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Extended Boolean Information Retrieval

1

G. Salton', E.A. FoxT, and H. WuTT

Abstract

In conventional information retrieval Boolean combinations of index
terms are used to formulate the users' information requests. While any
document is in principle retrievable by a Boolean query, the amount of
output obtainable by Boolean processing is difficult to control, and the
retrieved items are ..t ranked in any presumed order of importance to
the user populatioq. In the vector processing model of retrieval, the
retrieved items are easily ranked in decreasing order of the query-
record similarity, but the queries themselves are unstructured and

expressed as simple sets of weighted index terms.

A new, extended Boolean information retrieval system is introduced
which is intermediate between the Boolean system of query processing and
the vector processing model. The query structure inherent in the
Boolean system is preserved, while at the same time weighted terms may
be incorporated into both queries and stored documents; the retrieved
output can also be ranked in strict similarity order with the user
queries. A conventional retrieval system can be modified to make use of
the extended system. Laboratory tests indicate that the extended system

produces better retrieval output than either the Boolean or the vector
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processing systems.
l. Conventional Retrieval Strategies

In conventional information retrieval, the stored records are nor-
mally identified by sets of keywords, or index terms, and requests for
information are expressed by using Boolean combinations of index terms.
The retrieval strategy is normally based on an auxiliary inverted term
index which lists for each allowable index term the corresponding set of
document references indexed by that term. The Boolean retrieval system
is designed to retrieve all stored records exhibiting the precise combi-
nation of keywords included in the query: when two query terms are
related by an "and"™ connective, both terms must be present in“order to
retrieve a particular stored record; when an "or" comnective is used, at
least one of the query terms must be present to retrieve a particular
item. In some systems where the natural language text of the documents,
or of document excerpts is stored, the user queries may be formulated as
combinations of text words. In that case, the queries may include loca-
tion restrictions for the query terms--for example, a requirement that
the query terms occur in the same sentence of any retrieved document, or

within some specified number of words of each other.

Boolean retrieval systems have become popular in operational situa-
tions because in many cases high standards of performance are achiev-
able. Furthermore, the retrieval technology which is based on list
intersections and list unions to implement Boolean conjunction (™A and
. B") and Boolean disjunction (™A or B"), respectively, is now well under-

stood. [1,2]
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The conventional Boolean retrieval technology is however also sad-

with various disadvantages:

The size of the output obtained in respomse to a given query is
difficult to control; depending on the assignment frequency of the
query terms and the actual term combinations used in a query formu-
lation, a great deal of output could be obtained, or alternatively

no output might be retrieved at all.

The output obtained in response to a query is not ranked in any
order of’ presumed importance to the user; thus each retrieved item

is assumed to be as important as any other retrieved item.

No provisions are made for assigning importance factors, or
weights, to the terms attached either to the documents or to the
queries; thus all terms included in documents and queries are

assumed to carry .equal importance.

Boolean query formulations may produce counter intuitive results:
for example, in response to an "or"-query ("A or B or ... or Z"),
an item containing only one query term is deemed just as importaﬁt
as an item containing all query terms; similarly, given an "apd"-
query ("A and B and ... and Z"), an item containing all but one of
the query terms is assumed to be just as useless as an item con-

taining none of the query terms.

Some of the disadvantages of the conventional Boolean retrieval

system are eliminated in the yector processing retrieval model. [3,4]

In that case, both the stored records and the information requests are

unstructured and expressed simply by sets of keywords of varying
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lengths. In the vector processing system, both query and document terms
can be weighted, and a similarity computation between queries and stored
records makes it possible to obtain ranked output in decreasing order of
the query-document similarity. By choosing an appropriate retrieval
threshold, the user can then obtain as much or as little output as

desired.

