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Abstract. One measure of the quality of a conceptual model is the quality of
design that can be derived from it. Redundant relationships in an Entity
Relationship model cause a generated relational schema to be un-normalised.
Since a relationship is redundant only if some other path in the model implies
both its set theoretic signature and its semantics, determination of redundancy is
not mechanical, and always requires interaction with the client or user. A path
composition and search algorithm is presented to detect potentially redundant
relationships, and strategies are discussed for the incorporation of this type of
algorithm in a CASE environment.

1. Introduction

The principal justification for quality in conceptual models is that such models form
the basis for designs and implementation. Well-understood, deterministic rules to
transform a conceptual model into a design can be automated, in which case, a
conceptual model of poor quality would result in an inadequate implementation.

Within the scope of a short paper, a tractable example is the generation of a
relational schema from an Entity Relationship (ER) Model. Various authors,
including Teorey [1] and Bowers [2], have proposed algorithmic approaches for the
synthesis of arelational schemafrom an Entity Relational Model, and such techniques
are now widely adopted. Despite the essential rigour of such techniques, however,
normalization is invariably applied to the generated schemas, since they reproduce
faithfully any redundancy present in the original conceptual models.

This paper addresses the detection of redundant relationships within ER models. A
relationship is redundant when both its mapping and its semantics are implied by
some alternative path. Relational schemas synthesized from conceptual models that
include redundant relationships may not be in Third Norma Form, and will not be in
Fifth Normal Form. Conversely, posted-key synthesis techniques, such as that
described by Bowers [2], should generate schemas always in fourth normal form, and
often in fifth norma form, from ER models that are both free of redundant
relationships and contain neither multi-val ued attributes nor merged entity types.

Detection of redundant relationships within an ER model supports interaction with
the client at the conceptual level to resolve redundancy. The traditional alternative of
deferring the resolution to the normalization of the generated schema seems both to be
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too late and, moreover, inappropriate: too late because much of the semantic content
of the model has been discarded prior to normalization, and inappropriate because
normalization based solely on functional dependency analysis can itself introduce
ambiguity into the schema

The agorithms presented in this paper can be incorporated into CASE tools to
support the systematic detection of redundancy, and its resolution through a dialogue
with the tool user. Such support allows modellers to err on the side of including rather
than excluding relationships, but still to address the issue of redundancy.

The context for this discussion is presented in Section 2, and the interaction
between redundancy in ER models and normalization criteria are reviewed in Section
3. The basic agorithm for determining potential path equivalence is introduced in
Section 4, and strategies for its application are discussed in Section 5. Finaly, issues
still to be resolved are outlined in Section 6.

2. Context

The issue of redundancy within Entity Relationship models results from what is both
the greatest strength and the greatest weakness of the approach: its perceived
simplicity. This has led to the amost universal adoption of ER techniques, or one of
its derivatives, for modelling data structures, with widespread belief that such models
are readily comprehensible by both analyst and client. Unfortunately, there is ample
evidence that the comprehension of ER modelsis difficult, and that their construction
can be error-prone [7,8,9,10]. The quality of an ER model, and of any database
schema derived from it, remain fundamental issues. Whilst the former has attracted
some attention [11,12,13], the latter seems still to be subsumed into a pervasive
assumption that any “initia” relational schema, whatever the “quality” of the ER
model from which it has been derived, will always need to be “improved” by
normalization[14] — an unprovable act of faith that, in many cases, is not justified by
the resulting normalised model. Indeed, normalization is normally atechnical activity
effected entirely on the basis of perceived dependencies between fields of a schema;
the semantic information expressed in an ER model is invariably discarded during its
transformation to a relational schema. Furthermore, normalization is often regarded as
a purely implementation issue, and therefore performed without reference to the
client, quite possibly without full understanding of the client’s domain.

It is irrelevant to argue that expert analysts would not make mistakes in ER
diagrams. The principal purpose of such diagrams is to act as a communication
medium between an analyst and a client , who is amost certainly a novice, at least as
far as ER diagrams are concerned. During consultation with the analyst, it is quite
possible that the client might suggest - or insist on - a relationship being drawn
between two entities, even if it is aready implied by another path. Thus, redundant
relationships could be introduced merely through interaction with a client..

