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INTRODUCTION

Retrieval Techniques

This review is concerned with a specific aspect of research and develop-
ment (R&D) in information retrieval (IR) systems—that is, the means for
identifying, retrieving, and/or ranking texts (or text surrogates or portions of
texts), in a collection of texts, that might be relevant to a given query (or use-
ful for resolving a particular problem). In particular, retrieval techniques
address the issue of comparing a representation of a query with representa-
tions of texts for the above purpose. Although we necessarily discuss differ-
ent means of representation, our focus is on different techniques for compari-
son and not on the generation of the representations. Figure 1 indicates the
situation with which we are concerned and shows that different representa-
tions allow different retrieval techniques without necessarily specifying them.

Our limitation of the topic of this review also:means that a number of
techniques used for retricval, or discussed in the IR [iterature as having to
do with retrieval, will be discussed only as aspecels of simpler, or basie match-
ing techniques. For instance, in the context of Figure 1, it is clear that *‘feed-.
back” techniques are not different retrieval techniques but rather methods
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Figure 1 Retrieval technique situation

for enhancing the query or request model, which can then be used with
various techniques for eventual or subsequent comparison. Thus, rather than
discussing feedback on its own as a retrieval technique, we mention it as a
representation mechanism for the various specific retrieval techniques.

Limits on This Review

Although there has been no review in ARIST specificaily and solely on
retrieval techniques as we have defined them, there are two that we consider
precursors to this one-namely the chapters by MCGILL & HUITFELDT
and by BOOKSTEIN (1985). The former deals with research in information
retrieval in general and covers retrieval techniques quite well. It thus provides
a starting point for our review. The latter deals with the use of probability
and fuzzy set theories in IR and thus also with their related retrieval tech-
niques. Because Bookstein’s review is so recent, we do not review in depth
all of the post-1980 material he covers. Instead we comment in general on
probability and fuzzy set dependent techniques, and provide detailed discus-
sion only of selected work covered by Bookstein, and of material published
since his review. Thus, our review covers the R&D literature on retrieval
techniques since 1980 except for that dealing with probability theory and
fuzzy set theory, which is primarily post-1985.

Our review also omits research concerned primarily with representational
issues (whether of query or of text); rather it concentrates on work con-
cerned explicitly with different models for actually comparing query repre-
sentation and text representation. We also do not treat research on file
organization or efficiency of storage and retrieval, concentrating rather on
the logic of retrieval, This review covers text retrieval only; it excludes
pattern recognition, image matching, numerical representation, etc. as well
as chemical structure searching,

In keeping with previous ARIST practice, we try to be reasonably compre-
hensive within these limits in our bibliography, but in the text we discuss at
some length selected items as examples of particular approaches. Thus, some
items in the bibliography, although read by us, are not cited in the text.

Aims of This Review

This seems to be an especially appropriate time to review R&D in retrieval
techniques. The general situation in this field can be characterized as follows.
There are a few techniques actually used in large-scale operational IR systems
(namely, Boolean or string searching), and there appears to be some general
dissatisfaction with them. These techniques have become established more
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through practice than theory. At the same time, there are a number of quite
different techniques, usually with a strong theoretical basis, tlml_.'havo been
used almost exclusively in experimental setlings (e.g., probabilistic retrievaly,
but these are now well developed in many of their aspects. These “experi-
mental” techniques, when compared with the “operational” techniques in a
controiled setting, have almost always performed better on standard measures
and often very much better. Since these two types of techniques are now well
established in their respective settings, why has the experimental experience
had so little effect on the operational environment? We attempt to deal with
this question on a technical rather than social level.

A related issue is that although there appears to be a gencral feelin. that
retrieval techniques can be classed broadly as experimental or operational,
the basis for this classification is nothing more than an historical accident of
custom or use. To deal with the issues involved in understanding retrieval
techniques and the associated problems in IR systems, a more principled and
detailed classification seems necessary. One of its aims would be to establish
meaningful relationships among the classes of objects involved. We propose
such a classification and base the structure of our review on it.

For some time a number of researchers in the field have noted that all re-
trieval techniques perform better for some queries than for others. In the
cases where techniques have been compared with one another on a micro
level, it appears that differences in performance on specific queries are
masked by evaluation on cumulated results, and that especially, even when
specific techniques have been shown to perform more poorly than another
technique overall, they may have done much better on at least some individ-
ual queries. Thus, are some techniques better for some kinds of queries than
others? Although there has not been much research on this issue, there is
sufficient experience now to think about an approach to this issue.

Finally, integrated information systems with vastly different problem con-
texts, databases, and so on within them are now being either constructed or
contemplated (e.g., office automation systems, integrated IR and database
management systems (DBMS)). Given the experience discussed above, will
multiple retrieval techniques be necessary within such systems, and if so, on
what bases should they be chosen and used and how can they be integrated
within a single system design? With these questions in mind, we hope to pro-
vide a framework for work already done and perhaps to provide some guide-
lines Lo research on these issues.

Organization of the Review

On the basis of the objectives, the rest of this chapter is structur:d as
follows. First, we present a classification of retrieval techniques and use this
classification as the basis for discussing specific R&D in retrieval techniques
since about 1980. We then discuss comparative performance studies and the
relationship of request representation to retrieval techniques; this leads to the
issues of choosing appropriate retrieval techniques and using multiple
techniques. The next section deals with architectures for integrated informa-
tion systems, including so-called “‘expert’ intermediaries, especially from the



112 NICHOLAS J. BELKIN AND W. BRUCE CROFT
< P

point of view of problems of retrieval techniques. We conclude with a general
discussion of the current status of R&D in retrieval techniques, identification
of the issues and problems that appear to be most crucial, and identification
of research directions that seem to be the most pressing as well as those that
seem most likely to be fruitful in developing retrieval techniques for truly
effective information systems. '

A CLASSIFICATION OF RETRIEVAL TECHNIQUES

We have defined a retrieval technique as a technique for comparing the
query with the document representations. We can further classify retrieval
techniques in terms of the characteristics of the retrieved set of documents
and the representations that are used. Some techniques do not fall naturally
into only a single category in this classification, and others are hybrids of
techniques from different categories, but the scheme is useful for discussing
the broad distinctions among retrieval techniques. Figure 2 gives a diagram-
matic view of the classification. The first distinction that we make among
retrieval techniques is whether the set of retrieved documents contains only
documents whose representations are an exact match with the query or a
partial match with the query. For a partial match, the set of retrieved
documents will include also those that are an exact match with the query.

