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A Pipelined Architecture for Parallel Image
Relaxation Operations

WEI WANG, JUN GU, STUDENT MEMBER, IEEE, AND THOMAS C. HENDERSON, SENIOR MEMBER, IEEE

Abstract —Discrete relaxation techniques have proven useful in solving
a wide range of problems in digital image processing, computer vision, and
robot vision. A conventional hardware design for an 8-object, 8-label
Discrete Relaxation Algorithm (DRA) requires three 4K memory blocks
and maximum execution time of over an hour, which makes such a DRA
hardware implementation infeasible. By reformulating the Discrete
Relaxation Algorithm into a parallel computational tree, a pipelined Single
Instruction stream Multiple Data stream (SIMD) architecture for a highly
- concurrent computation of an 8-object, 8-label DRA problem has been
developed. We give a second implementation which eliminates the exces-
sive memory requirements and performs the DRA computation in micro-
seconds, at the worst case in milliseconds. The chip is fabricated using a
3-pm NMOS technology by MOSIS. The major design issues are de-
scribed in this paper. ' ‘

I. INTRODUCTION

T HE DISCRETE Relaxation Algorithm (DRA) is a
very general computational technique for a wide range
of theoretical and engineering problems. Since its invention
many years ago, it has demonstrated powerful and exten-
sive applications in many areas. Some of them are listed
below:

1. Digital Image Processing: for digital image filtering,
~ particularly in the restoration and identification of
moving objects from ambiguous environment;

2. Ariificial Intelligence: propagating numeric con-
straints among each object being imaged and
performing heuristic search for optimal scene

* decomposition; ,

3. Computer Vision: dealing with the problems such as
graph homomorphism, graph coloring, and image
understanding; for line finding, stereopsis, line
labeling, and semantics-based region growing, etc.;

4. Robotics: for solving its motion and vision prob-
lems.

For a review of the numerous applications of relaxation
processes see [1]-[6], [8].

Classical relaxation (CR) was introduced by Southwell
in 1940 [3] and the symbolic (as opposed to numeric)
versions of relaxation (SR) were introduced in the mid-
seventies [4]. The version used here is that described by
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Henderson [5]. The Discrete Relaxation Algorithm (DRA)
is a restriction of the classical relaxation process to systems
of Boolean inequalities which take values over the two
element set {0,1}. One of the significant techniques result-
ing from the introduction of the DRA is that these rela-
xation algorithms are directly executable in silicon
subroutines, thus making many real-time digital image
relaxation applications feasible. :

While most of the work on solving the image relaxation
problem has been for single processor systems, much work
has been devoted to develop parallel architectures. Due to
the higher order of computational cost, including space
complexity, time complexity, and data communication
costs, current research in this aspect is blocked and has
only appeared in a virtual software simulator format. The
project described in this paper is a hardware imple-
mentation of this algorithm.

In Section II, we will briefly describe the Discrete
Relaxation Algorithm; an example for eliminating the
ambiguity in the region coloring problem is given. Then,
we will define the DRA hardware implementation problem
in Section III. The complexity analyses of the DRA
hardware implementation and its parallel reformulation
are discussed in Section IV. In Section V, the major design
issues for the DRA2 chip are presented. Finally, some
comparisons of the DRA2 with a conventional DRA1 chip
design are given.

1. DISCRETE RELAXATION ALGORITHM (DRA)
A. Boolean Formulation of Discrete Relaxation Algorithm

Instead of seeking a real number solution in a numerical
relaxation situation [3], the solution to be found in the

- discrete relaxation case involves the assignment of a set of

labels at each unknown such that some constraint relation
among the labels is satisfied by neighboring unknowns [1],
[5]. Whereas the unknowns in numerical relaxation take on
real ‘number values, the unknowns in a labeling problem
take on a Boolean vector value with each element in the
vector corresponding to a possible label.

The generalized problem involves a set of unknowns
which usually represents a set of objects to be given names,
a set of labels which are the possible names for the
unknown, and a compatibility model containing ordered
groups of units which mutually constrain one another and
ordered groups of unit-label pairs which are compatible.
The compatibility model is sometimes called a world model.
This model tells us which objects mutually constrain one
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