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Abstract

In modern retrieval environments, collection searches are normally conducted on-line under user control.
Iterative collection searches can then be performed where tentative queries are initially processed, to be succes-
sively improved and refined during the search process. When searches are carried out directly by the users, classi-
fied document organizations are especially useful, because collection browsing becomes possible, and access is pro-

vided to complete groups of related documents.

The state-of-the-art in automatic document classification is summarized in the present study, and evaluation

data are provided to demonstrate the effectiveness and efficiency of clustered file search operations.
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1. Introduction

Conventional automatic search systems normally depend on the availability of large term indexes specifying
the addresses of applicable documents for all available search terms. Such inverted term indexes provide fast col-
lection searches because the great bulk of the stored documents is ignored in any particular search. In fact, every
document treated in an inverted file search is known in advance to carry at least one index term in common with the
query, since each such document appears on one of the lists in the inverted index. For this reason, conventional

inverted index processing can provide fast responses and acceptable search output.

The use of inverted indexes also entails disadvantages, first because it is never pleasant to have to build and
maintain large auxiliary indexes, and second because the information pertaining to a particular document is scat-
tered through many term lists in the index, making it difficult to access the complete data set for individual docu-
ments, or groups of related documents. The structure of inverted indexes thus precludes the collection browsing

operations that are normally available in libraries with open shelf arrangements.

In on-line search environments, where users participate in the search process, collection browsing is espe-
cially desirable, because query formulations are simplified when the collections are organized by subject, and
related items can therefore be accessed jointly. Furthermore, enhanced retrieval performance is often obtained by
extending the retrieval activities from particular items known to be relevant to other neighboring or related items.
This suggests that classified, or clustered document collections be considered for use in automatic information
retrieval. In such an environment the documents are collected into groups, or clusters, of related documents, the
assumption being that items included in a common class resemble each other in subject coverage, and that such

items might then be usefully accessed as a group.

In many cases, efficient search strategies are implementable for clustered file organizations, because reason-
able search results are often obtained by concentrating the search to particular document classes, the remainder of
the collection being rejected. The clustered organization then simulates a classified library where the collection

searches are confined to the items located on a few shelves in the same general vicinity.

In considering the information retrieval process in a clustered file environment, various problems must be
addressed. The first is the automatic file classification process itself which necessarily entails substantial expense

for large files. Additional questions deal with the efficiency and effectiveness of searches in clustered file
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environments. These questions are treated in the remainder of this note.

2. Clustered File Organizations

In a library context, the term "browsing" often refers to operations in the catalog designed to provide access to
terms or term classes related to certain initially available terms. [1,2] In automated search environments, collection
browsing is more important than term browsing. In particular, it may be useful to retrieve items related to certain
previously retrieved items; alternatively, one may want to extend a search from a particular class of items to other

related document classes.

In considering the file classification process, several types of file organization can be distinguished. On the
one hand, the collection can be subdivided into a small number of relatively large clusters. Because many different
items are then included in each cluster, the pairwise associations, or similarities, between items in a given class may
be rciatively small. A typical example of such a loose cluster arrangement is shown in Fig. 1(a), where 16 docu-
ments, represented by x’s in the Figure, are subdivided into two large classes. In Fig. 1, the distance between two
x’s is assumed to be inversely related to document similarity. That is, when two x’s appear close together, the

corresponding documents cover closely related subject areas. The reverse is true when two X’s appear far apart.

An alternative cluster arrangement is obtained by dividing the collection into a large number of smaller clus-
ters. This is shown in Fig. 1(b) for the documents previously used in Fig. 1(a). The document relationships remain
the same in both cases, but the subdivision into five small classes represents a much tighter clustering arrangement
where the pairwise similarities between items included in a common class are now much greater than they were for

the earlier subdivision into the two large classes.

In practice one finds that it is much easier and less expensive to generate a loose cluster arrangement into a
few large classes than a tight arrangement into many small classes. Unfortunately, when retrieval performance is
considered, the advantage normally rests with the tight cluster arrangement, because the choice of large, heterogene-
ous document classes may lead to the retrieval of extraneous items that are of no interest to the users. Search preci-

sion as well as search recall may suffer as a result.

In information retrieval, hierarchical cluster arrangements present special advantages. In such a case, the col-

lection is iteratively subdivided into increasingly smaller clusters. In particular, a few large clusters, representing
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broad subject cla-lsses may be further divided into smaller clusters representing narrower topics, that themselves
include still smaller classes and smaller topic areas. A typical hierarchical cluster arrangement is shown in Fig. 2.
In the example, the complete collection is divided into three large clusters (labelled A, B, and C in Fig. 2), each of
which is divided in turn into a number of smaller classes. When a hierarchical cluster arrangement is used, it is pos-
sible to conduct broad searches by accessing the large subject clusters; alternatively, specific searches can be made

by concentrating on the smaller subclasses.