The next level of the classification distinguishes between retrieval tech-
niques that compare the query with individual document representatives and
techniques that use a representation of documents that emphasizes connections
to other documents in a network. In this category, individual documents are
retrieved, but the retrieval is based on connections to other documents and

Retrieval Techniques
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Figure 2 A classification of retrieval techniques
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not solely on the contents of an individual document. In the network
calegory, we identify the subcalegories of cluster-based searches, searches
based on browsing a network of documents, and spreading activation searches.

The individual category breaks down into retrieval techniques that use a
feature-based representation of queries and documents and techniques that
use a structure-based representation. In a feature-based representation,
queries and documents are represented as sets of features, such as index
terms. Features can be weighted and can represent more complex entities in
the text than single words. The structure-based category is divided into repre-
sentations based on logic, that is, those in which the meaning of queries and
documents are represented using some formal logic, and on representations
that are similar to graphs, in which documents and queries are represented by
graph-like structures composed of nodes and edges connecting these nodes.
Such graphs can be produced by natural language processing (e.g., semantic
nets and frames) or statistical teehniques.,

The feature-based category includes techniques based on formal models
(including the vector space model, probabilistic model, fuzzy set model and
others) and techniques based on ad-hoc similarity measures, In the following
sections, we discuss the techniques that make up these categories in more
detail.

EXACT MATCH TECHNIQUES

Exact match retrieval techniques are those that require that the request
model be contained, precisely as represented in the query formulation, within
the text representation. Implemented as Boolean, full-text, or string searching,
this is the retrieval technique in current use in most of the large operational
IR systems. The disadvantages of this type of technique are well known and
well documented and a variety of aids such as thesauri are required to achieve
reasonable performance. In the simple case exact match searching: 1) misses
many relevant texts whose representations match the query only partially; 2)
does not rank retrieved texts; 3) cannot take into account the.relative
importance of concepts either within the query or within the text; 4) requires
complicated query logic formulation; and 5) depends on the two representa-
tions being compared having been drawn from the same vocabulary. BOOK-
STEIN (1985) mentions sceveral other undesirable characteristics of Boolean
retrieval. Notle that we do not consider the provision of “wild card” strings Lo
be true partial matching.

Given its many and obvious objections, why does exact match searching
remain the paradigm for operational systems? The traditional answers are
that the investment in current systems is so great that changing them is
economically unfeasible, that alternative techniques are untested in large-scale
environments, and that the results of alternative techniques are not sufficiently
better even in experimental environments to justify any changes. A more
significant argument, accepted it seems by all parties, is that the structures of
Boolean statements represent important aspects of user’s queries or problems.

Research in exact match retrieval tgchniques in the period covered has
dealt with all of the problems mentionzd above to some extent and with one

A
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additional problem: that of efficiency of searching for strings. The major
efforts in the logic of exact match retrieval have been in making il less exact,
in taking into account relative importance, and in achieving sensible ranking
rules. The problem of difficulty of use has been approached mainly via inter-
face design, without reference to the underlying technique, while the vocabu-
lary problem has been considered primarily, although not exclusively, one of
request-model elaboration. The efficiency problem has been dealt with by
techniques such as file organization (e.g., ARNOW ET AL.), specialized hard-
ware (e.g., CARROLL ET AL.; HOLLAAR, 1984), and text compression
(e.g., MOHAN & WILLETT). As far as exact match retrieval techniques them-
selves are concerned, there has really been no research during the period
covered by this review. That is, the only exact match logics that are available
are Boolean or simple string matching, and no one has suggested any new
exact matching logic. Thus our discussion devolves to brief mention of some
altempts to modify exact match searching.

It is possible to relax some constraints on exact match searching by the
expedient of specifying parts of the string to be matched which can be
ignored. Truncation (that is, ignoring endings of words after some point) and
so-called “wild-card” searching are examples of this approach. Since there is
really no way to make exact retrieval techniques less exact within their own
logic, all attempts to do so have necessarily resulted in hybrids of exact
techniques and partial match techniques. Since partial match techniques
automatically produce retrieved text rankings, so do these hybrids. Similarly,
all attempts to take into account the relative importance of aspects of query
and text have relied on partial match techniques of one sort or another. We
therefore do not attempt to separate these from one another.

Perhaps the most interesting approach to the question of extending the
logic of exact matching has been the recent effort to deal with Boolean tech-
niques as a special case of either vector or probabilistic models. Salton and his
colleagues have developed an extended vector model, and CROFT (1986) has
proposed a method for making use of the relations established in a Boolean
query within a probabilistic search model. For more detail on these
approaches, see BOOKSTEIN (1985) and the sections on the “Vector Space
Model” and “Probabalistic Model’’ below.

The vocabulary and efficiency approaches to modifying exact match tech-
niques are more properly seen as attempts to deal with problems common to
various retrieval techniques. Thus, for instance, Fox’s relational thesaurus for
Boolean retrieval (FOX, 1987b) is equally relevant for probabilistic or vector
retrieval as are suggestions for a ‘“‘user thesaurus” (e.g., BATES). Some
methods have been developed within operational IR systems to support
request-model elaboration. The ZOOM facilily on ESA-IRS, for instance,
allows frequency-ranked dispiay of terms associated with a retrieved docu-
ment set (INGWERSEN). All such work deals with the problem of reconciling
the query vocabulary with the document or with the index vocabulary in
matching and, as such, is relevant to any retrieval technique that faces this
issue.
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PARTIAL MATCH TECHNIQUES

Individual, Feature-Based Techniques

Techniques in this category are used to compare queries with documents
represented as sets of features or index terms. The document representatives
are derived fiom the text of the document either by manual or automated in-
dexing. Similarly, the query terms can either be derived from a query
expressed in natural language, or an indexing vocabulary can be used direcily
for specifying queries. The retrieval techniques used do not depend on the
indexing method, and the relative merits of automated and manual indexing
are not discussed here. For details on automated indexing technigues and
comparisons with manual indexing, see SALTON (1986a), SALTON &
MCGILL, and SPARCK JONES,

Features can represent single words, stems, phrases, or concepis and can
have weights associated with them. The weighls are typically derived from
the way the feature is used in an individual document, such as a within
document frequency weight, or the way it is used in the document collection,
such as the inverse document frequency weight (SALTON & MCGILL,
SPARCK JONES)." The interpretation of the weights, the way they are used,
and the way they are calculated depend on the particular retrieval technique
and the underlying retrieval model selected.

