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Arrangements, Homomorphisms, and
Discrete Relaxation

ROBERT M. HARALICK, SENIOR MEMBER, IEEE, AND JESSE S. KARTUS

Abstract—W e show how homomorphisms between arrangements,
which are labeled N-ary relations, are the natural solutions to some
problems requiring the integration of low-level and high-level infor-
mation. Examples are given for problems in point matching, graph
isomorphism, image matching, scene labeling, and spectral temporal
classification of remotely sensed agricultural data. We develop
characterization and representation theorems for N-ary relation
homomorphisms, and we develop an algorithm consisting of a
discrete relaxation method combined with a depth-first search to find
such homomorphisms.

I. INTRODUCTION

HE USUAL procedure we follow when we wish to

analyze a complex structure is to divide up the world
into simple and separate atomic units, to observe or measure
some basic properties of these units, and then to use the
measured properties to name or describe the pattern among
the units. Although this protocol is effective and powerful for
simple structures, it has inherent problems for complex
structures; namely, the measured units may not be separate
and independent, the low level measurements may be noisy
since they are made locally without the benefit of any system
integration, the units themselves may have been chosen
more for the convenience of the measurement-taking
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process than for their importance in analyzing the structure
in which we are really interested, and finally, we might not
have an effective mathematics which facilitates the graceful
incorporation of low-level information into high-level infor-
mation. In this paper we describe how the concept of
arrangements is applicable to some of these problems. We
show how arrangements and arrangement homomorphisms
provide a natural perspective and method by which infor-
mation can be compared and by which known a priori
information can be used gracefully in integrating micro and
macro knowledge of a structure. We illustrate that a variety
of particular problems constitute the same mathematical/
combinatorial problem, and we give an algorithm to solve
the general mathematical problem.

Section II defines the arrangement concept. Section III
discusses the similarity between order-N arrangements and
defines arrangement homomorphisms. Section IV gives
some examples of problems which require the finding of
homomorphisms from one arrangement to another. Section
V gives an algorithm for finding arrangement homomor-
phisms using the winnowing relaxation process combined
with a depth-first search. The Appendix gives the formal
statements and proofs for the assertions made in Section V.

II. THE ARRANGEMENT

Let S = {s,, -*-, s¢} be a set of K possible descriptions of
measurements that could be given to a unit. Each unit is
given none, one, or more measurement descriptions. For

0018-9472/78/0800-0600$00.75 © 1978 IEEE
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example, in an image interpretation problem, the units could
be resolution cells, and the set S could be the possible
directions of an edge passing through the resolution cell. The
units could also be image segments, and the set S could
consist of quantitative or qualitative measures of the shapes
of the areal segments. In an urban geographical problem, the
units might be neighborhoods, and the set S could consist of
different land use types. In an abstract mathematical situa-
tion, the units could be points in an N-dimensional
Euclidean space, and the set S could consist of the ordered
N-tuple of point coordinates.

In each one of these examples, as in general, the measuring
instrument or sensor provides a description, value, or label
to each unit based only on the unit itself and not on the unit’s
relationship to other units. Hence, the simplicity of the
independence of the atomic units is maintained for this first
low-level measurement-taking process.

In order to determine the pattern among the units,
descriptions of related units must be considered together.
We examine relevant combinations of related units taken N
at a time and associate a set of possible interpretations with
each combination. This constitutes a second-level naming
process which depends on a given specified relation among
the units. The language used in this process can be different
from the values or phenomenological language used in the
initial measurement-taking stage. The number N indicates
the order of complexity we are willing to examine. For
example, suppose we wish to examine units which are points
in some inner product space up to a degree of complexity
equal to three. We could use the point coordinates values for
the first-level measurement description and then use the
three angles of a triangle determined by any three points as
the second-level names.

There are some differences between the first-level measur-
ing process and the second-level describing process. In the
first level, each unit is considered by itself and measured
independently of other units around it. In the second-level
describing process, units are considered in specially related
groups of size N. Not necessarily all groups or combinations
of size N need be considered, only those considered relevant
by the investigator. In the first-level describing process, each
unit is given none, one, or more descriptions. In the second-
level describing process, any relevant group of units can be
given one or more interpretations, and the language of the
interpretations can be entirely different from the “sense-
data” language of the initial description.

The second-level interpreting process specifies an
(N + 1)-ary relation F. If S is the first-level set of descrip-
tions and D is the second-level set of interpretations, then we
may define the arrangement F as a subset of the Cartesian
product of S, N times, with the Cartesian product of D:

FeSxSx- xS xD.
— ez 2

N times
An Nth-order arrangement is really a generalization of

some familiar mathematical structures. For example, a
binary relation is a second-order arrangement with all pairs
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named the same. A labeled graph is a second-order arrange-
ment with the ordered pairs having a variety of labels. An
automaton is also a second-order arrangement. An autom-
ata .o/ is usually defined as a triple (S, X, 6) where
0= S x £ x S. When ¢ is afunction from S x X into S, the
automaton is completely specified and deterministic. When
0 is a relation, the automaton may be incompletely specified
or nondeterministic. By interchanging the second two com-
ponents of the relation d wehave d = § x § x X, and wesee
that the automaton .o/ is a second-order arrangement. The
difference between the general automaton (incompletely
specified and nondeterministic) and the second-order ar-
rangement is that a sequential interpretation is put on the
labeled order pairs of the automaton; each labeled ordered
pair is the transition of a state to another state under a
particular input. In the second-order arrangement, each
ordered pair just has a name, there is no from-to interpreta-
tion. In the third-order arrangement, there can be no
from-to interpretation, and the name is just a name for the
triple.

Barrow, Ambler, and Burstall [1] suggest using labeled
N-ary relations for organizing structural information in
image analysis. The parametrized structural representation
of Hayes-Roth [4] is easily translated to a set of arrange-
ments. The relational data base [2] consisting of relational
tables is closely related to the arrangement structure. The
MSYS system for scene analysis at Stanford Research
Institute uses a representation scheme related to the ar-
rangement structure [6]. Minsky [10] seems to hint at an
arrangement structure in discussing “frames.” Hanson and
Riseman’s [11] region segment endpoint relations and their
frames, objects, and surface relations can be related to
arrangements.

III. THE SIMILARITY BETWEEN TwoO
ORDER-N ARRANGEMENTS

Consider an order-N arrangement as a pattern. To clas-
sify order-N arrangements from the pattern recognition
point of view entails finding a decision rule which will assign
one of several category labels to an order-N arrangement
based on the similarity the order-N arrangement has with
the category prototype arrangement. In parametric pattern
recognition, it is common to begin in a metric space and base
the similarity between two patterns on the distance between
them. Then a probability that a vector is generated by a
category can be defined as a function of a generalized
distance measure between the vector and a prototype vector
such as the mean of the category. For example, the multi-
variate normal distribution is one distribution in the class of
ellipsoidally symmetric distributions all of whose point
densities are monotonically decreasing functions of the
Mahalanobis distance between the point and the distribu-
tion mean.