Systematic approaches to redundancy in ER Models seem to have attracted
relatively little attention in the literature. Simple redundancy between a single
relationship and paths of two relationships are explored exhaustively by means of
occurrence diagrams in [3]. The authors suggest a set of heuristics that an analyst
could use to determine redundancy in an ER model.
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Our work seeks resolution of redundancy at a semantic level, rather than by
mechanical consideration of rules against possible, or actual, data occurrences.
Further, our work considers paths of arbitrary length, although the equivalences we
deduce for paths of length one and two are the same asin [3].

The focus of the superficially similar approach in [4] seems to be on the
rearrangement of the generated relational schema to reduce redundancy. There is,
however, an interesting analysis of implicit relationships, represented within an ER
diagram by "posted” keys not derived from any explicit relationship. Whilst such
"errors' might be contrary to the ethos of ER modelling, it would be interesting to
explore how the techniques of [4] could be integrated with those presented here.

An apparently related issue is explored in [5]. Given multiple paths between
entities, cardinality constraints, both explicit and implicit, might prevent instantiation
of the model. However, a redundant relationship and its alternate path imply precisely
the same mapping; hence, they cannot affect the satisfiability of any model.

Similarly, the exploration in [6] of extensional "Int-cardinality” constraints is
concerned primarily with satisfiability rather than redundancy, and is therefore also
not relevant to the approach presented here.

The problem of identifying redundant relationships in an ER model is similar to
that of identifying redundant connections within logic circuits [15,16]. Similar
problems arise also with redundancy in production rules [17]. The path composition
agorithms are only dlightly simpler than those presented in Section 4.

Finally, path composition relates closely to transitive closure agorithms, as
developed extensively for knowledge-based systems and deductive databases; which
are known to be expensive [18, 19]. Such algorithms have been used for the analysis
of functional dependencies [20, 21], but not yet, it seems, related directly to
conceptual-level models, such as ER. Also, athough efficiency of the transitive
closure algorithms is crucia in the examples cited, it is perhaps less so for design
activities, where the problems do have to be solved, but, in principle, only once.

3. Redundancy, Synthesis, and Normalization Criteria

Normalization, at least to Third Normal Form (3NF), has long been accepted as a
quality criterion for relational schemata. This section summarizes the "errors' in an
ER model that, if synthesized into arelational schema using a "posted key" agorithm
would cause violations of each of the common Normal Forms.

The absence of redundant relationships in a conceptua model is one of three
correctness criteria for an ER model enumerated in [12], although, curioudly, it is
distinguished from "third normal form violations'. This separation may be somewhat
misleading, since synthesised redundant relationships would, specificaly, violate the
criteriafor third normal form, by introducing transitive dependencies.

Repeating groups in a schema, which would violate first normal form (1INF), could
arise either from multi-valued attributes or from the incorrect "posting” of a
relationship. In relational synthesis, a relationship is represented by "posting” the
identifier of the entity at the "one" end of arelationship into the relation representing
the entity at the "many" end; thus, a posted key can only be single valued. Hence, a
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schema synthesised from an ER model will always satisfy INF, provided that no
entity type has multi-valued attributes.

This is sufficient also to ensure that there are no multi-valued dependencies in the
schema. Thus, if the synthesised schemaisin 3NF, it will also bein 4NF.

Synthesis agorithms never merge relations for separate entities: at most, keys are
posted to represent relationships. Hence, attributes in a synthesised relation are aways
fully dependent on the identifier of the corresponding entity, provided that no entity in
the model has attributes drawn from more than one "real-world" entity.

underlying entity, or they are posted keys of entities in a many-to-one (or one-to-
one) relationship Third Normal Form (3NF) requires that there must be no transitive
dependencies. Attributes functionally dependent on the primary key are either
attributes of the with that entity. Since the non-key attribute on which a transitively-
dependent attribute depends must itself be a (primary) key of some entity, it follows
that the determining non-key attribute must be a posted (foreign) key.