In the following discussion of feature-based retrieval techniques, we
assume thal a document has a representation consisting of a vector of terms
(d,,dy,....d,, ), where d; indicates the presence or absence of term i and

“has the value 1 or 0. Weights associated with these terms are introduced as
needed. A query has a similar represeniation, with g, referring to the ith
query term. Techniques that deviate from the purely feature-based approach
but are strongly related to it, such as the partial match Boolean query tech-
niques, are also discussed in this section.

Formal  These retrieval techniques are based on formal models of docu-
ment retrieval and indexing. In this review, we concentrate on the major
modeling approaches that have been used for informalion retrieval: vector
space, probabilistic, and fuzzy set. The reader is referred to BOOKSTEIN
(1985), ROBERTSON (1977b), SALTON (1979), and VAN RIJSBERGEN
(1979) for further discussions of models of information retrieval. Bookstein’s
1985 review, in parlicular, has deseribed the probabilistic and fuzzy set
models in detail, and the presentation in this paper emphasizes the retrieval
techniques based on those models, rather than theoretical aspects.

Vector space model.  In the vector space model, documents and queries
are veclors in an n-dimensional space, where cach dimension corresponds Lo
an index lerm. The model has intuitive appeal and has formed the basis of a

'The within-document frequency is the number of times an index term
(usually a word stem) occurs in the document text (usually the abstract).
The inverse document frequency is the inverse of the relative frequency of a
term in the collection. The logarithm of this ratio is often used, giving a
weight of log N/n, where N is the number of documents in the collection
and n is the number of documents that contain the term.
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large part of IR research, including the SMART system (SALTON, 1968;
SALTON & MCGILL). Although this was one of the first models proposed,
modifications to it are still appearing (WONG & RAGHAVAN; WONG ET
AL.). From the point of view of retrieval techniques, there have been very
specific recommendations about how the model should be applied in opera-
tional systems (SALTON, 1981; 1986a). The recommended retrieval process
is as follows:

1. Term weights are calculated using a combination of the
normalized within-document frequency (¢/) and the inverse
document frequency (idf). This {/.idf weight can be calculated
for document terms either as part of the retrieval process or,
less accurately, when the document is indexed.

2. Terms that have poor ‘“discrimination value” (terms that are
not useful for distinguishing among documents) are replaced
by terms represenling thesaurus classes for low-frequency
terms and phrases for high-frequency terms. Discrimination
values are calculated by observing the document space before
and after assignment of a term. If the documents tend to move
together after assignment (as measured by the average pairwise
similarity), the term is a poor discriminator.

3. Documerits are ranked in decreasing order of similarity to the
query as measured by the cosine correlation (intuitively re-
trieving those documents closest to the query in vector space).
This is calculated by formula 1:

E d;g; /\/Z d? g 1)

where d; is the if.idf weight.

There are some important points to make about this retrieval technique
that also apply to other techniques. First, the exact formula for calculating
term weights, such as {f.idf, may vary from one system or set of experiments
to another. For example, it is common in calculating the idf weight to
normalize the document collection frequency with the maximum collection
frequency rather than simply the number of documents in the collection; this
is done to expand the range of idf weights that result. Similarly, in some
experiments the tf weight is normalized with the maximum within-document
frequency, and in others it is not normalized. These details can have a signi-
ficant impact on the effectiveness of a system, and it is essential to check
their validity. .

Second, when similarity measures are used, the query is not directly com-
pared with every document in the collection to produce a ranking. Typically,
an inverted file is used to exclude documents that have no terms in common
with the query. Refinements of this technique have been devised to reduce
search time further (BUCKLEY & LEWIT; CROFT & PARENTY; SMEATON
& VAN RIJSBERGEN, 1981).
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Finally, although the term weighting done in steps 1 and 2 is often reparded
as part of the indexing process, it can also be done during retrieval. The
weights used follow directly from the retrieval models described in the next
section, and because the collection is dynamic, they can be more accurately
calculated during retrieval. The identification of important relationships
among words and the expansion of terms to include thesaurus classes can also
be part of retrieval since it is those relationships and terms that are relevant
to a particular query that should be identified (CROFT & THOMPSON,
1987).

An important extension of the retrieval techniques based on the vector
space model is extended Boolean retrieval (FOX, 1983; SALTON, i983,
1985; SALTON & VOORHEES; SALTON ET AL., 1983b; SALTON ET AL.,
1985). This technique overlaps the structure-based category because it uses
structured (Boolecan) queries. That is, the query is formulated with index
terms and the Boolean operators AND, .OR, and NOT. The prevalence of
systems that use Boolean queries has led researchers Lo consider the problem
of producing ranked output from Boolean specifications. In this approach to
the problem, a similarity measure is defined that ranks documents, giving
precedence to those that match all or part of the Boolean specification. For
example, consider a situation in which document 1 contains terms A and B,
document 2 contains terms B and C, and the query is A AND (B OR ().
Ignoring the effect of term weights, the standard cosine correlation would
rank documents 1 and 2 cqually because both have two query Lerms, The
extended Boolean similarity measure would rank document 1 higher because
it matches the Boolean query specification. The addition of term weights
makes the calculation more complex, but the general effect is the same.

Research based on the vector space model has led to other techniques,
such as relevance feedback, clustering, and document space modification
(SALTON, 1968). These techniques are discussed in other sections.

Probabilistic model. The version of the probabilistic model that is dis-
cussed most often in research papers was introduced by ROBERTSON &
SPARCK JONES and VAN RIJSBERGEN (1979). Other forms of the model
are discussed by BOOKSTEIN (1985), but these have not contributed signifi-
cantly to the development of new retrieval techniques. The advantages of the
probabilistic model are the insights it gives into techniques that have been
used in previous research and that it is a powerful framework for developing
new techniques.

The retrieval techniques based on the probabilistic model are very similar
to those developed from the vector space model. The basic aim is to retrieve
documents in order of their probability of relevance to the query (ROBERT-
SON, 1977a). If we assume that document term weights are cither 1 or 0 and
that terms are independent of each other, this can be shown to be achieved
by ranking documents according to Formula 2:
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where g; is a weight equal to log pr; (1-pnr;)/pnr; (1-pr;) where pr; is the prob.-
ability that term i occurs in the relevant set of documents, and pnr; is the
probability that term i occurs in the nonrelevant set of documents.