It is not as easy to define a meaningful metricspace on the
set of order-N arrangements as it is to do so in a vector space.
In this paper, we suggest approaching the idea of similarity
between two order-N arrangements algebraically, using
homomorphisms. So we need to find a way of determining
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all the homomorphisms of one arrangement to another. We
will begin with the definitions of an order-N arrangement,
order-N relation composition, and a generalized homomor-
phism between two arrangements.

Definition 1: A simple order-N arrangement is a triple
o = (F, A, D) where

A set of unit descriptions,

D set of possible interpretations of N unit
groups based on their description,
relation which gives interpretations to the
relevant (ordered) groups of N units.

FcA¥xD

A general or complex arrangement is a set of simple
arrangements each being defined on the same set of unit
measurement descriptions and having the same label set
with possibly different orders.

Definition 2: Let F < X x Z.Let H =.X x Y.Theorder
N composition of F with H is written F - H and is defined by

FOH ={(y1"“’yN’ Z)e YN XZI
for some (xy, -, xy, z) € F,
(Xm ya)€H,n=1,-- N}

Order 1 relation composition is like the usual definition of
relation composition except that the order in which the
components are taken is slightly different. The order N
composition uses the same relation H to go from each
component of the x to the corresponding component of the
y. Then the mth y component depends only on the mth x
component, and this dependence is the same for each
component.

The concept of relation composition plays a strong rolein
the notion of a homomorphism from one arrangement to
another. A weak homomorphism is a relation which pairs or
translates (nondeterministically) some of the “sense data”
descriptions of the first arrangement to some of the “sense
data” descriptions in the second arrangement.

After pairing or translating, the first property of the weak
homomorphism is evident: the interpretive descriptions
which the first arrangement gives exactly match through
the homomorphism some of the interpretive descriptions
which the second arrangement gives to its initial descrip-
tions. The second property of weak homomorphisms is that
they must be maximal. There cannot be any further pairings
or translations included in the homomorphism without
destroying the composition property.

Definition 3: Let o/ = (F, A, D)and # = (G, B, D) be two
order-N arrangements. A weak homomorphism from .o/ to 2
is any binary relation H = A x B satisfying:

F-HcG
HcH cAxBand F-H < Gimply H=H"

(1)
(2)

A strong homomorphism satisfies (1) and (2) above and is
also defined everywhere and single-valued; in other words, it
is a function having the required composition property.

Definition 4: Let .o/ = (F, A, D)and 2 = (G, B, D) be two
order-N arrangements. A strong homomorphism from ./ to
4 is any mapping H: A — B satisfying F - H < G.
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Fig. 1. (a) Given point configuration. (b) Second point configuration.
The problem is to determine whether the configuration of Fig. 1(a) is
contained in Fig. 2(a). (c) Shows how the point configuration of Fig.
1(a) is contained in the point configuration of Fig. 1(b). (d) Mapping
from the points in Fig. 1(a) to those points in Fig. 1(b) which are a copy
of the points in Fig. 1(a).

Note that a strong homomorphism has the maximality
property of the weak homomorphism, since if one mapping
contains another, then the two mappings must be identical.

A strong homomorphism from ./ to 4 can allow two or
more elements from F to map to one element of G. Homo-
morphisms which are functions and one-one are called
monomorphisms. Monomorphisms establish the existence
of a copy of the relation F in some part of the relation G.
Full isomorphisms are one-one, onto, strong homomorph-
isms, and they establish that the relation F is exactly like
the relation G.

In the next section we illustrate a number of particular
problems which are translatable to the mathematical/
combinatorial problem of finding arrangement homo-
morphisms.

IV. EXAMPLES

A. Matching Point Configurations

The problem of matching point configurations is il-
lustrated in Fig. 1. A set of points representing a pattern or
configuration is given. The problem is to determine whether
that same pattern or configuration exists in another set of
points which may be scaled, rotated, reflected, or translated
with respect to the first set of points. We can solve the
problem by determining all the triangles in the first set of
points, all the triangles in the second set of points, and then
trying to match similar triangles. In the next paragraph we
show how the set of triangles forms an arrangement so that
the matching of similar triangles is a problem of finding a
monomorphism from one arrangement to another.

Let R be an inner product space, and let D be a set of
triangles, each triangle being specified by its three interior
angles. We will assume that the order of the angles in the
specification is not important. Let ' < R? x D bearelation
which associates with some of the triples in R? the name of
the triangle formed by the points of the triple. Thusif Ris the
real plane, and the triple (py, p,, p3) = ((0.0). (1.0), (1.{'3))
is one of the triples of R? to which F assignsinterpretationd.
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then the quadruple (p,, p,, p3,d) belongs to F,where d is the
name for the (30°, 60°, 90°) triangle formed by the three
points (0, 0), (1,0), (1, \/3). With these definitions it is clear
that (F, R, D) is an order-3 arrangement.

Let S beanother inner product spaceand G = S* x Dbea
relation which associates with some of the triples in S* the
name of the triangle formed by the points of the triple. Thus
(G, S, D) is also an order-3 arrangement. To determine
whether there are points in S which match those in R we
must determine if (G, S, D) has a copy of (F, R, D). Point
matching is a problem, then, of finding a partial isomor-
phism from (F, R, D) to (G, S, D) (Fig. 1).

B. Image Matching

By image matching we mean how we can tell two images
are of the same kind of thing. For this to happen, all the parts
of one image must have similar parts in the other, and the
relationships between parts in one must be the same as the
relationship between the associated parts in the other.

We will illustrate how this problem can be posed as an
arrangement homomorphism problem. Suppose we have a
segmented image, and we are able to characterize each
segment in terms of certain basic attributes, for example,
shape discriminators. Using these attributes, we could
assign a shape label to each of the segments. To define an
arrangement from these labels, we can group related seg-
ments together, N at a time, and form the corresponding set
of N-tuples of their labels.

The label given to each N-tuple can be the name we might
give to a group of related segments whose shapes are the
components of the given N-tuple. Another possibility is to
use the interpretation label as a counter. We can assign the
integer label “1” to all N-tuples arising from a group of
segments the first time the N-tuple is encountered. The label
k can be assigned the kth time the same kind of N-tuple is
encountered.

One criterion by which segments can be considered
related is spatial connectivity or nearness. Two segments are
eligible to be included in the same related group when their
interaction lengths overlap. To make things simple in our
examples we will use interaction lengths of zero. Thus two
segments are related only when they are touching.

As a specific example, one might consider a missile
launching complex as described in terms of its constituent
image phonemes. These might include railroad spurs, roads,
power lines, buildings, radar antennas, support vehicles, etc.
In terms of the stylized examples which we will present for
purposes of simplicity and generality, such specific compon-
ents are represented by circles, squares, triangles, etc.;
however, it should be kept in mind that these “geometrical
objects” are generic prototypes and always represent actual
image components, shapes, attributes, subattributes, etc.