The vector processing system suffers from one major disadvantage:
the structure inherent in the standard Boolean query formulation 1is
absent. This implies that it is no longer possible to incorporate
phrase-like comstructs, or sets of synonymous terms, by using "and" and
"or" conmnectives, respectively. (In a Boolean query formulation, an
"and" connective may be used to identify query phrases as in "informa-
tion and retrieval™; similarly, "or" comnectives may relate synonymous
terms as in "hand-held calculators or pocket computers Qr microcomput-

ers",)

Various intermediate retrieval systems have been designed that
include features of both the Boolean and the vector processing models.
For example, in the SIRE system (Syracuse Information Retrieval Experi-
ment), a standard Boolean query processing system is first used to
retrieve items that respond precisely to the Boolean query formulationms.
An output ranking is them obtained by using the weights attached to the
document terms to display the retrieved items in decreasing order
according to the sum of the weights of the matching terms in queries and

documents. [5]

Document weights and output ranking are also incorporated in vari-

ous extensions of the classical Boolean systems based on fuzzy set
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theory. [6-9] . In the standard fuzzy set model of retrieval, the docu-
ment terms may be weighted, and the queries are processed as standard
Boolean formulations. Given queries "A or B", "A and B", and "pot A", a
document X with weights dA(X) and dB(X) for terms A and B, respectively,

receives the following retrieval values in a fuzzy set retrieval system:

max (dA(X).dB(X)) for query (A or B)
min (dA(X).dB(X)) for query (A and B)

1 - dA(X) for query (not A).

It is easy to see that for binary document vectors where the docu-
ment term weights are restricted to 0 and 1, the fuzzy set model is com-
patible with the Boolean system of retrieval. Unfortunately, the fuzzy
set system suffers from lack of discrimination among the retrieved out-
Put nearly to the same extent as the conventional Boolean retrieval sys-
tem, since the rank of a retrieved item depends only omn the lowest or
highest weighted document term for "and" and "or" queries, respectively.
In additiom, it is difficult to extend the fuzzy set model to situations
where term weights are attached also to query terms instead of only to

the document terms. [6-9]

In the remainder of this study, an extended Boolean retrieval model
is introduced which easily accommodates both weighted query and weighted
document terms. The extended model represents a compromise between the
strictness of the cbnventional Boolean system and the lack of structure
inherent in the vector processing system. The extended model thus
preserves the query structure inherent in a Boolean system with its dis-
tinction between term phrases ("anded™ terms) and term synonyms ("ored"

terms); at the same time the model makes it possible to retrieve items
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that are not retrievable by a conventional Boolean system, and all
retrieved items are ranked in decreasing order of query-document simi-

larity.

The basic model is introduced in the remainder of this study and
evaluation results are used to illustrate the effectiveness of the sys-

tem.

2. The Extended Retrieval Model
A) Motivation

Consider first the operations of a conventional retrieval system
based on Boolean query formulations. Three document classes may be dis-
tinguished with respect to two-term queries such as (A or B) and (A and
B): those exhibiting both terms, those containing only omne of the
terms, and those containing neither term. The "or"-type query assigns a
value of 0 to the items containing neither term and values of 1 to the
remaining items; the "and"-query assigns a value of 1 to the items con-
taining both terms, and values of 0 to the remainder. This situation is

represented in Table 1(a).

When only two terms are under consideratiom, the term assignment
can be represented by a two dimensional map as shown in Fig. 1, where
each term is assigned a different coordinate axis. It is clear that for
"and"-queries, the (1,1) point on the map, representing the situation
when both terms are present in an item, is the desirayle location; for
"or™-queries, on the other hand, the (6.0) point identifying the situa-

tion when both terms are absent from an item is to be avoided. This
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suggests that a discriminating retrieval system might rank the stored
items in order of increasing distance from the (l,1) point for ™and"-
queries, and in order of decreasing distance from (0,0) for the "or"-
queries. For a document with term weights dA and dB for terms A and B,

respectively, the normal Euclidian distance from the (0,0) point is

J(dA-O)Z"- (dB-O)Z. whereas the distance from the (1,1) point is

1 - \](l-dA)z + (l-dB)z. It is convenient to operate with normalized
distance measures by dividing out the maximum distance of \]—2 between
the (0,0) and (1,1) points. For 0 < dA’dB < 1, the following similarity

measures between queries Q and documents D will then rank the documents

in decreasing distance from (0,0) and increasing distance from (1l,1),

respectively.
2 2
d,“+d
s -
sim (D, Q(Ag_;B)) -J'A_B_z o

sim (D, Q

2 2
J (1-,)% + (1-d,)
1- 2

Amn))