The problem in applying this ranking function is to estimate the probabilities
in the query term weights. Experimental results have shown that pnr is best
estimated from the entire collection (HARPER & VAN RIJSBERGEN). This
means that the formula, pnr; = n;/N (where n; is the number of documents
that contain term i and N is the number of documents), is a reasonable esti-
mate. If a set of relevant documents is available (for example, after feedback),
the best estimate for pr; is r;/R, where r; is the number of relevant documents
that contain term i and R is the total number of relevant documents. This is
another case in which details are important. The actual estimation formula
that provides the best results is (r; + 0.5)/(R + 1) (SPARCK JONES &
WEBSTER). When r; is 0, this estimate is too high and a value of 0.05 for pr;
is used. If a sel of relevant documents is not available, as in an initial scarch,
the retrieval technique suggested by the simple probabilistic model is approxi-
mately equivalent to using the idf weight in Formula 2 (CROFT & HHARPER).

The probabilistic model can be exlended to use within-document frequency
information (CROFT, 1983b). In this case, the term weight used in Formula
2 is ts.idf, where {s is a term significance weight that measures the importance
of a term to a particular document. The (s weight is best estimated with the
normalized within-document frequency. This form of the ranking function is
virtually identical to that developed from the vector space model (CROFT,
1984). Another approach to incorporating term weights is described by
FUHR.

A number of proposals have been made to remove the term independence
assumption of the_probabilistic model. HARPER & VAN RIJSBERGEN,
VAN RIJSBERGEN(1977), and YU ET AL. (1979; 1983) describe retrieval
techniques that invol#:.calculating correlations between terms (or term
dependencies) in the document collection. These dependencies are then used
to expand queries and change estimates of the relevance of documents. It has
been shown that if there is sufficient information about the occurrence of
terms in relevant documents, these retrieval techniques could significantly
improve effectiveness. In practice, however, estimation problems make it
difficult to realize any of the potential benefits (VAN RIJSBERGEN ET AL.;
YUET AL., 1983).

Another approach is to identify important dependencies in the query and
to use the presence of those dependencies to modify the document scores
according to a probabilistic model that assumes term dependence (CROFT,
1986). This avoids the calculation of dependencies that are not used in
queries and identifies those dependencies most likely to affect retrieval effec-
tiveness. The retrieval technique based on this model modifies a ranking pro-
duced with Formula 2 and ts.idf weights by adding a correction factor to a
document score for each set of dependent terms that the document contains.
The dependencies used by this technique can be identified using groups of
query terms joined with the Boolean AND, thereby allowing structured
queries to be used with a probabilistic retrieval model.
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The maximum entropy approach suggested by COOPER and COOPER &
HUIZINGA can be interpreted (as it has been by them) as effectively simulal-
ing Boolean relations within a statistical retrieval environment. For details on
this work, see BOOKSTEIN (1985).

Fuzzy set. A fuzzy set approach to information retrieval has been dis-
cussed in many papers (BOOKSTEIN, 1985). The main contribution of this
work in terms of relrieval techniques has been the integration of Boolean
queries with ranking techniques. This integration is limited, however, when
compared with extended Boolean retrieval based on the vector space model
or the use of term dependencies in probabilistic models.

Ad hoc. A number of similarity measures for comparing queries and
documents have been proposed in the literature (MCGILL ET AL.; SALTON,
1968). Many of them were developed in the context of numerical taxonomy
(SNEATIH & SOKAL). Similarity measures typically consist of a measure of
the overdap of the query and document sets of terms normalized by the size
of the sets involved. IFor example, Dice’s coefficient is 2(Q0)/(JQ | +.1D1) for
queries and documents represented as sels of unweighted index terms.
Although these measures are similar to those deseribed in the last section
(we do not consider the cosine correlation to be ad hoc), they are not based
on a particular model of document retrieval. Thus, there is no means for
comparing measures apart from exhaustive evaluations such as that done by
McGill et al. These types of evaluations are never conclusive, and a more
appropriate molivation for using a particular lechnique for ranking docu-
ments is to base the choice on a well-founded retrieval model. Small differ-
ences in weights can lead to significant differences in results, and approaching
the design of similarity measures in an ad-hoc manner can lead to a confusing
collection of results. .

"
Individual, Structure-Based Techniqlies

In this category of retrieval techniques, either the query or the documents
or both are represented by more complicated structures than the sets of terms
used in feature-based techniques. We have already encountered retrieval tech-
niques designed to deal with Boolean queries, although these were still pri-
marily feature-based. The types of techniques described here typically rely on
a much richer representation of the knowledge in the subject domain covered
by the documents and queries. This domain knowledge can be regarded as a
more complex form of the thesaurus information found in many systems.

Logic. 1t is theoretically possible to represent the information conveyed
by the text in documents as sentences in a formal logic. For example, the
slatement, “DEC sells computers,” could be represenied in first-order
predicate calculus as (sells dec computer). Similarly, the statement, ‘‘If a com-
pany sells computers, it is financially viable,” could be represented as (forall
(x) (if (sells x computer) (viable x))). More complex sentences require more
complex logic representations (CHARNIAK & MCDERMOTT). Given a logic
representation of document content, a query in the same logic could be
answered by inference using the rules associated with that logic. For example,
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the query (viable ?) can be answered by forward chaining (a form of modus
ponens) from the sentences given above. This approach to information
retrieval has been studied by WALKER & HOBBS and SIMMONS and is
related to the natural language research of people like Schank (SCHANK;
SCHANK & ABELSON). Simmons has represented a portion of the Hand-
book of Artificial Inielligence (COHEN & FEIGENBAUM) in logic and
retrieves answers to quetries in this domain (SIMMONS). The critical problem
with this approach is the translation of the text into logic. In current experi-
mental systems, this is done manually.’

VAN RIJSBERGEN (1986a) has proposed a framework for information
retrieval based on logic. He describes retrieval as a process of determining if
a query (expressed in logic) can be inferred from a document’s content
(expressed in logic). In many cases, this inference cannot be made directly
because information is missing in the document; in these cases the inference
is uncertain. This framework can be used Lo describe other models of re-
trieval and may lead to further insights butl currently has not produced new
retrieval techniques.