The arrangement homomorphisms can be used to estab-
lish the likeness of two images when one image is geomet-
rically distorted from the other or when one image is
essentially the same as the other, but the order or placement
of the image parts is different. In either case, simple template
matching will not work. The example shown in F ig. 2
illustrates one way of handling this problem using the notion
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(a) @ (b) @

Fig. 2. Four drawings, each of which has two triangles, one square, one
circle, and one arrow. Using the order-3 arrangements concept, there
are two pairs of drawings whose arrangements are isomorphic.

Arrangement A

Oat,) |
(AO00) (oAt
~O01) (O0AO.

Fig. 3. Quadruples in order-3 arrangements for drawings of Fig. 2. The
two drawings on the left in Fig. 2 are isomorphic to Arrangement A and
the two drawings on the right in Fig. 2 are isomorphic to Arrangement
B. The quadruple (O, A, 1, 2) means that the drawing has a piece that
consists of a square, triangle, and arrow pairwise touching each other,
and the label two designates that this is the second such piece in the
drawing.

Arrongement B

AT

of connectedness and simple order-3 arrangements. Suppose
the image has four basic kinds of figures: squares, triangles,
circles, and arrows. A quadruple whose first three compo-
nents are these shapes taken in the order square, triangle,
circle, and arrow will be considered to belong to the
arrangements of the image if all three shapes touch each
other in a pairwise manner. In general, we may use the
criterion: consider any N-tuple if enough of its components
interact in a pairwise or K-wise manner. For our example,
a label of 1 or 2 will also be associated with each triple
of shapes to make the quadruple; such a label will just
count the number of times that the triplet with which it is
associated occurs.

In Fig. 2, there are four drawings. Each drawing has two
triangles, one circle, one square, and one arrow. Using the
order-3 arrangement concept, there are two pairs of draw-
ings whose arrangements are isomorphic by the identity
function. The drawings themselves, however, have their
parts placed differently in absolute position and orientation.
This isomorphism becomes clear upon examination of Fig.
3, which shows the possible arrangements for the drawings.
The drawings on the left are isomorphic to the arrangement

labeled A. The drawings on the right are isomorphic to the
arrangement labeled B.



Fig. 4. Four drawings each of which has two squares, one circle, one
hexagon, and one triangle. Using the order-3 arrangements concept,
there are two pairs of drawings whose arrangements are isomorphic.

The arrangement for each drawing is isomorphic to the arrangement for
one of the drawings in Fig. 2.

B &

Fig. 5. Using the arrangement concept, labels of 1 or 2 can be assigned to
each triplet to make one of the drawings in Fig. 2a homomorphic image
of one of these drawings.

The situation becomes slightly more complicated when
the function that establishes the isomorphism is not the
identity function. This is illustrated in Fig. 4 which also has
four drawings. Each drawing has two squares, one circle, one
hexagon, and one triangle. Taking the order as square,
hexagon, triangle, and circle, and using the order-3 arrange-
ment concept, there are two pairs of drawings in Fig. 4 whose
arrangements are isomorphic. Also the arrangement for
each drawing in Fig. 4 is isomorphic to the arrangement for
one of the drawings in Fig. 2. The isomorphism, however, is
not the identity function: a square stays square, a hexagon
becomes a triangle, a triangle becomes an arrow, and a circle
remains a circle.

More complicated still is the case where the correspon-
dence between one drawing and another is by an arrange-
ment homomorphism that does not establish a one-one
correspondence. Such a case is illustrated in Fig. 5, which
depicts two drawings. Taking the order as hexagon, circle,
triangle, arrow, and square, and using the name or label 1 for
all triplets except the triplet (arrow, triangle, square) which
gets the label 2, we may use the arrangement concept to
establish the correspondence between one of the drawings
(the one on the right)in Fig. 5 and two of the drawings in Fig.
2 (the ones on the left). The correspondence is a homomor-
phism, and finding it, although easy, should begin to give the
reader some idea of the combinatorial problems involved.
The drawing on the left of Fig. 5 is homomorphic to neither
of the drawings in Fig. 2.

The problem of finding homomorphisms is truly one of
establishing the correspondence using relationships. Fig. 6
shows the quadruples in the arrangement for the right-hand
drawing of Fig. 5 and the arrangement for a left-hand
drawing of Fig. 2. The homomorphism which establishes the
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Homomorphism

Fig. 6. Arrangement for one of drawings in Fig. 5 and arrangement for
one of drawings in Fig. 2. Below the arrangements is the
homomorphism.

relationship between the arrangements appears in the cen-
tral bottom part of Fig. 6.

C. Scene Labeling

Suppose a scene has been divided into segments
S = {s;, . sx}. A low-level feature extractor with decision
rule using gray tone, color, shape, and texture of each
segment assigns some possible description from a set D of
descriptions to each segment. This operation defines a
segment-description relation F = S x D. The problem with
this low-level assignment is that each segment may be
associated with multiple descriptions. The desired labeling
of the scene would have each segment described
unambiguously.

A similar situation arises in the line labeling problem of
[7]. Here, S is the set of line segments found in ascene, and D
is a set containing labels that can be associated with any line.
The labels in D could be, for example, convex, concave,
occluding left, occluding right. The segment-description
relation F, determined from low-level processes, associates
with each line in S one or more labels from D. The desired
line labeling would be some subset of F that associates each
line with only one label.

One way of reducing the possibly ambiguous description
a line or segment initially has is to use constraints from a
higher level world model. Such a model can specify labeling
constraints for each group of related segments or lines. To
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employ such a model, related (ordered)sets of N segments or
lines must be determined. Segments can be related on the
basis of their relative spatial positions. Lines can be related
on the basis of the junctions they form. Then for each kind of
relationship the model can specify a constraint which the
labels of each kind of related segments or lines must satisfy.

For instance, pairs of segments in S could be related if they
mutually touch each other. There could be different kinds of
touching such as to the left, to the right, above, below, in
front of, in back of, supported by, and contained in. Suppose
L is the set of such relationship labels. Then the set of
spatially related segments or lines could be specified by the
relation 4 = S x S x L, where (s, t,i) € Aifand onlyiflabel
i describes the way segment s relates to segment ¢. In the
general case, the relationships in L can describe the way N
segments or lines are related so that the relation 4 is a
labeled N-ary relation: 4 < S¥ x L.

The world model contains constraining information. For
example, pairs of segments whose relationship label is i can
be constrained by the world model to have associated with
them only certain allowable description pairs. In this case
the world model is specified as a relation C = D x D x L,
where (d,, d,, i) € C if and only if it is legal for a pair of
segments s, and s, having relation i to have respective
descriptions d, and d,. In general, the relation C is a labeled
N-ary relation, C < DV x L which includes in it all labeled
N-tuples of compatible descriptions for an ordered set of N
related segments.

To summarize the information we have available:

1) F = S x D, the assignments of descriptions given by a
low-level operation;

2) A< SY x L, the labeled sets of related N-tuples of
segments;

3) C < D" x L, the N-ary relational labeling constraints
specified by the world model.

The scene labeling problem is to use F, A4, and C to
determine a new labeling relation G which contains fewer
ambiguous descriptions than F and which is consistent with
the constraints specified by the world model. In essence we
want

1) GS F, and
2) A-GeC.