It is not possible in this note to consider in detail the many different cluster generation methods that are
described in the literature. [3-6] For present purposes, it may be useful to distinguish the heuristic clustering
methods that use only partial information about similarities between documents, from the more conventional com-
plete clustering systems where the pairwise similarities between all document pairs must be used in the clustering
operation. A typical heuristic method is the single-pass classification where documents are processed sequentially

in random order, and each document is immediately assigned to the closest available cluster. (31

The heuristic clustering methods are normally much less expensive to perform than the classical procedures
because the large expense of first computing similarities for all pairs of documents can be avoided. On the other
hand, the heuristic cluster organizations may produce uncertain retrieval results. For this reason, it is safer to use
the previously mentioned hierarchical classification methods that are based on complete pairwise similarity informa-
tion.

Two main types of hierarchical classification strategies are used, known aa the divisive and the agglomera-
tive approaches, respectively. In the divisive approach, the document collection is assumed to fit into one global
cluster which is then successively subdivided into smaller subunits in the best possible way. The agglomerative
approach, on the other hand, starts with N individual clusters each containing a single document. These small clus-
ters are then successively merged until eventually a single, final cluster is produced. The following typical frame-

work is valid for all agglomerative methods:

1. Compute a similarity measure for all pairs of documents based on coincidences between the term sets

assigned to the documents. For N documents, there are N(N-1)/2 such similarity pairs.

2. Place each of N documents in a class of its own.
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3. Form a class (or cluster) by combining the most similar pair of existing classes.

4. Repeat step 3 if the number of classes left is greater than 1.

Different cluster structures are produced depending on the interpretation of the cluster similarity computation
of step 3. If the similarity between a pair of clusters is taken to be the similarity between the most similar pair of
items, one of which appears in each cluster, large classes of items are formed that are linked only imperfectly (since
in each case only a single pair of items needs to be closely related before two particular clusters can be combined
into one). The clusters produced by the merging of most similar pairs are known as connected components, and the

clustering method is the single-link system.

On the other hand, when the similarity between the least similar pair of items from two clusters is used as a
criterion of cluster similarity for cluster merging purposes, then all pairs of items in two particular clusters must be
tightly linked before the two clusters can be merged. The resulting clusters are known as cliques, and the

corresponding complete-link clustering system produces a large number of small, closely related groups of items.

Consider, as an example, the clustering process of Fig. 3 for the 6 items labeled A through F. The item simi-
larity matrix is shown in Fig. 3(a). Assuming first that a single-link clustering system must be used, the operation
begins by forming a single class AF from the two items A and F that exhibit a similarity coefficient of 0.9. Next,
class AF is merged with item E to form class AEF, since the similarity between A and E is equal to 0.8. (Note that
items AF and E can be merged at a 0.8 similarity level even though the similarity between E and F is only 0.3).
Document B is next merged with class AEF at a 0.8 similarity level to form class ABEF, because the similarity
between B and F also equals 0.8. Finally D is merged into the earlier class, at a similarity level of 0.6 because
sim(A,D) = 0.6, and C is merged at the 0.5 level because sim(C,E) = 0.5. At this point the single class ABCDEF
involves all documents and the merging operation ceases. The complete single-link cluster with a global similarity

of 0.5 is shown in Fig. 3(b).

When a complete-link clustering strategy is used, to construct clusters at a 0.5 similarity level, items A and F
are merged as before into class AF at a similarity level of 0.9. At this point item E cannot be merged with AF as
before, because in the complete link process the similarity between AF and E is the minimum between sim(AE)

and sim(E,F), that is 0.3 instead of 0.8 as before. For the same reason, element B can also not be merged into class
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AF. The next merging operation consists in combining items E and B into class EB at a similarity level of 0.7. No
further merges are possible if the minimum clustering level of 0.5 is to be maintained. The complete link process
thus produces four distinct small clusters at a similarity level of 0.5 as shown in Fig. 3(c) instead of the single large

cluster of Fig. 3(b) generated by the single-link method.

It may be noted that in practice the complete similarity matrix between items cannot be considered globally in
the manner suggested by the previous example when the collection size is large. In fact, similarity matrices for even
moderately-sized collections of a few thousand items are unlikely to fit into the internal stores of most computers.
In that case, the similarity matrix must be processed one row at a time, and several passes through the similarity

array may be needed to generate a complete cluster arrangement.