The notion of uncertain inference is also the basis of the RUBRIC system
(TONG ET AL.). A part of this system provides standard full-text document
retrieval, Queries, however, are represented as rules that describe how pieces
of evidence in the document text can be used to infer the relevance of the
document. Numbers are attached to the rules to represent the certainty of the
statement. For example, a query may be represented by the rules

“information”” AND *‘retrieval’’ —>information-retrieval (0.6)

‘information’’ ADJACENT “retrieval” —> ,
information-retrieval (0.9)

“probabilit’ —> probabilistic-model (0.5)

“information-retrieval” AND “probabilistic-model” -
probabilistic-information-retrieval (0.9)

If a particular document contains the sentence, ‘Retrieval of information
with high probability of relevance is desirable,” the rules above will be used
to infer that the document is about information retrieval with a certainty of
.6, probabilistic models with a certainty of .5, and probabilistic information
retrieval with a certainty of .45 (.5 x .9). This type of rule-based representa-
tion has also been used for thesaurus information to infer concepts that are
related to terms in a query (CROFT & THOMPSON, 1987; SHOVAL).

Graph. A number of structures fall into this general category. The general
characleristic of a graph-like representation is a set of nodes and edges (or
links) connecting these nodes. Specific examples include semantic nets and
frames (CHARNIAK & MCDERMOTT), which are typically produced by
natural language processing. Simpler network structures can also be produced
by statistical techniques, such as those used in the ASK (anomalous states of
knowledge) project (BELKIN ET AL., 1982; BELKIN & KWASNIK).
Retrieval techniques in this category must look for similarities in the struc-
tures of query and document graphs. This similarity can be used directly to
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determine if a document should be retricved or to modify a document
ranking.

BELKIN & KWASNIK, for instance, describe the identification of regions
of interest in graphs generated by a co-occurrence analysis of narrative
“problem statements” (ASK representations). These areas are identified as
specific kinds of structures within the graph, such as groups of highly inter-
connected nodes at high association strengths or two such groups weakly
connected with one another. The structural nature of the ASK graph is then
used Lo determine first the terms that will be matched against the database of
documents, then the ranking of the retrieved documents. The first retrieval
stage lakes litlle account of the relationships of the terms within the docu-
ment structures (computed in the same way as the ASK structures), using
instead the ASK structure to identify terms that either must or may appear
in the text structures. In the second stage, the candidate set of retrieved
documents is then ranked according Lo how well cach satisfies desirable
criteria of term position, importance, and relationship to other terms as
established by rules associated with the structures identified in the ASK
representation. This retrieval method has not been tested in a formal experi-
meni, but it appears to have some possibilities of providing a way to use
graphical representations to choose different retrieval strategies. It may also
be of use in specifying term dependencies that can then be used by other
retrieval techniques.

The general method of first making a rough pass at the text collection,
omitting graph matching of any sort, and then using the graphs to order the
retrieved set is typical of graph- and structure-based techniques. The reason
for this is that graph matching of any sort is computationally difficult, and
searching the entire database is almost always an intractable problem. Another
approach is to use very general characteristics of the graphs to define the
search space and then progressively to refine the search. This has been used
successfully in similarity searching for chemical structures (e.g., WILLETT
ET AL.).

Network

Cluster. A cluster is a group of documents whose contents are similar. A
particular clustering method gives a more detailed definition of a cluster and
provides a technique for generaling them. The use of clustering for informa-
tion retrieval was a major topic in the SMART project (SALTON, 1968). The
approach used was to form a cluster hierarchy using an ad-hoc clustering
technique. The cluster hierarchy was formed by dividing documents into a
few large clusters, dividing these clusters into smaller clusters, and so on. A
top-down search of the cluster hierarchy is performed by comparing (using a
similarity measure) the query to cluster representatives of the top-level
(largest) clusters, choosing the best clusters, comparing the query with
representatives of lower-level clusters within these clusters, and so on until a
ranked list of lowest-level clusters is produced. The documents in the top-
ranked clusters are then ranked individually for presentation to the user. A
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cluster representative can be generated in various ways, but in general it

represents the average properties of documents in the cluster.

Jardine and Van Rijsbergen also used a top-down search of a cluster hier-
archy, with the difference that the hierarchy was produced using a formal
clustering method (single-link) and clusters were retrieved in their entirety
without individual document ranking (JARDINE & VAN RIJSBERGEN).
The cluster hypothesis was introduced as a basis for using cluster searches to
improve retrieval effectiveness relative to ranking individual documents.

CROFT (1980) described a probabilistic model of cluster searching and in-
troduced the bottom-up retrieval technique. Here the query is compared with
representatives of the lowest-level clusters directly, and documents in the top-
ranked clusters are retrieved. The emphasis on small, well-defined clusters has
led to the development of retrieval techniques based on the generation of the
document’s necarest neighbors (CROFT & PARENTY; GRIFFITHS ET AL.,
1986). A document’s nearest neighbors are those most similar to il, and a
cluster of nearest neighbors is very similar to the lowest-level single-link
clusters (WILLETT, 1984b). Given a network of documents connected to
their nearest neighbors, it is possible to generate clusters and their representa-
tives at search time with considerable storage savings (CROFT & PARENTY).

A retrieval technique that has strong similarities to those based on nearest
neighbors is Goffman’s indirect retrieval method (GOFFMAN). This tech-
nique has been used in some recent research (BADRAN). Other recent
research on clustering techniques has compared the relative effectiveness and
efficiency of different types of clusters (VOORHEES).

Browsing. If the documents, terms, and other bibliographic information
are represented in the system as a network of nodes and connections, the user
can browse through this network with system assistance. Browsing is an inter-
esting retrieval technique in that it places less emphasis on query formulation
than do other techniques and relies heavily on the immediate feedback pro-
vided by user browsing decisions. The THOMAS system (ODDY) uses index
terms as starting points in a simple network of documents and terms,
Through dialog with the user, the system uses the network to build a model
of the user’s information need that includes relevant documents found during
the process. The browsing component of the I°R system (CROFT &
THOMPSON,, 1987) contains nodes that represent documents, index terms,
domain knowledge, authors, and journals. The links represented include
indexing information, thesaurus information, nearest neighbors, citations, and
authorship. The system makes browsing recommendations based on the
number and types of connections between and among documents but allows
users to choose any path.

Other research in browsing concentrates on the use of visual representa-
tions of the document database to acquire information from the user inter-
actively (FREI & JAUSLIN). .