Table 1(b) shows the similarity values obtained by using formulas
(1) for the sample documents previously used in Table 1(a). It may be
seen that when only one query term is present in a given document, the
document receives values of 1/\‘—2 and 1 - 1/\‘—2 for "or™ and "and"
queries respectively, rather than 1 and 0 as in the Boolean system.
That is, the presence of a single term in a document is not worth as
much as the presence of both terms for "or"-queries, but is worth more

than the absence of both terms for the "™and" case.
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The formulas of expression (1) are directly applicable to the case
of weighted document terms when 0 < dA,dB S 1. In that case, each docu-
ment is represented by a point on the unit square as shown in the illus-
tration of Fig. 1. The locus of equidistant points from (1,1) and (0,0)
for "and" and "or" respectively is shown in Fig. 1 by appropriate lines
on the graph. Three documents labelled X, Y, and Z are used as examples
in Fig. 1. It may be seen that the similarity computation of expression
(1) produces a ranking where sim(Q,X) > sim (Q,Y) > sim (Q,2) with

respect to both (A and B) and (A or B).

The basic similarity measurements of expression (1) can be extended
to the case of yeighted query terms based on term weights 0 < a,b <1

reflecting the importance of the individual terms A,B in the query. 1In

that case
2,2 2,2
dT + b“d
sim (D,Q ) = 2%
: (CA,al or [B,b]) az + b2 -
: 2
az(l-dA)2 + bz(l-dB)Z
i (D:Q ) =1-
sim ([Aoaj and BobJ) 2 2

a~ +b

It is easy to see that when the query terms are fully weighted, that is
a =b =1, the similarity measures of expression (2) reduce to the basic

formulas of expression (1).

In the foregoing development, it was assumed that the query-
document similarity could be measured by using a normalized Euclidian
distance between corresponding points in the document space. The notion

of distance between points in a document space can be generalized by



-9 -

introducing the well-known Lp vector norm defined for an n-dimensional

vector (dl’dz""dn) as

= - (42..P py1/p
'ldllp - ”dl'dZ'“"dn“p - (d1+d2+ooo+dn) (3)

Since normalized distances are to be used to measure query-document

similarities, expression (3) can be rewritten in the form

1

P d§+...+d£)l]1/p @
4

(d
: = (Ly1/p -
lldllp(normallzed) = (n) Ildllp = [ a

Expression (4) exhibits the form previously introduced in (1). The
theory of vector norms will now be used as a model for query-document

comparisons in a Boolean query environment. [10,11]
B) The p-Norm Model

Consider a set of terms AI’AZ""’An and let d represent the

A.
i
weight of term A, in some document D = (d, ,d, se..od, ) where
i A1 A2 An
Ors dA S 1. A generalized Boolean "gr"-query, QQL’ can now be written
i .
as
Q = [(Ay,a,) oxP(A,,a,) orf....ozP(A ,a )]
ox(p) 1°°1 2°%2 n’“n

where a; indicates the weight of query term Ai’ 0 < a, s 1 and

1 S p s oo. Similarly a generalized "and"-query, Qand is written as
Q = [(A,,a,) andP(A,,a.) andP....andP(A ,a )].
and(p) 1°°1 2°°2 * n’‘n

The similarities between a given document D = (dA d, seoesd, ) and
1 72 n
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. *
ng(p)» Qand(p) may now be defined as

2PqP p.p |1/p
1 Al d + e o o + a dAn
si (D: ) = 5
= 2002 (p) P+ ap e 4P (5)
1 2 e e e n
Py P Py P P/q_ P |1/p
al(l dAl) + az(l dAz) Foaot an(l dAn)
sim (D, ) =1 - (6
%and(p) af + ag +o..+ aP )
n

It is now easy to show that when expressions (5) and (6) are used
to compute the similarities between a set of (possible weighted) docu-
mént terms and a (possibly weighted) or-query and and-query, respec-
tively, the effect of a standard vector processing retrieval model is
obtained when p is set equal to 1. When p is equal to infinity and the
query and document term weights are limited to 0 or 1, a conventional
Boolean retrieval model is produced. Finally for intermediate values of
p between 1 and infinity, a retrieval system intermediate between the

vector processing and the Boolean models is obtained. [12]

Consider first the situation where p=l. In that case, it is easy

to see that sim(D.an) = Sim(D’Qand)’ because

“The query weights, a. are relative rather than absolute weights
used to represent the presumed importance of one query term rela-
tion to the other query terms. Because of the normalization in-
herent in the denominator of expressions (5) and (6), the restric-
tion OSaiSI is actually unnecessary. Query weights larger than 1
are acceptable, provided the relative importance of the terms is
properly reflected by the term weights.