Hence, the issue is how a relationship between two entities - represented by the
determination of the transitively-dependent attribute by a foreign key - might be
included in the relation for a third entity. In the simplest case, it will be because there
is aredundant relationship in the ER model.

location code

Department
title

registeredin

reg_num name

Fig. 1. A simple example of potentia redundancy

This is best illustrated by an example, as in Figure 1. Synthesis of this model
results in the following schema, in which in the relation Sudent contains an apparent
transitive dependency of department_code on reg_num via degree programme title.:

Department (code, location)
Degree_programme (title, department_code)
Student (reg_num, name, degree_programme _title, department_code)

The problem lies in the ER model of Figurel, since the relationship registered in
might be implied completely by the pair of relationships enrolled for and run by. The
potential implication depends on whether or not the fact that a student is enrolled for a
degree programme run by a particular department means that the student is aso
registered in that department. If the relationship is redundant, then the resulting
schema violates Third Normal Form.
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In the more general case, in which the relationships involved are not constrained to
have degree one-to-many, the synthesised schema will contain a join dependency,
rather than a transitive dependency. However, the elimination of redundant
relationships alone is not sufficient to ensure that synthesised schemas will satisfy
5NF, since, rather than being "redundant”, the relationship may be part of a
representation of a higher-order relationship between three or more entity types, such
as the cyclic many:many-many:many-many:many structure.

4. Path Composition and Equivalence

An agorithm to detect (potentially) redundant relationships within an ER diagram
needs three components. a means of composing transitive relationships, a strategy for
comparing each relationship with every aternative (composed) path between the
entities it connects, and a way of comparing the semantics of alternative paths that
have the same signature. A path composition agorithm is presented in this section,
the available strategies are discussed in section 5.

Each relationship in an ER diagram has a set theoretic signature which is a{ partial
or total} {function or multifunction} from one entity (say, A) to a second (C), and an
inverse signature, drawn from the same set, from C to A. Two paths between A and C
are equivalent if they have both the same signatures and the same semantics; at this
stage, we ignore any explicit numerical cardinality constraints, but take account of
optionality in the relationships. Thus, in Figure 2, the relationship C-A, which is
optional for entity A, represents a partial multifunction from A to C, and a total
function from C to A. These are the same as the composed signatures of relationships
B-A and C-B; however, although the two paths from A to C have the same signatures,
they are equivalent only if they also have the same meaning.

Fig. 2. A generic Entity Relationship loop

More generaly, consider an arbitrary path between two entities, E; and E,.
Denoting a path from entity i to entity j as R;;, a composite path from E; to E, will
comprise:

Rin=[Ed]s Ru2 [Ea], Rozyee - Roan, [Edl @)

Aninformal proof of the composition Ry, = Ry 2.Rz3....Rn.1n fOllOWs.
Consider first the signature of the path R; ,, from E; to E,.
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Degree: If any R (j > i) of the relationships Ry 2.Rz3....Rw1,n is @ multifunction,
then the whole path is a multifunction.

Proof: If R;; isamultifunction, then some g € E; maps to several g € E;. Even if
the degree of all the remaining R j.1..Rn.1, iS ONe, g therefore mapsto severd e, € E,.
Further, even if the degree of al Ry .. Ri.1; iSone, so that some e, € E; maps only to
e, it followsthat e; will map to severd e,.

Optionality: If any R;j, from E; to E;, of the relationships Ry 2.Rz3....Rn.1,q i partial
(j>i), then the whole path from E; to E, is partial.

Proof: If R;ispartial, then there can be some g € E; that does not map to any g
E;. Since the path from E; to E, is via E;, then e may therefore not map to any e, E,.
Further, any e.; € E;; that maps only to & may also not map to any e, and so,
recursively, any e; € E; which maps only to g can not map to any e,. Hence, there
may be an e; which does not map to an &,, and Ry , is partial.

The converses of each of these proofs — that path R, is a function if al R;; are
functions, and that path R, , istotal if no R;; is partial —follow trivially.

Hence, the overall degree of Ry, is one IFF the degree of ALL R;; in Ry, is one,
and the path is mandatory IFF &l R;; are mandatory. Analogous arguments apply to
R, 1 for theinverse signature.