Spreading activation. Spreading activation is a retrieval technique that has
some similarities to browsing. A query is used to “activate” parts of a net-
work that describes the contents of documents and how they are related to
each other. In the simplest case, the query would activate index term nodes
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that are connected to document nodes and other terms. In more knowledge-
intensive networks, the links and nodes represent concepts from the subject
domain and how they relate to each other as well as the documents that con-
tain those concepts (COHEN & KJELDSEN; RAU). From the “start nodes”
provided by the query, other nodes connected to those nodes are in turn
“activated” (hence, the term “spreading activation”). Criteria, such as thresh-
old values that decrease as the activation propagates through the network or
rules about the reasonableness of the inference implied by using a particular
link, are used to control the spread of activation. Activation can converge on
particular document nodes from a number of links. These highly activated
nodes are retrieved,

In a simple network of documents and terms, the documents that have a
high level of aclivation after the first links from the query nodes are followed
will be those documents that have a high number of terms in common with
the query. If the activation spreads to other terms connected to those docu-
ments and then to other documents, the documents retrieved in this second
phase will be similar to those found by a cluster search based on nearest
neighbors. When the aclivation is refined using inference rules and more link
types, it is more difficult to relate the retrieved documents to those found
with conventional techniques. The retrieval technique in this case is more
similar to structure-based techniques.

FEEDBACK METHODS

Relevance feedback techniques are not considered retrieval techniques by
our criteria. Rather they are used to refine the request model, which is then
used for another search. Feedback techniques are, however, an extremely
important part of ensuring that a document retrieval system will be effective,

These techniques were primarily developed in the context of feature-based
retrieval (SALTON, 1968) although the principles apply to any retrieval tech-
nique. The main parl of relevance feedback is the adjustment of weights
associated with query terms. This adjustment is done on the basis of term
occurrences in the documents identified by the user as relevant. The prob-
abilistic model has a particularly strong motivation behind this weight adjust-
ment in that the identified relevant documents provide a sample to estimate
the pr values. The query (or request model) can also be changed by the
addition of new terms from relevant documents. Some control is needed over
the number of new terms added, and it seems that the most reliable method
is to have users identify interesting terms in relevant documents.

Other types of modifications based on feedback are possible, such as add-
ing term dependencies identified in relevant documents or modifying the
“document space” (document indexing) to make relevant documents more
similar to the queries. Attempts have also been made to use adaptive mecha-
nisms to select retrieval techniques appropriate for a particular query
(CROFT & THOMPSON, 1984). There have also been some attempts to use
this type of information for feedback in operational systems, presenting it to
the user, who then adjusts the query manually (e.g., INGWERSEN).



124 NICHOLAS J. BELKIN AND W. BRUCE CROFT
RELATIVE PERFORMANCE OF RETRIEVAL TECHNIQUES

Comparative Performance Studies

The evaluation of IR systems has been a major topic of research for a
number of years (VAN RIJSBERGEN, 1979). Although there have been and
continue to be problems with the evaluations that have been done, these
results, together with theoretical results derived from underlying models,
provide valuable information about the relative performance of retrieval
techniques. Again, we do not argue the relative merits of automated vs.
manual indexing in this paper. In a recent article, SALTON (1986a) summarizes
these arguments and other results. In making the comparisons in this section,
we shall not discuss the particular effectiveness measures used. When a differ-
ence is described as significant, we are following the generally accepted “rule
of thumb” guidelines of at least 10 percent increases in recall and precision.

The first important result is that all available evidence points to the
superiority of partial match techniques over exact match techniques (in
particular, see SALTON ET AL., 1983b). Although there are problems with
making direct comparisons between the sets of retrieved documents, it appears
that the difference in effectiveness is significant. For feature-based retrieval, the
evidence indicates that the best performance is provided by the probabilistic’
retrieval strategy incorporating term significance weights or its equivalent, the
tf.idfcosine correlation combination. This retrieval technique uses a simple
similarity measure (the inner product) and the effectiveness is due entirely to
the index term weights used. Results that indicate superiority of one technique
over another in this context (e.g., SALTON, 1986b) can be interpreted in
“terms of the estimates used for the weights. The use of good estimates is the
major factor in obtaining the best performance from these techniques.

The use of term dependencies to modify document rankings can also
improve performance but only if the dependencies are accurately identified
by the user or natural language processing techniques (CROFT, 1986). The
same problems occur with the extended Boolean retrieval technique
(SALTON & VOORHEES). Techniques that rely on identifying dependencies
in document collections independently of a particular query do not seem to
give significant improvements (VAN RIJSBERGEN ET AL.; YU ET AL,
1983). The automated use of thesaurus information to expand queries
appears to be effective but only if the terms expanded and the type of
thesaurus information used are tightly controlled. Relevance feedback can
give very good results even when few relevant documents are identified
(SPARCK JONES & WEBSTER).

Cluster-based searches can achieve levels of performance that are similar to
individual feature-based searches (CROFT, 1980; GRIFFITHS ET AL., 1986)
but in general they tend to be better for high-precision results. The primary
advantage of cluster searching, however, is that it retrieves different relevant
documents than, say, a tf.idf search, and for some queries it works much
better (CROFT & HARPER; GRIFFITHS ET AL., 1986). Cluster-based re-
trieval, therefore, is a good alternative technique to the individual feature-
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based method. Systems have been designed to allow both retrieval techniques
to be used simultaneously or for cluster searches to.be used when other tech-
niques fail (CROFT & THOMPSON, 1987).

Although the techniques described so far can achieve reasonable levels of
performance and can be implemented efficiently in operational systems, there
is still a lot of room for improvement in terms of absolute performance. To
obtain much higher levels of performance, it is apparently necessary to con-
sider knowledge-intensive techniques such as structure-based retrieval or
spreading activation. The problem is that because these techniques are knowl-
edge-intensive, they are difficult to implement and have been tested only with
very small collections of documents in very specific domains. Techniques that
use some form of natural language processing to construct representations of
document and query content have been studied in IR for some time (c.g.,
SPARCK JONES, 1974). lixperiments with these lechniques have never
achicved significant performance benefits, often because the information
derived {rom natlural language processing was used in inappropriate ways.
Hybrid systems (CROFT & LEWIS; SPARCK JONES & TAIT; TONG ET
AL.) that combine knowledge-intensive techniques with efficient full-text
retrieval or ranking strategies appear (o have significant promise. The
RUBRIC approach seems particularly suited to users who are prepared to
spend a lot of effort in constructing queries and would not be appropriate
in a general environment. Cohen’s recent paper (COHEN & KJELDSEN)
provides a detailed eyaluation of a spreading aclivation technique that
achieved good results. The problem of translating text into the representa-
tions used, however, remains unsolved.