3. Cluster Searching

The effectiveness of a cluster search is predicated on the assumption that documents appearing in common
clusters are likely to be jointly relevant to particular user queries. In other words, the cluster hypothesis states that
items with large pairwise similarities are likely to cover related subject areas. [7,8] In practice reasonable search

results may be obtainable for clustered file searches even when the cluster hypothesis is only partially satisfied.

For search purposes, it is convenient to assign to each cluster a representative, central item to serve as a clus-
ter identifier. This representative item, known as the centroid, may be considered to be the average, or the central,
document included in each particular cluster. Instead of comparing a user query with the individual documents in a
given cluster, a query-centroid comparison can then be used to decide whether a particular cluster should be

retrieved or not.

Two main types of cluster searches must be distinguished, known respectively as top-down and bottom-up. In
a top-down search, a query is first compared with the centroids corresponding to the largest, highest-level clusters.
From there, the search proceeds downward in the cluster structure in order to reach successively smaller, lower-
level clusters, until eventually the individual documents themselves are obtained. In a bottom-up search, on the
other hand, the bottom-most centroids (corresponding to low-level clusters that directly contain individual docu-
ments) are immediately reached, using an auxiliary inverted index constructed for the low-level centroid terms.

These bottom-most centroids then immediately provide access to certain stored documents. A bottom-up search
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thus eliminates consideration of upper-level clusters, at the cost of building an auxiliary index of low-level centroid

terms.

Consider, as an example, the cluster tree of Fig. 4(a), consisting of two high-level clusters represented by
"hypercentroids”, successively subdivided into superclasses represented by "supercentroids”, low-level classes
represented by centroids, and finally individual documents. In a top-down search, the query would first be com-
pared with all existing hypercentroids. For hypercentroids exhibiting a sufficiently large similarity with the query,
the corresponding supercentroids would be accessed next. Supercentroids with sufficiently large query similarity
would next give access to particular centroids, and those would lead in turn to certain individual documents. A par-
ticular search might thus involve query comparisons with hypercentroids H and H, supercentroids S, and S5,
centroids C4 and C's and finally documents Dg and D y¢ for the example of Fig. 4. The corresponding bottom-up
search, on the other hand, would access all lower-level centroids C 1 to Cg through the centroid index. The query

similarity with centroid C g would then lead to the retrieval of documents Dg and D .

The extensive cluster search experiments performed over the last few years lead to the conclusion that the
large, loosely knit clusters derived from a single-link clustering process cannot be used effectively with top-down
cluster searches, because the centroid-query matches are then incapable of correctly predicting the correct search
path through the cluster structure. When only large document classes are available, the bottom-up searches are
therefore preferred. [9,10] However, searches conducted with such large, single-link type clusters appear to pro-
duce results that are inferior to those obtainable with conventional inverted term indexes. For this reason, it is now

believed that tight cluster structures must be used if reasonable search effectiveness is expected. [11-14]

Search experiments performed with four different document collections ranging in size from a thousand docu-
ments in medicine to nearly 13,000 documents in computer engineering, show that the average deterioration of the
search precision of single-link cluster searches is about 25 percent compared with conventional inverted file
searches. On the other hand, the top-down complete-link cluster searches may provide an average improvement of
over 5 percent in search precision, compared with ordinary inverted file searches. [14] This suggests that the

complete-link cluster organization should be considered seriously in operational situations.

In addition to the recall-precision performance of the cluster searches, a comparison between cluster search-

ing and inverted file searching also involves consideration of search efficiency in terms of response time, or total
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processing time per query. Table 1(a) gives elapsed time per query (including both processing and input-output
times) for top-down complete-link searches using four experimental document collections. As the Table shows, the
cluster searches always take substantially longer than the corresponding inverted file searches. The results of Table
1(a) are particularly discouraging for the large INSPEC collection, comprising 12,684 documents, where the elapsed

time of 2 seconds per query for the inverted file compares with 26.3 seconds for the complete-link cluster search.

The large cluster search time is explained by the fact that the complete-link process generates a very large
number of superclusters as the top level of the cluster hierarchy. For the INSPEC collection, 802 clusters appear on
the top hierarchy level, all of which must be considered in a search in order to determine the proper search path to
be followed for each query. These top-level clusters cannot be combined into larger clusters in a complete-link sys-
tem, because in each case these clusters contain certain documents that exhibit a zero similarity with documents in
the other top-level clusters. A cluster merge operation at a similarity level larger than O is then effectively

prevented.

This suggests that the standard complete-link hierarchy could be modified by forcing additional cluster
merges at the top level thereby creating an artificial superstructure as shown in Fig. 5 for the sample INSPEC col-
lection. With the additional cluster superstructure, the number of top-level clusters is reduced from 802 to 45 for
INSPEC. Corresponding reductions in the number of top-level clusters are obtained for the other smaller experi-
mental collections. The results of Table 1(b) show that the top-down cluster searches are much more competitive
with the inverted file searches for the new cluster structures than the searches performed with the original cluster
hierarchies. [15] Indeed the elapsed time per query is reduced from 26.3 seconds per query for INSPEC to 5.9

seconds for the extended modified hierarchy.