*The notations or?,and? as well as or(p), and(p) are used inter-
changeably.
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al(l-dA )+32(l-dA )+ooc+an(1-dA )
1 2 n

sim(D2Qpq(py) =1 -

L a1+az+.'.+an
F(a1+32+...+an) - (aldAl+asz2f...+andA )
=] - 0.
i al+32+...+8n
a,d, +a,d, +...+a d, )
] 1 A1 2 A2 n An
al+a2+...+an
(7)

= s:.m(D.Qu(l))

Expression (7) represents the inner product between a document

a a
1 —_n
D =(d, +d, seeesd, ) and query Q = ( seses ).
Al Az An al+a2+...+a2 a1.+...+.an

In other words, when p = 1 the distinction between the "and" and "or"
connectives in a query disappears and a simple vector processing
retrieval model is obtained where the similarities between queries and

documents are measured by the inmer product between the document term

weights dA and the normalized query weights, Wos represented as
i
a.
- i
Yi © (al+a2+...+a )

When p = o, one obtains

af(l-d P+ ag(l-dA P Lp
sim (D,Q ) = lim 1 - = =
and(00)” L, ad +ab s+ df

max {al(l-dAl) > o o o s an(l-dAl)}
max {al !azioou ’an}

Assuming that the query terms are all equally weighted, such as when

a, = a, =...=a_ =1, one has
1 n



-12-

sim (D'Qani(OO)) 1 - max {(1 - dy ).(l-dA ).....(l-dA )}

1 2 n

min {d ’d ’ooo)d }
Al A 4

Pdp +aldP o+ 4 apdp 1/p

14 24 B A

Similarly, sim (D,Q ) = lim
ox(eo) aP+als . +aP
1 72 n
max {a pasz ’co-!andA }
1 n

max {31o320 e o o .an}

When all query term weights are equal to 1, that 1is,

a, = a, ... a_ =1, one obtains
1 n

sim(D,Q . (co)) = max {dAl.dAz.....dAn}.

This leads to the conclusion that when p = o and the query is
unweighted, the query-document matching function is dependent only on
the document term of highest weight for le and the document term of
lowest weight for Qand’ This is precisely the situation previously men-
tioned for the fuzzy set model of retrieval, and by extension for the
conventional Boolean retrieval system when both query and document terms

are unweighted.

By varying the vglue of p between 1 and infinity and using the
query-document similarity function of expressions (5) and (6), it is
then possible to obtain a system intermediate between a pure vector pro-
cessing model (p = 1), and a conventional Boolean retrieval system (p =
~o). The larger the value of p the more importance is given to the
query structure as reflected by the "and"™ and "or"™ connections. As the

p-value decreases, the distinction between an "and"™ connection and an
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"or" connection becomes weaker, until that distinction disappears com-
pletely as p reaches a lower bound of 1. The effect of the p-value

variations is represented schematically in Fig. 2.

The theory of vector norms can be used to show that the query-
document similarity values obtained for 1 < p <  are indeed intermedi-
ate between those obtainable for the extreme cases when p = 1 and P =
©. Indeed

. < si < si
sim (D'Qand(OO)) sim(D,Q i(p)) sxm(D,Qand(l) &

= sim(D.an(l)) < sim(D,QgI(p)) s Sim(D’Qg:(oo))

The various query-document similarities of expression (8) are strictly
equal when all document term weights are equal, that is when

d, =d, =...=d, . An evaluation of expressions (5) and (6) for that
A A A
1 2 n
case shows that the query-document similarity values obtained for vari-

ous values of p all reduce to dA. the common document term value.

When the document terms are not all equally weighted, a strict ine-
quality obtains for the query-document similarities of expression (85.
except of course between Sim(D'Qand(l)) and sim (D’ng(l))' These two
expressions are always strictly equal for any document, as shown earlier
in (7). The situation may be illustrated in two dimensions by taking a
document D = (dA.dB) and queries Q equal to (A and(co) B), (A and(p) B),
(A and(l) B) = (A ox(1) B), (A or(p) B), and (A gr(c) B), respectively.