Relationship of the Request Mode! to Retrieval Techniques

It has probably become clear that it is difficult to separate the retrieval
technique from the form of representation used in the request model. There
is, however, a clear message from the evaluations performed in IR research.
Whatever retrieval technique is used, the quality of the results depends almost
entirely on the accuracy of the information in the request model. More
sophisticated retrieval techniques can use more detailed request models but
constructing these models requires more user effort. It is Lthis process of an
intermediary’s interaction with the user to formulate the query that is the
heart of current retricval systems, and it is also crucial for more advanced
retrieval systems. This obvious fact has led to a lot of research in expert
intermediary systems (e.g., BELKIN ET AL., 1983; CROFT & THOMPSON,
1987; MARCUS). These systems engage the user in a dialog with a variety of
facilities to acquire a detailed request model. The systems also assist the user
in evaluating the retrieved documents and, in some cases, in selecting retrieval
techniques.

Predicting Appropriate Retrieval Techniques

A number of experimental results have indicated that although different
retrieval techniques appear to have similar results, they often retrieve
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different relevant documents for the same query. The use of alternative con-
tent representations, such as citation information, can also result in the retrieval
of different documents. Different techniques also vary in their performance
for different queries. If the best results from different techniques for individual
queries could be selected, very high performance would be possible (CROFT
& THOMPSON, 1984; GRIFFITHS ET AL., 1986). The problem is then to
identify which technique (and representation) is appropriate for a particular
query. Unfortunately, growing evidence shows that this is extremely difficult
if not impossible (e.g., MCCALL & WILLETT). One solution is to design
systems to use alternative strategies (such as probabilistic, cluster, and brows-
ing) and alternative representations (such as index terms, citations, and
semantic nets) (BELKIN ET AL., 1982; CROFT & THOMPSON, 1987). The
selection of a particular strategy and representation can be guided by rules in
consultation with the user. Given such a system, retrieval can be viewed as a
form of plausible inference (VAN RIJSBERGEN, 1986a) or gathering of
evidence about the relevance of documents from various sources.

ARCHITECTURES AND TECHNIQUES
FOR INTEGRATED SYSTEMS

It seems, therefore, that there are strong arguments either for using
specific retrieval techniques for specific kinds of queries—on the assumption
that some techniques are more appropriate for some queries than for others—
or for using many retrieval techniques on a single query in the hope that the
combination will result in a satisfactory response when no single technique
is adequate. The latter position does not really require any specific kind of
system architecture or design to be implemented other than having repre-
sentations that allow the various techniques to be used. On the other hand,
the task of choosing a specific technique for specific circumstances presents
a more significant problem.

The SIRE system (KOLL ET AL.) is an example of a system that provides
several retrieval techniques that can be used singly or in combination for any -
specific query. In this system the user chooses the technique. Systems that
automatically choose the technique or that have special techniques or data
structures associated with specific kinds of queries or problems present are
more problematic. This approach has arisen in two basic conlexts. One is the
context associated with so-called ‘“‘expert” information systems in which it is
assumed that different techniques will be required for different kinds of
queries; the other is in office automation and/or integration of DBM and IR
systems. Here different data types or structures seem to imply the need for
different techniques, and there are many different user populations with
presumably different data needs. We discuss some approaches to these
problems below. |

“Expert’”’ Information Intermediaries and Systems

Several “expert” or “inteiligent” information systems have been proposed
that have assumed that multiple retrieval strategies will be necessary to re-
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spond to different query types. We have already discussed one such proposal,
the ASK approach (BELKIN ET AL., 1982). It is based on the hypothesis
that there will be different categories of anomalous states of knowledge that
will require different retrieval strategies. The architecture of this proposal
was never fully specified, although it was clear that an elaborate request
model would be necessary to do the correct request classification. BELKIN &
KWASNIK suggest some strategies and note how they can be chosen accord-
ing to structural representations of the user’s ASK. For details of the kinds of
techniques, and the types of characteristics of ASKs, see the section on
Graphs above. Here, il is sufficient to say that the system design requires a
representation of the texts in structural terms, as well as of the queries, and
that the alternative retrieval techniques are chosen in a rule-based stepwise
manner, operating directly on the text representations.

There have been several suggestions for intelligent information systems
based on a “distribuled expert” model, in which a number of functions (e.g.,
building up a request model, building a user model, and choosing a retrieval
technique) are isolated as separate processes that communicate with one
another. BELKIN ET AL. (1983) suggested the logical design for such a
system, and CROFT & THOMPSON (1987) and FOX (1987a) have built
prototypes of similar systems. Although the details of these systems differ,
they share some significant characteristics in terms of what functions are
specified and how they are related. From our point of view, they all assume
that different retrieval strategies will be necessary for different user situa-
tions, and therefore a major function of their retrieval strategy or technique
expert is to choose one of several techniques available, based on information
provided by the other experts about the user. Croft and Thompson have
available in their systemn both probabilistic and cluster searching as well as a
separate browsing component that the user can choose to instigate, and Fox
has implemented separate p-norm search (a form of extended Boolean
retrieval—see FOX, 1983) and browsing experts. As yet there is no strong
reasoning capability in any of these systems for choosing one or another
retrieval technique, but the general architecture of separation of functions
seems to be useful in this regard. This work in general has progressed on the
assumption that the more elaborate the request model, the more likely that:
1) any retrieval technigque will work well, and 2) that a most appropriate
technique can be selected. These assumplions have yel to be rigorously
tested.

Other intelligent interface or system designs have paid less attention to
incorporating multiple retrieval techniques, relying instead on elaboration of
the request model through interaction (e.g., MARCUS) or through natural
language access to the syslem (e.g., GUIDA & TASSO) in order to use a single
technique already in place, KRAWCZAK ET AL. use a hierarchical representa-
tion of the knowledge associated with a particular domain (in this case .
environmental pollution), in order to guide this interaction.

Multimedia and Integrated”’ Information Systems

For some time there has been active research in attempting to integrate
DBM and IR systems into a single system or model (e.g., SCHEK). The
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impetus for such work has been twofold. First, the two models offer different
capabilities for, and have different problems in, data management and query
formulation; these might complement one another in various ways if they
were incorporated into one system. Second, it has been suggested that the
two systems might provide different retrieval techniques and interfaces appro-
priate to different classes of users or to the same users with different
problems, CROFT (1982) provides an overview of these positions and
suggests that knowledge-based or “expert” systems. be included in such an
amalgamation.