An alternative way of speeding up the cluster searches, is to build an inverted index for the top-level centroids
of the conventional cluster structure. This index provides fast access to the top level of the conventional hierarchy
without matching the query explicitly with all top-level centroids. The elapsed time results for this inverted hierar-
chy appear in the right-most column of Table 1(b). The efficiency of the centroid inversion provides results that are

comparable to those obtainable with the extended cluster hierarchy. [15]

The timing results of Table 1 were obtained using a relatively slow Microvax computer. This accounts for the

relatively slow operating time of over 5 seconds per query for a cluster search of 13,000 items. To determine the
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practical possibilities of cluster searching, it is useful to operate with larger collections and faster machines.

The performance results of Table 2 were obtained with a SUN-4 workstation, providing much greater com-
puting power than the Microvax. Results are shown for the conventional INSPEC collection, as well as for an
extended collection consisting of the original INSPEC items supplemented by 31,431 news articles covering the

same subjects as INSPEC. The same 77 queries are used for both the INSPEC and the NEWS collections.

The average search precision results obtained at fixed recall points, shown on the left side of Table 2, indicate
that the overall precision is lower for the NEWS collection than for INSPEC. This is explained by the fact that the
added news articles are all considered to be nonrelevant to the INSPEC queries. The results of Table 2 show that
the search effectiveness is somewhat lower for the extended hierarchy than for the other file organizations. The
inverted hierarchy produces the same search effectiveness as the standard hierarchy and, as the Table shows, this
effectiveness is somewhat superior to that obtained conventionally with ordinary inverted file searches. The elapsed
time results appear on the right side of Table 2. Once again the extended hierarchy is not competitive with the
inverted file searches for the large collections. However, the search times of 2 to 3 seconds per query for the

inverted hierarchy fall into the range of practicality for collections of 50,000 documents.

To summarize, it appears that clustered file organizations can be usefully implemented for medium size col-
lections of 50 to 100,000 items. If tight cluster organizations are used, such as complete-link structures, a search
effectiveness somewhat superior to that obtainable with standard inverted file organization is obtained. The
response times are slower for the clustered file searches than for the inverted file process, but the actual elapsed
times obtained for the SUN-4 searches remain within practical limits for operational user-controlled searches.
Whether the clustered file organizations are viable for larger collections above 100,000 documents remains to be

shown in future experiments.
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Top-down search: use all hypercentroids (H;, Ho)
use best supercentroids (say Sg)
use best centroids (say Cs)
use documents in last cluster (Dg, Dyg)

Bottom-up search: use all low-level centroids(Cj to C7)
use documents in low-level clusters
(say Dg, D7, Dg, D1g)
b) Search Strategies
Typical Top-Down and Bottom-Up Searches

Figure 4
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Cluster Hierarchy Modification for INSPEC Collection
Fig.5
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Elapsed Time per Query
Number of Top  Number of Inverted Top-Down
Level Centroids  Documents Index Complete-Link
CACM collection 327 3204 0.6 sec. 2.0 sec.
(50 queries)
CISI 115 1460 0.3 sec. 5.1 sec.
(35 queries)
MEDLARS 78 1033 0.5 sec. 6.7 sec.
(30 queries)
INSPEC 802 12684 2.0 sec. 26.3 sec.
(77 queries)

a) Processing Time for Standard Complete Link Hierarchy

Extended Complete Elapsed Time per Query
Link Hierarchy
Number of Top Level  Inverted File  Extended Complete Top Level
Centroids Process Link Hierarchy Hierarchy Inversion
CACM 45 0.6 1.1 1.3
CISI 13 03 14 2.8
MEDLARS 15 0.5 29 33
INSPEC 45 2.0 59 5.2

b) Processing Time for Modified Complete Link Hierarchies

Processing Time for Complete Link Cluster Searches
(Microvax computer; CPU + I/O times = elapsed time)

Table 1
Precision Performance Elapsed Time per Query

Inverted  Standard  Extended Inverted | Inverted  Standard Extended Inverted
Index Hierarchy  Hierarch  Hierarch Index Hierarchy  Hierarchy  Hierarchy

INSPEC 384 391 .360 391 0.8 219 1.1 2.0
(12684 documents)

NEWS 287 .295 214 .295 0.6 438 17.5 29
(54115 documents)

Performance Figures for Large Collections (SUN 4 computer)

Table 2
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