In that case one has
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(1-4,)P + (1-4.)P 1/p
min (dAodB) <1- 2
V (9)
d,+d aP+aP |1/P
< _A_B.2 < n < max(dA.dB)

This is easily proved by setting dB = dA(1+€) for € > 0 and dp > d, and

expanding the formulas in (9).

The two dimensional case is represented in Fig. 3 where loci of
equal similarity are shown for the cases p = 1, p = 2, and p = oo,
respectively. By measuring the distance between each locus and the

(0,0) point along the diagonal (from (0,0).to (1,1)), it is clear that

i) Sim (D, A and() B) = min (d,,d) = OV

(1“‘4)2"(1"‘3)2 12
1- - = X

iii) Sim (D, A and(l) B) = average (dA.dB) = 0Y

4 2442 1/2
iv) Sim (D, A gr(2) B) = -A-E-B- = OW

v) Sim (D, A or(w) B) = max (d,,d) = 0Z .

More generally as p changes from 2 to oo the similarity values between
document D and query (A and(p) B) will lie between 0X and W; similarly
the values between D and (A or(p) B) lie between OW and 0Z. When d,=dgs

a document D lies along the (0,1) diagonal and all similarity values

reduce to OD as shown in Fig. 3(b).
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C) Computation of Query-Document Similarities in the Extended Sys-

tem

The computation of a particular document value corresponding to a
given extended Boolean query statement (that is, of the query-document
similarity) follows the model used for standard Boolean query statements
in a conventionai retrieval system. One possible method generates the
final document value recursively by first taking the document value with
respect to single query terms, then with respect to two-term clauses
each containing two single terms, then with respect to larger clauses
containing ome or more initial two-term clauses, and so on, until the
complete query is considered. For example, to obtain the document value
with respect to a query such as ((A and B) or C), ome first finds the
individual values of terms A, B and C in the document that is, d,,d; and
dC. In a Boolean system, these values will be equal to 1 for terms
present in the document and 0 for terms not included in the document.
One next ptocééds to find the document value with respect to the clause
(A and B), that is, d(A and B)° This will be equal to 1 if both d,=l
and dB=1 and 0 otherwise. Finally ome finds the document value for the
complete query d((A and B) or C)° which equals 1 if either d(A and B) o%

dc are equal to 1. These computations are illustrated in the left-hand

portion of Table 2.

In the extended Boolean query system the situation is complicated
in two ways: first, the term and clause weight;. which are restricted to
0 and 1 only in the conventional Boolean system, now range anywhere from
0 to 1; second a p-value is assigned to the Boolean connectives. Some

typical recursive computations for the extended system are illustrated
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in the right-hand portion of Table 2. It is clear that each partial
computation in the Boolean system produces a document value of 0 or 1;
in the extended system, all document values d? are in the range from 0

tol.

Consider as an example, a document D=(dA,dB.dc) where
dy =1, dg =0, and d, = 0.5, and a query Q = (<¥, 0.2> ox(2) <C, 0.1>)
where in turn ¥ = (<A, 0.3> and(2) <B, 0.4>). The recursive computation

might then proceed as follows:

02011202102
=] - :
“ \J (0.3)2+(0.4)2
=1 - 4/5 = 0.2

0.2)20.2)2+(0.1)%(0.5)2
Q (0.2)%+(0.1)2

'3 W .
\ 300 ° 0.286

In extended retrieval, the query terms and query clauses are
weighted, and a normalized distance is used to measure the document
values with respect to the extended Boolean queries. As a result most
of the equivalence properties which hold for conventional Boolean query
statements must be modified by addition of appropriate scale factors in
the extended system. The following equivalences are easy to prove in

the extended system [12].
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quasi idempotency

(Ava)) and(p) (Ava,) = &

1
>

(Al.al) ox(p) (A.az) =
commutativity

(Al.al) and(p) (Az’az) = (Az’az) and(p) (Al,al)

(Al.al) or(p) (Az.az) = (Az.az) or(p) (Al’al)
duality

] ((Alsal) M(P) (Azlaz)) =" (Al.al) Q.I(P) ""(Azoaz)