Notice that (4, S, L) is a simple arrangement, (C, D, L) is a
simple arrangement, and G is a binary relation which
successfully translates the structure of arrangement (4, S, L)
into the structure of arrangement (C, D, L). The binary
relation G is contained in F and is a homomorphism from
arrangement (4, S, L) into arrangement (C, D, L).

Note that our discussion of scene labeling is more general
than that of [5], which considers only binary relational
constraints. We consider N-ary relational labeling con-
straints; any ordered set of N segments can have a label. If
we define a unique label set for each segment, then for the

binary case the treatment given here exactly corresponds to
that in [5].
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D. Subgraph Isomorphism

Let G = (P, E)and H = (Q, F) bedigraphs. The subgraph
isomorphism problem is to determine whether there exists a
subgraph of H which is isomorphic to G.

If § = Q, a one-one onto function h: P — S establishes the
subgraph isomorphism of G to H if h satisfies E « h = F.

The refinement procedure in [9] suggested to solve this
problem is a special case of the arrangement homomor-
phism algorithm given in the next section.

E. Spectral-Temporal Classification Using
Vegetation Phenology

The usual model for classification of remotely sensed data
implicitly assumes that the phenological growth stage for
each vegetation category is the same for all observations
made at a single time. See [3], Michigan Symposia on
Remote Sensing of Environment, and Purdue Symposia on
Machine Processing of Recently Sensed Data. It is well
known, however, that even in a geomorphologically homo-
geneous area, the phenological growth stages for each
vegetation type is not the same, due to differences in planting
times, soil types, and weather conditions. This slop in
phenological growth stage is then reflected in probability
distributions of crop reflectances having larger variance
than they should. The larger variance causes a lower
classification accuracy for an optimal decision rule. One
solution to the problem is to work from the spectral
reflectance for each category to the possible phenological
growth stages the category can have which are consistent
with the observed spectral reflectance.

One classification algorithm which makes use of vegeta-
tion phenology has a direct and simple description. For
example, if a 2-band spectral observation («,, «,) is made
using wavelengths (1,, 4,) at time ¢, classification can be
done by determining for each category c all those phenolog-
ical growth stages of vegetation of category c which can yield
spectral return o, at wavelength A, and spectral returns «, at
wavelength 4,. If there is not a phenological growth stage of
category ¢ which yields spectral returns «, and a, at
wavelengths A; and 4,, then category c is not a possible
choice. At a later time t,, if there is not a later phenological
growth stage of category ¢ which is consistent with the
observed spectral reflectance, then category ¢ is not a
possible choice. Hence, classification is done by eliminating
inappropriate category choices. Spectral observations taken
at a later calendar time are naturally constrained to be
associated with later phenological growth stages in order to
keep an earlier accepted possibility of category ¢ remaininga
viable option when using observations taken at a later time.

These concepts relate to relation homomorphisms in the
following way. Let B be the set of spectral bands, 4 be the set
of measured reflectance values, G be the set of vegetation
growth states, and T be a set of possible observation times.
The signature for any category can be represented by a
ternary relation S = G x (4 x B) which contains in it all
triples (g, a, b) of (growth state, spectral reflectance value,
spectral band) of high enough probability for the given
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category ¢ of vegetation. The observed temporal spectral
measurements for a small area ground patch which needs to
be classified can also be represented as a ternary relation
W< T x (A x B) containing all triples (¢, a, b) of the
multitemporal observation (time, spectral reflectance value,
spectral band). If there exists a monotonic function H, a
homomorphism H: T— G such that W - H < S, then
category ¢ is not eliminated from consideration as the
possible true vegetation category of the observed small-area
ground patch. If no such homomorphism exists, the
category c is not a possibility.

V. HOMOMORPHISMS

It is clear from the examples that homomorphisms for
arrangements play a central role in tying together or com-
paring complex structures. In this section we give an algo-
rithm for finding arrangement homomorphisms. First we
will reduce the homomorphism problem for the labeled rela-
tions to a set of homomorphism problems for the unlabeled
relations. Then we will analytically work on the unlabeled
relation homomorphism problems showing how it can be
solved by a combination of discrete relaxation and a tree
search.

Suppose Fc A" x Dand GSB"xDand HS A x B
satisfies F - H < G. Define F, < A" by

Fy={(ay, -, ay) € A%|(ay, ", ay, d) € F}
and G, < B" by

G, = {(bl’ R bN)e BNl(bl’ -, by, d)e G}
Then clearly,
F-HcG,

Hence the homomorphisms for the labeled relation can be
determined from homomorphisms for each of the unlabeled
relations.

In the remainder of this section we describe an algorithm
for determining homomorphisms for unlabeled relations.
The original insight into a related form of the general
relaxation filtering or winnowing procedure we use is from
[7] and [8]. Discussed in [5] is a more general form of the
relaxation procedure in the context of the scene labeling
problem with binary relational constraints. The contribu-
tion here is the development of the representation and
characterization theorems for the N-ary relation
homomorphisms. (See also [12].)

Let R < AV and H < A x B. Recall that the composition
R - H of the N-ary relation R with binary relation H is
defined by R - H = {(b,, ", by) € B |for some (a,, ",
ay) € R, (a,, b,) € H,n=1, -+, N}. Thus if each N-tuple
(ay, *+-, ay) in R had each of its components mapped by H
into the N-tuple (by, -**, by), then the set of all N-tuples
(by, *+*, by) would be the set R < H.

Let R < AY and S = BY be given. We seek to solve the
equation R - H < S for any binary relation H which is
defined everywhere and single valued. Any such solution H
is called a strong homomorphism of R into S. The winnow-
ing or relaxing process plays a strong role in finding such

if and only if F; - H = G, for every d € D.
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homomorphisms, and to begin our discussion we first define
our notational conventions.
Let

T < A;

i
1

[

i

We define the following sets related to T°:

T(ay, ay, . ay)

N l
z}(aM+1»"'an)€ X Am'(alQ"',aN)ET‘

m=M+1

AT = {a,, € A,|for some (ay, "+, ay)
N l
€ X Aiv (a]-. N aN)ET’

=1

T.(a)={(a\. . ay) € T|a, = a}.

A. The Winnowing Process

The equation R - H = S, where H is defined everywhere,
says that to each N-tuple (a,, "'+, ay) of R, there exists at
least one N-tuple (by, -, by) of S which is the image of the
N-tuple (a,, ', ay) under the mapping H. Furthermore, the
image of any N-tuple of R under H must lie in S. Thus any
mapping H which satisfies the equation R - H < § must
have the following consistency. property: if the element
a € A is mapped to the element b € B by H, then every
N-tuple of R having some component of value a can be
associated, by the mapping H, with an N-tuple of S havinga
value of b in the corresponding component. In other words,
if a mapping H purporting to satisfy R < H < S contains the
pair (a, b), and if there would exist an N-tuple of R having
some component with value a, and if there were no H image
of this N-tuple which is contained in S having a value bin the
corresponding element, then the equation R - H < § could
not be satisfied.