Proposals for integration have generally {aken the form of putting an IR
interface on top of a DBM system (DBMS), thus effectively translating the
IR-based query into a DBMS “exact match’ retrieval technique. This tech-
nique may be useful for managing very large databases efficiently, but as a
multiple architecture it leaves something to be desired. A different approach
is exemplified by the HAM-ANS (HAMburg- Application-Oriented Natural
language System) project (HOEPPNER ET AL.), in which a single interface
is used to access three different kinds of databases: factual, document, and
“knowledge.” Although the project did not actually manage to integrate this
access entirely, the system was meant to be able to choose an appropriate
database (and therefore its appropriate retrieval technique) according to
characteristics of the user’s query.

Research in office automation hasalso led to proposals for new architectures
for information systems (VAN RIJSBERGEN, 1986¢). Here the problem is
twofold. First, the documents in the office environment are of many types,
and even within a single type, they are often multimedia (i.e., made up of
mixtures of text, images, data, tables, voice, and so on). Standard DBMS re-
trieval techniques are inadequate in this environment. Second, the range of
users and uses of such systems is very broad, meaning that it might be necessary
to identify particular uses with specific retrieval techniques or at least types
of documents. The typical response in the first case has been to define strictly
the general office document or object and its parts. One can then presumably
identify from the query what kind of document, or what part of the docu-
ment, is desired and search accordingly (e.g., CHRISTODOULAKIS; HARPER
ET AL.). This approach has led to proposals for architectures that include
DBMS and conventional IR techniques and sometimes others, such as browsing
(for a review of such systems, see SMEATON & VAN RIJSBERGEN, 1986).
In the case of the second issue, very little has been proposed since up to now
there has been little systematic investigation of the users on which to base an
architecture.

Overall, little seems to have been done to attack the problem of how, in
principle, to choose the techniques that should be incorporated in such
systems, although the work on document types is promising. Even less seems
to have been done on how to design a system that will choose an appropriate
technique automatically- i.e., without direction from the user. :
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CURRENT STATUS AND FUTURE RESEARCH
IN IR TECHNIQUES

The Situation Now

One can conclude from this review that there is a disquieting disparity be-
tween the resuits of research on IR techniques, which demonstrate fairly con-
clusively, on both theoretical and empirical grounds, the inadequacy of the
exact match paradigm for effective information retrieval and the status of
operational IR systems, which use almost exclusively jusi one exact match
technique--Boolean logic. This, of course, is not exactly news. What is
perhaps new is the directions in which IR technique research is going. In the
past, most research in retrieval techniques was rather far removed from opera-
tional environments and to some extenl even from operalional constraints.
The past several years seem Lo show movement in this research in three diree-
tions; two rospona to some extent to what may have been problems in
acceplance of research results; the third scems Lo offer promise in greatly
improving retrieval performance.

First there has been a good deal of work on relating partial match tech-
niques Lo exact matching, as in extended Boolean searching and the use of
Boolean-derived dependencies in probabilistic searching. This can be seen as
a response to the demands of the operational environment. Similarly, there
are at leasl a few studies being carried out of partial-match techniques in
operational environments (e.g., ROBERTSON ET AL.), which are explicitly
designed to attend to the criticism that such techniques have never been
demonstrated to be worthwhile in large systems. There are also several micro-
computer-based systems that use partial match techniques in operational,
albeit smailer, environments—e.g., the SIRE system (KOLL ET AL.).

The second response seems to be the realization that no one technique will
be adequate for all purposes and that either a mix of techniques or a principled
choice of techniques is required to improve IR system performance. Thus,
there is perhaps less in-fighting among the various camps and more willingness
to accept the usefulness of particular techniques in specific circumstances.
This tendency may have been encouraged by the special problems of the
office automation environment and by the many resulls indicating that
although different techniques perform similarly, they retricve different
relevant documents.

The third new direction we note is increasingly complex representations of
the request or user’s problem. As noted, although retrieval techniques are not
the same as representations, the techniques one can use are determined by the
representation. The more complex the representation, one might think, the
more kinds of retrieval techniques are possible. Much, although not all, of the
work of this type has had its roots in the knowledge representation schemes
associated with artificial intelligence research. In general, this work seems to
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have arisen because of an increased understanding of the importance of the
request model (or understanding of the user) to all of IR.

Open Problems

Some issues that have been raised by current research in IR techniques and
some that have been around for a while have become particularly important.
These open problems will need to be resolved before there wiil be great
improvements in IR system performance, but at least some IR technique
research is now attacking them. ‘

First, and extremely important, is our understanding of the gaps between
perfect, optimal, and current performance of IR systems. We know more or
less what current performance is (although we may not be happy with the
evaluation measures). We do not know, however, what perfect performance is
now thatl it is generally accepted that the ideal of all and only the relevant
documents is not the goal for all users at all times. Nor do we have any under-
standing of what optimal performance might be other than a widespread feel-
ing that none of the current techniques seems able to achieve it alone and
that current performance therefore is suboptimal. This, of course, is an
assumption, which we also hope is valid. Thus, the issues that need to be
seriously addressed are: 1) what is perfect performance and why is it perfect;
2) what is optimal performance and why is it optimal; and 3) how can
optimal performance be achieved.

There is a growing feeling that it is inappropriate to treat all queries with
just one technique and that multiple techniques could be used on single
queries. This might be a way to approach the problem of optimal performance,
but first some questions must be answered. For example, different retrieval
techniques seem to operate differently on queries. We need to discover what
aspects of the request model the various techniques capture or reflect. Then
we can begin to learn how to choose techniques appropriate to different user
situations and decide whether and how to apply several techniques to the
same request.

Also 'we need some ideas about how to develop new retrieval techniques.
If the previous questions have been answered, at least to some extent, it may
be possible to suggest techniques that directly approach the issue of optimal
performance or that respond to aspects of the user’s problem that other tech-
niques do not but that theory indicates are important. This, of course, will
depend on the development of representations that will allow such techniques
to be useful.

There is now some reason for optimism because, as this review has shown,
not only is there dissatisfaction with current retrieval techniques, but signifi-
cant work is at least beginning to attack all of the questions we have raised.
Thus, we expect to see much more work in the near future on the relation-
ship between technique and request model, on the testing of experimental
techniques in operational environments, on the specification and implemen-
tation of new architectures for multiple retrieval techniques, and especially
on methods and effects of request model elaboration and their use in the
development of new retrieval techniques.
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