Thus, if the optionality, O;;, of relationship R;; (i.e., the required participation of E
in the relationship R;j) is represented by boolean values ‘1’ if it is mandatory and ‘0’
otherwise, then the optionality of the composition Ry, using the same convention, is

O1n=012A 053 ... AOnap 2

Similarly, representing the degree, D;j, of Rjj by ‘1" if the degree is one and ‘0’
otherwise, the degree of the composition Ry, is

Dl,n = D1,2 A D2,3 AN A Dn—l,n (3)

The four components of the complete signature, S;;, of a binary relationship, R;j,
may be coded as four binary values, the order corresponds to the graphical
representation of the relationship:

S; =Dy, Gij, G, Dij) 4)

For example, the relationship R, (“C-A”) in Figure 2 has signature S, = (1010).
The overall signature of a composite path, Ry, isfound as:

Sin=S12AS3A ... A Shin ®)

For the alternate path in Figure 2, S,p = (1010) and S, = (1110). Hence, the
signature of the alternate path, S .. = (1010) A (1110) = (1010).

This coding provides a general method for composing the relationships in a path
within an Entity Relationship model, and for comparing alternate paths. For paths of
length 2, the results are the same as those obtained by exhaustive search in [3].
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5. Detection Strategies

Given an algorithm to compose the signature of a path of arbitrary length, it is
necessary then to have a strategy to apply that algorithm.

There are three obvious strategies, all of which imply an exhaustive search of the
ER model. The first is to consider each relationship in turn, and al aternative paths,
if any, between the entities connected by that relationship. The second is to focus on
each entity in turn, and the set of relationships starting from that entity, and to
compose al possible paths from that entity, until all possible aternative routes have
been considered for each relationship. The third strategy is to consider the ER model
as awhole, building, first, al paths of length 2, comparing those paths with the initial
relationships, and, after eliminating any redundant relationships implied by paths of
length 2, continuing the search with paths of length 3, and so on.

The first two strategies are fundamentally similar, differing only dightly in their
termination criteria. Termination depends, in both cases, on inconsistency between the
signatures of a path and a relationship. If the signature of the relationship Ris Sg, and
that of the path P is S, then, applying Equation (5), P isinconsistent with Riif:

SAS#ES (6)

In both cases, particular sub-paths may be composed several times, and both also
suffer from the lack of clear termination conditions, discussed in Section 6, in the
presence of loops, cycles and multiple relationships between pairs of entities.

Nevertheless, the first strategy has been used as the basis for a prototype CASE
environment constructed using Peerlogic's Toolbuilder meta-CASE tool [22]. That
prototype has demonstrated that it is feasible to generate an appropriate dialogue to
guide the interaction with the analyst to resolve the issue of semantic equivalence,
and, furthermore, to modify the ER diagram as aresult of that interaction.

The third strategy seems attractive, since it reduces a graph search problem to a
one anaogous to matrix multiplication. The ER model is represented by an adjacency
matrix, in which each cell contains the signature S of the relationship from its "row"
entity to its "column" entity. The signatures for paths of length 2 are then found by
pre-multiplying the adjacency matrix by itself, to give a matrix of order 2. In this
matrix, each cell contains a list of signatures, derived using eguation (5), each
associated with an intermediate entity, so that the path can be reconstructed as
("from", "intermediate”, "to"). Paths of greater length are found by pre-multiplying
the higher-order matrix, repeatedly, by the original matrix, appending new
"intermediate” entities to the cell entries to represent the appropriate partial paths.

At each stage, the path signatures are compared with those of the relationships in
the initial matrix. If any path signature is equal to that of the corresponding simple
relationship, then the relationship is potentially redundant, and clarification can be
sought from the client. Relationships found to be redundant are removed from the
base matrix, and paths containing them from the higher order matrices.

We introduce here an assumption that renders the algorithm tractable, sound but
incomplete; the extent of the incompleteness is discussed in Section 6. We assume
that no path may visit any entity more than once - that is, loops (and cycles) are not
considered. Thisimplies both that there can be no diagonal elements in the adjacency
matrix, and that any paths which include an entity more than once can be discarded.
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The algorithm is illustrated by an example. Figure 3 represents a scenario for a
small software house that uses contract employees to work on projects sponsored by
clients. The contract employees time is billed directly to the client who sponsors their
project, and the projects are managed by managers within the software house. The
managers may also act as the contact for specific clients, and may supervise a number
of contract employees.

sponsors

Project

works on

billstimeto

Contract
Enployee

Fig. 3. An ER diagram with potential redundancy

Table 1 is the initial adjacency matrix for this simple scenario, athough the
signatures are represented by relationship lines rather than by the corresponding 4-
tuple of (4). It is clear that the matrix is anti-symmetric, as are al matrices of higher
order. In higher-order matrices, not only are the directions of the relationships
reversed in diagonally symmetric cells, but so also is the order of entities in any
partial path. These entities are represented in the partial paths by the letters M
(Manager), C (Client), P (Project) and CE (Contract Employee).