Now if we begin with a given binary relation T; € 4 x B
and T, does not satisfy R - T; < S, then it must be that T; is
not consistent and has included in it too many pairs. The
winnowing process is a procedure which begins with the
binary relation T}, determines which N-tuples of R can be
mapped by T, to which N-tuples of S, and then eliminates
from T, some of the pairs in T, which make T, inconsistent.
Thus if the pair (a, b) is in T, and if there exists an N-tuple of
R having some component with value a,and if there were no
T,-image of this N-tuple which is contained in S having a
value b in the corresponding component, then the pair (a, b)
is eliminated from T,. The new relation T, defined by the
winnowing process is, of course, contained in T, (Proposi-
tion 1).

Proposition 1 (Winnowing Process): Let R < AY, S < B
and T, € A x B. Assume that if for some a € 4,R,(a) = &,
n=1,-, N, then {a} x BS T,. Define G < R x S by

G=1{(ay, r.ayx. by, . by)eR
-S|(ay b)) e T,n=1,-_ N}
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Define T, € A x B by

T2={(a,b)eA><B|

N

be ()

n=1 (a1, -, aN) € Ra(a)

A,Glay, -+, ay)

Then T, < T,.

If we let the winnowing process iterate, the successive
relations it defines get smaller and smaller. Since we assume
all the sets are finite, eventually the procedure converges,
and we have determined a limiting relation. We should
expect this limiting relation H, a “fixed point” of the
winnowing process, to satisfy the equation R « H < S. And
indeed, Proposition 2 states that any single-valued relation
H which is a fixed point under the winnowing process must
satisfy the equation R - H = §.

Proposition 2: Let R< A and S < B
G < R x Sand H < A x B satisfy

Suppose

Gz{(al"”’aN* bl’...,bN)eR XS

(@, b))eH,n=1,---, N}

H=i(a,b)e A x B|

N

be )

n=1 (a1, -, aN) € Rn(a)

AnG(al, ) aN) .

Then H single-valued implies R - H < S.

Thus all single-valued invariant relations under the win-
nowing process satisfy the equation R - H < S. But is any
mapping H satisfying the equation R - H < § a fixed point
under the winnowing process? Proposition 3 states, in fact,
that the winnowing process never loses a homomorphism.
Actually, it proves the slightly more general result thatif H is
defined everywhere and satisfies R - H < S,and if H < T},
then it is also true that H = T, < T,, where T, is the result of
one iteration of winnowing on T,. Hence the winnowing
process will reduce a relation to one which is large enough to
contain all the homomorphisms it contained originally.

Proposition 3: Let R AN, Sc B¥, Hc T< A x B.
Define G =< R x S by

G={(al’ T, dy, bla'”, bN)GR x S

(@ by)e T,n=1,---, N}
If H is defined everywhere and R - H < S, then

Hg’(a,b)eA X B

N

be

A,Gay, -+, ay)).
n=1 (a1, -, an) € Ru(a)

This leads to the relation homomorphism characterization
theorem (Theorem 1) which states that mappings are homo-
morphisms if and only if they are invariant under the
winnowing process.

Theorem 1. Relation Homomorphism Characterization
Theorem: Let R < AV and S < B'begiven.Let H= 4 x B
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be defined everywhere and single-valued. DefineG = A x B
by
Gz{(al’ T, A, bla Y bN) eR xS

(@, b)) e Hon=1,-, N},

Then R « H < S if and only if
H==(a,b)eA X B
N

be

n=1 (ay, ', aN) € Ra(a)

A,Glay, -, ay)).

B. Finding N-ary Relation Homomorphisms

It is clear from the characterization theorem that if the
winnowing process produces a mapping for its limiting
relation, then the mapping must be a homomorphism.
However, the characterization theorem does not say that the
winnowing process will produce relations which are either
single-valued or defined everywhere. In this section we
describe a representation for any homomorphism in terms
of the intersections of various limiting relations produced by
the winnowing process.

Suppose T® is the limiting relation determined by the
winnowing process which begins with a relation whose only
restriction is that the element a € A is associated with only
the element b € B. Then if H is a homomorphism and (a,
b) € H, then certainly H < T®. Hence, H = (\upcn T
Now H defined everywhere implies that (4 cu T is
single valued, and (")) g T single-valued and H defined
everywhere imply H = (\upcn T

So all homomorphisms have the representation
(Viapye n T Isit also the case that all mappings of the form

@b en T for some defined everywhere relation H are
homomorphisms? The answer is yes on the condition that
the mapping ()4 x T takes each N-tuple of R into some
N-tuple of S. It is possible that this is not the case as
illustrated in the following example. Suppose R = {(1, 2, 3)}
and S={(a, b, d), (a, e, ¢), (f, b, ¢)}. Then the limiting
relations T, T?® T3¢ are

(L, a), (2,b), (2, ). 3. c), (3, d)}
(L a), (Lf), (2, b), 3, ¢). 3, )}
(1, a), (1,1), 2, b), (2, ). 3, c)}.

Letting H={(1, a), (2, b), (3, c)}, we find that
H = (\apen T but H is not ahomomorphism of R into S
since it takes (1, 2, 3) to (a, b, c), which is not a triple of S.

The relation homomorphism representation theorem
gives the characterization that any mapping of the form
H=\anen T® is a homomorphism if it takes each
N-tuple of R into some N-tuple of S, and conversely, any
homomorphism H has the representation H = (4 c g T%.

Theorem 2. Relation Homomorphism Representation
Theorem: Let R = AV and S < B". For each (a, b) e 4 x B,
iteratively define the sequence of relations T, T, -
T“b, e by

TP = {(a, b} U (4 — {a}) x B;

I

Tla
T2b
T3c

{
{
{

9
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if TP has been defined, define T%,, by

TE ,={(x,f)e A x B

N

i=1 (ay, ", an) € Ri(a)
where
G = {(ay, . ay, by, - by)eR xS

(@, b)) e T®, n=1,---, N}.

Suppose for some integer K, T® = T% for allk > K and for
all (a, b) e A x B.Then H < A x Bdefined everywhere and
single valued and R - H < S holds if and only if

1) H= (\@apenu T” is defined everywhere and single
valued, and

2) G={(ay, ", ay, by, -, by)e R x §|(a,, b,) € H,
n=1,--, N} is defined everywhere in R.

The representation theorem allows any homomorphism
to be determined by a depth-first search in the following
manner. Suppose we are looking for homomorphisms which
map the element 1€ 4 to the element a € B. We can
determine by the winnowing process the limiting relation
T which must contain any such homomorphisms.

