same SAT instance, effectively increasing capacity further. Our area and
performance figures are derived from layout and SPICE (using extracted
parasitics) estimates. Additionally, the approach presented in this paper
have been functionally validated in Verilog. Preliminary results demon-
strate that our approach can accommodate instances with approximately
63K clauses on a single IC of size 1.5cmx1.5cm. The approach re-
sults in over 4 orders of magnitude speed improvement over BCP based
software SAT approaches (2-3 orders of magnitude over other hardware
SAT approaches). The capacity of our approach is significantly higher
than most hardware based approaches.

1 Introduction

Boolean Satisfiability (SAT) [1] is a classic NP-complete problem,
which has been widely studied in the past. Given a set V of variables,
and a collection C of Conjunctive Normal Form (CNF) clauses over V,
the SAT problem consists of determining if there is a satisfying truth
assignment for C.

Given the broad applicability of the problem to several diverse appli-
cation domains such as logic synthesis, circuit testing, pattern recogni-
tion and others [2], there has been much effort devoted to devising ef-
ficient heuristics to solve SAT. Some of the more well-known software
approaches include [3, 4, 5, 6]. Again, given the general applicability
of the SAT problem, there has been much interest in the hardware im-
plementation of SAT solvers as well. An excellent survey of existing
hardware approaches to solve the SAT problem is found in [7].

In this paper, we propose an approach that utilizes a custom IC to
accelerate the SAT solution process, with the goal of speedily solv-
ing large instances in a scalable fashion. By scalable, we mean that
multiple SAT ICs implemented in our approach can be easily made to
work in tandem on larger SAT instances. The hardware implements the
GRASP [3] strategy of non-chronological backtracking. In this IC, lit-
erals and their complement are implemented as custom cells. Clauses
of variable width are implemented in banks. Any row of a bank can
potentially accommodate more than one clause. The SAT problem is
mapped to this architecture in an initial partitioning step which helps
maximize the hardware utilization. Experimental results are obtained
using area and performance figures derived from layout and SPICE (us-
ing extracted layout-level parasitics) estimates. Our hardware approach
performs, in parallel, both the tasks of implicit traversal of the implica-

tion graph, as well as conflict clause generation. The contribution of
this work is to come up with a high capacity, fast, scalable hardware
SAT approach. We do not claim to propose any new SAT solution
heuristics in this paper. Note that although we used the BCP engine
of GRASP [3] in our hardware SAT solver, the hardware approach can
be modified to implement other BCP engines as well. The BCP logic
of any BCP based SAT solver can be ported to an HDL and directly
synthesized in our approach.

2 Previous Work

There have been several hardware based SAT solvers reported in the
literature, which are summarized and compared in [7]. Among these
approaches, [8, 9] utilize configurable processors to accelerate SAT,
demonstrating a maximum speedup of 60x using a board with 121 con-
figurable processors. The largest example mapped to this structure had
24,700 clauses. In [10, 11], the authors describes an FPGA-based SAT
accelerator. The speedup obtained was 30x, with 64 FPGA boards re-
quired to handle an example containing 1280 clauses. The largest ex-
ample that the approach of [12] handles has about 1300 clauses, with an
average speedup of 10x. This paper states that the hardware approaches
reported in [13, 14, 15] do not handle large SAT problems.

In [16, 17], the authors present a software plus configurable hardware
(configware) based approach to accelerate SAT. Software is used to do
conflict diagnosis, backtrack and clause management. Configware is
used to do implication computation and next decision variable assign-
ment. The speedup over GRASP [3] is between 1-2 orders of magnitude
for the accelerated fraction of the SAT problem. The largest problem
tackled has 214,304 clauses [17] (after conversion to 3-SAT, which can
double the number of clauses [16]). In contrast, our approach performs
all tasks in hardware, with a corresponding speedup of 2-3 orders of
magnitude over the existing hardware approaches, as shown in the se-
quel. In most of the above approaches, the capacity of the proposed
approaches is clearly limited, and scalability is a significant problem.
The approach in this paper is inspired by the requirement of handling
significantly larger problems on a single die, and also with the need to
allow the design to scale more elegantly. By utilizing a custom IC ap-
proach, each die can accommodate significantly larger SAT instances
than most of what the above approaches report. Our approach is not
FPGA based, and can accommodate 63,000 clauses on a single die.

Further, the architecture of our design is designed with scalability in
mind, allowing the approach to scale seamlessly to handle larger prob-
lems. The rest of this paper is organized as follows. Section 3 describes
the hardware architecture employed in our approach. The generation
of implications and conflicts (which is done in parallel) is explained,
along with the hardware partitioning utilized, the communication proto-
col that banks implement, and the generation of conflict induced clauses.
Section 4 describes the up-front clause partitioning methodology, which
targets maximum utilization of the hardware. Section 5 reports the ex-
perimental results we have obtained, while Section 6 concludes with
some directions for future work in this area.

3 Hardware Architecture
3.1 Abstract Overview

Figure 1 shows an abstracted view of our approach, in order to illus-
trate the main concept, and to explain how Boolean Constraint Propa-