Table 1. TheInitial Adjacency Matrix

From\ To Manager Client Project Contract Emp
M anager ---—=€ ---—=¢ ---—=€
Client 5>— - €
Project ENE 5 €
ContractEmp | 5 __. 5

In Table 2, there are four paths (each appearing twice) that have the same signature
as the corresponding simple relationship. These paths are highlighted in the table, and
suggest that the corresponding relationships may be redundant. So, for example, it
may be that a Manager manages a Project because (s)he is the contact for the Client
who sponsors that Project; thus, the path Project - Client - Manager may imply the
relationship "manages’. Similarly, the path Contract Employee - Project - Client may
imply the relationship "bills time to", but it may be that, in this particular company,
neither of the paths Contract Employee - Project - Manager or Contract Employee -
Client - Manager imply the relationship "supervizes'.
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Table 2. Adjacemcy Matrix of Order 2

From\ To M anager Client Project Contract Emp
Manager P3---— ¢ | C---——=¢ C--- €
CE>---—e |CE>--— |Prr-—=<

Client P >—--- M>------ e |M>------ €
CE>—---¢ CE> e |P =

Project CEESSEEE M 3------ e M3S------- =
CE>—---¢ CE> < C> <

Contract Co——u ] M S------ e |M2------ e

Emp P>——--- P > C>

Removing the two redundant relationships (manages and hills time to) from the
initial matrix, the 2™ order matrix reduces to Table 3. This is then premultiplied by
the (reduced) initial matrix, to give the 3" order matrix in Table 4. The matrix is,
again, anti-symmetric, but, for clarity, the lower triangle includes the four paths
formed during the multiplication that are discarded because they are loops.

There is just one path in the 3 order matrix with the same signature as the
corresponding simple relationship: Manager - Client - Project - Contract Employee.
Asbefore, let us assume that this path does not imply the relationship "supervizes'.

Table 3. Adjacancy Matrix, Order 2, after removal of redundant relationships

From\ To Manager Client Project Contract Emp
Manager C---—-=
CE>---—¢
Client MS--m--- e
P =

Project Co——n--

CE>—---¢
Contract M D-cncn-- c
Emp P >——

If loops are not permitted, the longest path possible in a model with four entities
will involve three relationships. Hence, the order 3 matrix is the last that needs to be
calculated, and the final model is that shown in Figure 4. In general, the algorithm
terminates sound at the matrix of order N-1, when the ER model contains N entities.

Clearly, however, the contents of the matrix grow rapidly as paths of increasing
length are derived. Fortunately, this can be mitigated by several heuristics. First, the
removal of redundant relationships at the earliest opportunity can reduce significantly
the number of pathsin higher order matrices.

Second, the complexity of paths retained in the matrix can be limited. For example,
if al the relationships in the ER diagram had degree no more than one to many, a
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criterion could be set to exclude all paths "less constrained" than one to many.
Defining the signature S to be that for a fully optional one to many signature,
(1,0,0,0), and S asitsinverse, (0,0,0,1), the criterion for inclusion of a path P, with
signature Sp, in a higher-order matrix is then:

(SoAS=S) V(S AS=S) ()

Finally, the initial adjacency matrix will normally be sparse, unlike the relatively
dense example discussed here. Furthermore, the large number of paths that populate
the higher order matrices are precisely the same as those that would be derived in
either of the first two strategies, but that, using the matrix approach, the partial paths
are derived only once rather than for each entity or relationship.

Table 4. Adjacancy matrix of Order 3

From\ To M anager Client Project Contract Emp
Manager CEPS---—¢ CP---—e
Client PCo>—---€ M.CE 5-- - - -¢

PCES—---¢
Project CEM>S----¢ CM>----- €

CEP>— ¢

Contract PC >—--- MC>----- c
Emp PCES—-- -« M.CE - - - ¢

contact for
Manager ~ [[TTTTT T T T T

\
\
\
\
\

Client

sponsors

\ . Project
Rupervizes
\

\

\ works on
N

Contract
Employee

Fig. 4. ER Diagram after removal of redundant relationships

6. Outstanding I ssues

The algorithm presented herein is an exhaustive search for closed paths within an ER
model, and a search for possible redundancies within each closed path. As such, it
does not scale well: the complexity of the matrix algorithm can be shown to be
potentially O(N™*%), where the model contains N entities. Restricting the search to
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cycles, in which no entity is visited more than once, reduces the complexity to
O(N3,(N-2)!), which still seems somewhat impractical.