Now, T'® may have other elements of A4 which are
uniquely mapped to elements of B. If so, we can determine
the limiting relations for these pairs and take the intersection
of all of them with T2 The resulting intersection must
contain any homomorphism which maps 1 to a. If the
intersection has additional elements which are uniquely
mapped, more intersections can be taken. When the inter-
section has no more additional elements which are uniquely
mapped, then one of four cases exists: 1) either the intersec-
tion is not defined everywhere, in which case no homomor-
phism mapping 1 to a exists; 2) or the intersection is defined
everywhere, is single valued, and maps each N-tuple of R
into some N-tuple of S, in which case it isahomomorphism;
3) or the intersection is defined everywhere and is single
valued, but cannot map some N-tuple of R into an N-tuple
of S, in which case it is not a homomorphism; 4) or the
intersection is defined everywhere and not single valued, in
which case a choice must be made in the depth first search to
map to a unique element of B one of those elements of 4
having possible multiple associations with elements of B. In
this last case, once such a choice is made, the corresponding
limiting relation must be determined and intersected with
the previously intersected relations. This brings us back to
the point of looking for additional uniquely mapped pairs.
From here the search iterates until each branch of the tree
terminates in one of the first three cases.

The actual implementation can proceed as described
above or can alternatively proceed by not taking intersec-
tions but simply restricting the relation T'¢ so that, for
example, 2 is uniquely mapped to b and continuing the
winnowing procedure on the restricted relation after each
choice is made. In either case, it may be efficient to keep a
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Re A3,
sc8d;

A={1,2,3,4)
B ={a,b,c,d}

R ={123,214,312,421,432,341}
S = {abc,bad,cab,dba,dcb,cda,ana,bbb, ccc,ddd}

Tla T‘b T‘C 1id

1 a b ' ¢ d
2 ab ab c d
3 ac db c d
4 ad cb c d
120 126 12 12d
1 ab ab c d
2 a b c d i
3 da cb c d T is the Limiting Relation
4 ca od c d Obtained by the Winnowing
Process in which i (i A)
130 73 13¢ 134 is Mapped only to j (je B)
1 a b ac bd
2 a b be ad
3 a b c d
4 a b de cd
tho 14 7ée 74
1 a b be ad
2 a b ac bd
3 a b de cd
4 a b c d

Fig. 7. Pair of ternary relations R and S and resulting limiting relations
determined by winnowing process. It is these relations which character-
ize the homomorphism from R into S.

7

P

S
/ 1b \lc\ 1d

la
la 1b
a 2a

lo b lc 14

2 2b 2b 2 2d
la lo 1b 1b lc d
2a 2b 20 2b 2c 2d
3a 3c 3d 3b 3c 3d

[ |

f

| | |
la lo 1b b le 1d
2a 2b 2a 2b 2c 2d
3a 3c 3d 3b 3c 3d
4a 4d 4c 4b 4c 4d

Fig. 8. Full-depth paths obtained by depth-first search which succes-
sively intersected limiting relations shown in Fig. 7. Each full-depth
path is a candidate for a homomorphism from R into S.

copy of the resulting relation at each node of the tree in order
to ease the computational load of the backtracking.

C. Example

Fig. 7 illustrates a pair of ternary relations R and S and the
resulting limiting relations determined by the winnowing
process. Fig. 8 illustrates the full-depth paths obtained by
the depth-first search which successively intersects the limit-
ing relations shown in Fig. 7. Fig. 9 shows the complete
search for the subtree of Fig. 8 generated by the node 1b.
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1b

b

1b

b

2 2c 2_d'

2/ 3/ 4\ 5 11/ 121 17\18

b b b b 1b b 1b 1b

2a 2a 2a 2a % 2b i) 2

3a 3b 3c 3d 3a 3b 3 _31
6/ 7/ 8/ 9 13/14] 15\ 16

1b 1b 1b 1b 1b 1b 1b

2a 2a 2a 2a b b b 2

3d 3d 3d 3d 3b 3b 3b 3b

4a 4b 4c 4d 4o 4b 4c 4d

Fig. 9. Complete search of subtree generated by node 1b. Numbers on
the branches indicate the order of the search. Paths which reach an
underscore lead to inconsistencies, e.g., path 1-5-7 (1b, 2a, 3d, 4b) yields

T® A T? A T3 A T* = Inconsistent

1 b ab bd b b

2 ab a ad b (%]
3 db da d b (%)
4 cd ca cd b (%)

Full depth (consistent) paths are candidates for homomorphisms, e.g.,
path 1-2-8 (1b, 2a, 3d, 4c) yields

T® A T?* A T3 A T* = Consistent

1 b ab db bc b
2 ab a ad ac a
3 ab da d ed d
4 cd ca cd c c

VI. COMPLEXITY ANALYSIS

Unfortunately, the arrangement homomorphism prob-
lem falls into the class of NP-complete problems. The
complexity lies in the depth-first tree search, which if done
by simple enumeration, can require in a worst case
(#B)** - #R - log, #S operations, assuming S is stored in
some ordered form and an operation consists of a compar-
ison and branch. The tree search with the winnowing pro-
cess added cannot guarantee any better behavior in the
worst case. Fortunately, the pathological worst cases are not
the ones typically encountered. For example, linear pro-
gramming optimization problems are also NP-complete
problems, yet the Simplex algorithm performs quite well for
problems encountered in practice, hardly exhibiting the
exponential behavior of the worst case. The Waltz filtering
algorithm employed in scene labeling is usually able to
reduce the tree search to just one or at most a few branches.
Thus there seems to be some justification for the use of
general winnowing procedures and for expecting that the
resulting tree search complexity will, in the practical case, be
proportional to the number of homomorphisms that exist.
In the remainder of this section, we will do the complexity
analysis using this kind of assumption.

Each iteration of the winnowing process takes two steps.
In the first step, all N-tuplesin R < A" are examined. Then
for each of the N components of the N-tuple each N-tuplein
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S <= BY must be checked to see if the value of the specified
component in the § N-tuple is in the list T(a), where a is the
value of the specified component of the R N-tuple and
T < A x B. Assuming the list T(a)is ordered, the number of
operations this step takes is # R N #S log, #B.

In the second step, all values in the set 4 and all N
component positions must be examined. Then all N-tuples
in the relation R = A” must be located having the given
value in the specified component position. Finally, intersec-
tions over a list less than #S in length must be made to
determine that subset of B consistent with the original
choice of the value from A. Assuming these lists are ordered,
the number of operations this step takes is
#A N #R #8S 2# B. Therefore, each iteration of the win-
nowing process takes N #R #S(log, #B +2#A #B).

As mentioned at the end of Section V, there are two ways
of doing the tree search. In the first way, all the limiting basis
relations are calculated, and at each node in the tree the
intersection of one basis relation with another binary rela-
tion needs to be done. We assume that the tree search visits
no more than aK # A nodes, where K is the number of
homomorphisms, # A is the number of nodes in a complete
branch, and o > 1 is a constant indicating how much more
work than the minimal amount we will have todoin the tree
search. Hence, the number of operations in the tree search is
aK #AQ#A #B). Since there are # A # B basis relations
and the number of iterations each basis relation must
participate in is no more than # A4 # B, the number of
operations required to do the winnowing is (#4 # B)’N
#R #S(log, #B+2#A #B). Since

log, #B <2 #A #B,

the upper bound on the number of operations can be
approximated by

2 #A4* #BaK + N #A4 #B* #R #85)

In the second way of doing the tree search we do not
compute any basis relations and do not takeintersections at
nodes. Rather, at each node we restrict the relation by
whatever unique value from B is going to be associated with
a value from 4; and then we employ the winnowing process.
In this case, at least one winnowing operation must be done
at each node and a maximum of # A4 # B could bedone ata
node. Taking the worst case for every node yields a maxi-
mum number of operations KN #A4%> #B #R
#S(2 #A #B +log, #B). Since log, #B <2 #A4 #B,
the upper bound on the number of operations can be
approximated by 2 aKN # 4> #B* #R #S. For large a,
this bound will be larger than the ori ginal bound. Hence, the
decision on which way to do the tree search must depend on
how complex the researcher thinks the tree search will be.
Hard tree searches can be done the first way. Easy tree
searches can be done in the second manner.

VII. CoNcLUSIONS

We have discussed the mathematical construct of labeled
N-ary relations which we have named order-N arrange-
ments. We have illustrated that there are many matching
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problems whose abstract mathematical form is one of
finding a homomorphism from one arrangement into
another. We have systematically explored the structure of
such homomorphisms, given a characterization and rep-
resentation theorem for N-ary relation homomorphisms,
and developed an algorithm for determining the homomor-
phisms. The algorithm consists of combining a relaxation
process to find the limiting relations with a depth first tree
search.

It is our hope that by illustrating 1) the underlying
mathematical unity of a diverse set of problems which
involves finding homomorphisms and 2) the applicability of
a generalized discrete relaxation procedure to the deter-
mination of such relation homomorphisms, other more
refractory problems will be able to be translated into an
arrangement problem whose solution is given in this paper.

APPENDIX

Proposition 1. Winnowing Process: Let R < A", S < B"
and T, € A x B. Assume that if for some a € 4, R,(a) = J,
n=1,--, N, then {a} x B< T,. Define G = R x § by

by)e R x S
(a,,b,)e Ty,n=1,-"-

G={(ay . ay by
, N}.
Define T, € A x B by

’(a.b)eA x B

I

T2 =

N

be )

n=1 (a1, -, an) € Ra(a)

A,Glay, -, aN)}.

Then Tz o Tl'
Proof: Let (a, b) € T,. Either R (@)= J,n=1,-"-, N

or not. If R,(a)= &, then by assumption on T,
{a) x B< T, so that (a, b) € T;. If it is not the case that
R,(a)= @.n=1,---, N, then there existsan n € {1, . N}
such that (a,, -, ay) € R,(a). Hence,b € A, Glay, -+, ay)so
thatforsome (b, ---.by) € S,(ay, *~,ay.by, --*,by) € G. By
definition of G, (ay, ' ", ay, by, '+, by) € G implies (ap,
b,)e T, m=1,---, N. Now (a;, -, ay) € R,(a) implies
a,=aandb e A,G(a,, -, ay)implies (a,, b) € T. Thus (a,
b) = (a,, b) € T;.

Lemmal: Let Rc AY, S B", Hc AxB k=1,
K. Define G, < R x S by

sz{(al"“’aN’blv T, bN)ER x S
(G ba) € Hon= 1.+, N}

If (&=, H, is single valued, then (k=1 Gy s single valued
on R.

Proof: Let (ay. . ay, by, -, by)€ (k=1 Gi and
(@y. - ay, by, -, by) € (k=1 Gi Thenforeveryk =1, -,
N,wemust have (a,.b,) € Hyand (a,,b,) € H,n=1,--,N.
Hence, for every n =1, -+, N, (a,, b,) € [ Je=1 Hi and (ay,
b)) e (K., H,. But ()i-, H, single valued implies that
b, = b, n=1,---, N. Therefore, ({- Gy is single valued.
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Proposition 2: Let R< A and Sc< B

G< R x Sand H< 4 x B satisfy
G=1{lay, ".an. by by)ER XS
(a,. b)e Hon=1-_N|

Suppose

H

I

:(a, b)e A x B
N
he ) ) A, Glay. . a,\-)=.
n=1 (ay. .an)€ Rala)
Then H single valued implies R - H < S.
Proof: Let (by. ---.by) € R - H.Then for some (a,. .
ay) € R, (a,, b,) € H.n = 1.---. N. By definition of H.

N
bee )

n=1 (ay’,

A,Glay, --ody), k=1 N

s an’) € Ralak)
But (¢, -, ay) € Ryay) so that b, e A Glay. . ay).
k=1,---,N.Now,by Lemma 1, H single valued implies G is
single valued. And b, € A, G(a,, -, ay) certainly implies
G(a,, ", ay) # . Hence, there exists a unique {(h}. .
by)l = Glay, -+, ay). Then, b, € A, Glay, - ay). k=1,
N, and {(b}. -, by)j=Glay. -, ay) imply b, = b
k=1,--, Nsothat (b;, . by) € Glay. -.ay) < S.
Lemma 2: Let R< A¥. S BY, H< T < 4 x B. Define
G< R xS by

G={(al, '“.aN, bl’ "'.b‘)\')e R X S
(an. by)e T,n=1.- N|

Then R H<S, (ay, ', ay)e R, and (a,. b,)e H.
m=1 -, Nimply b, € A, G(a,. ", ay), k=1 N
Proof: Let (ay, --*,ay) € Rand (a,,b,) e Hm= 1. -,

N. Since R H < S, we must have (b, -, by) € S. Since
H<T, (a,, b,) € H implies (a,, b,)e T.m=1.-_N.
Now, (a;, ", ay) € R, (by, """, by) €S, and (a,, b,) e T.
n=1,---, N imply (a,. ", ay, by, . by) € G. Hence,
(by, -++, by) € Glay, -+, ay) so that b, € A, G(a,, . ay).
k=1, N.

Proposition 3: Let R< A¥, ScBY, HEcT< A xB
Define G = R x S by

G={(a1’...’aN’ bl’”.’bN)e R x S
(@, by)e T.n=1.-_ Nj

If H is defined everywhere and R H < S, then

HE{(a,b)eA x B

N
be )

n=1 (a1. . an) € Ra(a)

A, Glay, . aN)}.
Proof: Let (a, b) € H. We need to show that
N
be ) N
n=1 (a1, . an) € Rn(a)
IfR,(a)= &,n=1 -, N,the required result is immediate.
If R,(a) #+ & for somen, thenletn € {1,---, N} and (ay, .

ay) € R,(a) be given. Since (ay, -+, ay) € R,(a). a, = a. For
convenience we set b, = b. Since H is defined everywhere,

A,,G(al, Y aw)
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there exists by, ***, b,_1, by+1, ~**» by € B such that (a,
b)e H, k#n Now by Lemma 2, R- HS S, (ay, ",
ay) € R, (a,, b,) e H,m=1,---, Nimply b, € A;G(ay, -,
ay), i =1, -, N. In particular then, b, € A,G(a,, -*-, ay).