Fortunately, the initial adjacency matrix is likely to be sparse. If the average
number of relationships in which an entity participates is 2¢, then the likely
complexity of the search could fall to O(N>.4"). Experience suggests that ¢ islikely to
be of the order of 2 or less, indicating that the sheer computational complexity of the
approach may be high but, conceivably, attainable.

This analysis ignores the interaction with the client. Whilst such interaction may
result in the remova of one or more redundant relationships, the more significant
issue is that the number of interactions with the client could, itself, be huge. Even a
model containing no redundant relationships may contain several which could be, if
the semantics were ignored. Each potential redundancy requires an interaction with
the client for the distinct semantics to be confirmed. Empirical studies of the scale of
this problem will be explored as the next phase of this research.

A related issue is the order in which potential redundancies might be tested. The
algorithm detects cycles in order of increasing length, and removal of any
redundancies thus exposed can eliminate longer cycles before they are even detected.

Further, adoption of a filter such as (7) could restrict the search to potentially
redundant 1:many relationships. Not only would this reduce the effective complexity
of the search, but clarification would no longer be sought for a large number of
"implied" unconstrained (many to many) relationships. The matrix algorithm is
particularly suited to successive relaxation of such a filter, and, again, empirical
studies will be undertaken with the implemented algorithm.

Empirical studies will be required also to establish the effectiveness of asking the
client - abeit working with an analyst - to decide whether or not a path carries the
same semantics as a single relationship. The comprehension difficulties that trigger
the inclusion of a redundant relationship, rather than relying on its implication by a
path, may make it difficult to decide on the equivalence of the two sets of semantics.

Although there is a tacit assumption in Section 5 that there will be only a single
relationship in the ER model between any pair of entities, it is clear that a simple
extension of the matrix representation could accommodate reflexive or multiple
relationships. Unfortunately, this would also complicate the termination condition for
the algorithm. Specificaly, it may not be possible to justify restricting the search to
simple cycles; indeed, it is possible to envisage examples, such asthat in Figure 8, in
which the reflexive "supervizes' relationship might be implied by the fact that one
employee manages a project on which other employees work.

Hence, the algorithm presented in this paper, whilst sound, is not complete, in that
it is possible to conceive ER models containing specific types of redundancy,
involving loops and parallel relationships, that might not be detected. These issues are
being explored currently, and extensions to the algorithm are being considered.
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works on

Fig. 5. An ER model in which arelationship may beimplied by acycle

A further issue is the identification of structures that misrepresent higher-order
relationships. The best known of these is the cyclic many:many:many structure.
Typically, such structures are "resolved” either by the introduction of an entity to
represent a ternary relationship between the three entities, or by recognising the join
dependencies between relations representing the explicit relationships. In the latter
case, the schema violates 5" normal form. The algorithm presented here could draw
attention to the cyclic structure, but can suggest no appropriate resolution until the
detection of such cliches has been incorporated.

This investigation has been pursued in the context of Entity Relationship models,
since the underlying semantics of the notation are well understood. Once the problems
identified in this section have been resolved, it should be trivial to extend the
approach to other graphical notations - such as Class Diagramsin UML.

7. Conclusions

The issue of redundant relationships within Entity Relationship models has been
identified as one that is significant for model quality. A technique has been presented
for locating relationships whose set theoretic signature isimplied by some alternative
path within the model. This alone is insufficient for the relationships in question to be
redundant; it is necessary for the semantics also to be equivalent, and determining this
aways requires interaction with the client for whom the model has been constructed.

Although the algorithm is sound, it is both computationally expensive and
incomplete for certain special cases. This suggests a number of issues, including the
most important question of usability, which are currently receiving attention.

Nevertheless, the technique as presented in this paper seems aready to be a useful
tool for improving the quality of Entity Relationship models, and which should reduce
the requirement for normalization of generated relational schemas. Furthermore, the
approach should generalise to more complex notations.
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