Therefore,
N

be )

n=1 (a1, -, an) € Rala)

AnG(al’ Y aN)‘

Theorem 1. Relation Homomorphism Characterization
Theorem: LetR < A¥and S < B¥ begiven. Let H= A x B
be defined everywhere and single valued. DefineG < A x B
by
G= {(al, N aN, bl’ Yy, bN) € R X S

(@, b,)e Hon=1,---, N}

Then R - H = S if and only if

N
(a,b)e Ax Blbe ()

n=1 (a1, ", an) € Rn(a)

AnG(ala ) aN) .

H=

Proof: Suppose R - H = S. Since H is defined every-
where, by Proposition 3,

Hc i(a,b)e Ax B

N

be

n=1 (a1, ', an) € Rn(a)

A,G(ay, -+, ay);=F.

Now suppose (a, b) € F. Then
N

be ()

n=1 (a1, ', an) € Rn(a)

AnG(al, e b aN)~

Letne{l,---,N}and (ay, '*-,ay) € R,(a). Thena, = aand
be A,Gl(ay, -, ay). By definition of G, b € AnG(a,, -+, ay)
implies (a,, b) € H. But (a, b) = (a,, b) € H. Hence F < H.
F 2 H and F < H imply F = H. Suppose

H={(a,b)e A xB

N

be )

n=1 (a1, ", aN) € Rn(a)

A,Glay, -+, ay);.

Since H is single valued, by Proposition 2, R - H < S.

Lemma 3: Let F< A x Band G < 4 x B. Suppose F is
defined everywhere and G is single valued. The F = G
implies F = G.

Proof: Suppose F < G. Let (a,b) € G. Since F is defined
everywhere, there exists a b’ € B such that (a, b') € F. But
F < G and (a, b') € F imply (a, b’) € G. But because G is
single valued, (a, b) € G and (a, b') € G imply b = b'. Hence
(a,b) = (a,b’) € Fsothat G < F.Finally, F< GandGS F
imply F =G.

Theorem 2. Relation Homomorphism Representation
Theorem: Let R = AY and S = B". For each (a,b) € A x B,
iteratively define the sequence of relations T%, T%, ---

‘T":b,...’by

b

TY ={(a, b)} L (4 — {a}) x B;

if T has been defined, define T, , by

TE = (e, f)e Ax B

N

Be

i=1 (a1, ', an) € Ri(®)

AiGab(al» Ty aN)
where

Gab={(a1’...,aN, bl’ ...’bN)E R X S

(@n b)) e T, n=1,---, N}.
Suppose for some integer K, T® = T, forallk > K and for
all (a,b) € A x B.Then H < A x Bdefined everywhere and
single valued and R - H < § holds if and only if

1) H= (Vs en T? is defined everywhere and single
valued, and

2) G={(ay, ", ay, by,*, by)R x S|(a,, b,)€H,
n=1, -, N} is defined everywhere in R.

Proof: Suppose R - H = S and H is defined everywhere
and single valued. By Proposition 3, H = T* for each (a,
b) e H.Hence H < (s n T*. Since {b} = T*(a)for each
(a, b)e H, and H is defined everywhere, (\gpcn T is
single valued. Now by Lemma 3, H < () as)e s T® With H
defined everywhere and (4 .y T® single valued, imply
H=\apen T® Let G={(ay, ", ay, by, *, by) € R x
S|(a,, b,) € H,n=1,---, N} and suppose (a,, ***,ay) € R.
Since H is defined everywhere, there exists (b,, ***, by) € BY
such that (a,, b,)eH, n=1,---, N. Since R- Hc S,
(ay, -,ay) e Rand (a,,b,) e Hin=1,--- Nimply (b, -,
by) € S. Hence, (ay, =+, ay, by, **-, by) € G so that G is
defined everywhere in R. Suppose H = (), x T*. Sup-
pose that G = {(ay, ***,ay, by, -**,by) € R x S|(a,,b,) € H,
n=1,---, N} is defined everywhere in R. If (b,, -,
by) € R - H we want to show (by, **-, by) € S. Let (by, *-,
by) € R - H.Then there exists (ay, ***,ay) € Rsuchthat (a,,
b,)e H n=1,---, N. Since G is defined everywhere in R,
there exists some (b}, -*-, by) € S such that (a, -, ay,
by, -+, by) € G. But (ay, -+, ay, b}, -+, by) € G implies (a,,
b)e H,n=1,---, N. Now (a,, b,) € H and (a,, b,) e H
imply b, =b, since H is single valued. Hence (b,, -
by) = (b, -, by) € Glay, -, ay)  S.

b
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Embedded Game Analysis of a Problem
in International Relations

JOHN V. GILLESPIE, DINA A. ZINNES, aND GURCHARAN S. TAHIM

Abstract—The behavior of two groups of nations, superpowers and
regional powers, engaged in an arms race represented as a differen-
tial game are studied. The various nations are assumed to arm
themselves according to a balance of power, the policemen, or the
second attack rationale. The regional nations are assumed to control
the disposition of strategic resources desired by the superpowers. To
obtain these, the superpowers provide assistance to the regional
nations. The optimal trajectory corresponding to the above three
rationales is computed, and the stability of the trajectory is studied.
After a change in the international situation, the regional nations
may alter the distribution of the material to the various nations. The
effect of this on the stability of the resulting optimal trajectory is
investigated.

I. INTRODUCTION

HE MAJOR AIM of this analysis is to study, in the

spirit of Richardson’s pioneering work [26], the beha-
vior of two groups of nations in an arms race. More recently
the notions of differential games have been applied suc-
cessfully to the study of the behavior of nations involved in
arms races [8], [16], [17], [29]. An important part of the
above studies is that they relate to the investigation of
armament behavior from the perspective of a single nation.
Of course, the dynamics of the arms race imply that the
behavior of the single nation is influenced by the other
nations in the race. However, these studies do not examine
simultaneously the performance of other nations engaged in
the race.
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This paper can be viewed as the next step in modeling
arms races.! In this study there are two groups of nations
involved in a dynamic interaction represented by a differen-
tial game. Each group consists of two nations: the first group
represents stronger nations or coalitions of nations that are
labeled as superpowers (e.g., United States and Soviet
Union), while the second group represents less powerful
nations or coalitions labeled as regional powers (e.g.. Israel
and the Arab States). The four nations or coalitions are
involved in a differential game. We will give the performance
indices representing rationales commonly offered in the
descriptive international relations literature.

A. The Simple Embedded Game

The superpowers are engaged in a Nash game [9]; the
regional powers are also engaged in a Nash game among
themselves. Each superpower provides assistance to a corre-
spanding regional power. The two strategies for providing
assistance from the superpowers to the regional actors
constitute a Nash equilibrium pair. The superpowers game,
the regional powers game, and the assistance game, will all
be referred to as an embedded game [16]. To study the
optimal behavior of the nations in the embedded game, the
various performance indices we will consider are balance of
power, second attack, and policemen. These three perfor-
mance indices are drawn from the rationales for defense
policy commonly suggested by scholars of international
affairs.

! Our analysis should be viewed as an application of known systems
techniques to a problem in international relations. Our purpose is not to
contribute basic ideas about systems theory but to indicate a new and
viable area of its application.
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