“ ((Al.al) ox(p) (Az.az)) = = (Al.al) and(p) ’(Az’az)
involution

(""' ((Alsal) and(p) (Azaaz)) = (Alpal) M(P) (Aznaz)

quasi-associativity
<(<A1p31> Q.I(P) <A2a32>)aa> QI(P) <B,b>
= (<A1.aal> or(p) <A2.aa2>) or(p) <B.b(af+a§)l/p>

<(<A1931> M(P) <Al 932>)’a> M(P) <B,b>

= (<A1.aa1> and(p) <A2.aa2>) and(p) <B.b(af+ag)l/P>

In the extended retrieval system, the distributive laws which hold

for conventional Boolean expressions are not valid. That is, it is not

generally the case that
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((Asa) and(p) (B,b)) ox(p) (C,c)

= ((A,a) or(p) (C,g)) and(p) ((B,b,) or(p) (C,c))
and (10)

((A,a) oxr(p) (B,b)) and(p) (C,c)
= ((A,a) and(p) (C,g)) ar(p) ((B,b) and(p) (C,c)).

In conventional Boolean retrieval, a Boolean "and" represents an
absolute requirement for the presence of several terms (a phrase of
individual terms), whereas a Boolean "or" identifies a set of quasi-
synonyms for which each term is worth as much as all other terms. In
these circumstances, the distributive laws are easy to rationalize.
Indeed the query ((A gi B) and C) says that one of either A or B is
needed in addition to C, and quite clearly this implies either A and C
or else B and C. In the extended system, the phrase relation may hold
to some extent depending on the p;value a;tached to the "and" connec-
tive, and the synonym (thesaurus) relationship holds to some extent
depending on the p value used for "or". The interaction between phrase
and thesaurus relations is complex, and there is no obvious reason why
the two parts of expression (10) should then be strictly equivalent. In
practice, any differences in document values obtained for the two formu-

las of expressions (10) should be very small.
3. Experimental Design for Extended Retrieval

A) Main Properties of Extended Retrieval

The extended retrieval system exhibits the following practical

advantages for information retrieval:
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Structured queries can be processed, including the usual "apd",

"or™, and "npot" operators.

Term weights can be used to reflect relative term importance for
terms assigned to documents and queries; in addition the individual
query components and clauses can be weighted separately. This
leads to sophisticated query formulations and to the ranking of

retrieved items in decreasing order of query-document similarity.

The interpretation of the query structure can be altered by using
different p-values to compute the query-document similarity. As
the p-value changes from infinity to one, the Boolean connectives
are interpreted more and more loosely. Eventually, when p reaches
1, the distinction between compulsory phrase bonding (using "and")
and between alternative syﬁonym specification (using "or"™) is com-
pletely lost, and only the presence or absence of the terms is

taken into account.

The use of the p-norm metric opens a number of attractive possibil-

ities for the enhancement of information retrieval operations. The most

obvious application is the use of the p-values to simulate flexible

phrase and thesaurus assignment processes. The use of term phrases and

thesaurus classes constitutes a principal tool in text analysis and

automatic indexing [13-16]:

a) Phrases are useful to render broad, high-frequency terms more
specific. Broad terms with high document frequencies must be
incorporated into term phrases to obtain adequate search pre-

cision.
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b) Thesaurus classes are most useful as a means for broadening
low frequency terms which by themselves are too rare and too
narrow. By grouping related loé-frequency terms into common
classes and assigning these thesaurus classes to the biblio-
graphic items instead of the individual terms, the search

recall can be appropriately enhanced.

The use of different p-values leads to varying interpretatioms of
thesaurus and phrase relations as shown in Table 3. Values of p close
to infinity produce strict interpretations of phrase relationships and
synonym classes. Low values of p are used for coordinate-level type
query-document comparisons where the terms are assumed to be independent
of each other, and the number and weight of matching query and document
terms determines the retrieval ranks. Intermediate p-values produce a
compromise between the complete absence of terms relations and the

strict Boolean interpretation of the term relationships.

One attractive concept is the use of mixed p-values to distinguish
compulsory terms, or term relations, from optional ones. This makes it
possible to include in a single query statement tentative content iden-
tifiers using low p-values, as well as compulsory, objective terms using
high p-values. For example, bibliographic items in computer science

authored by "Smith"™ may be specified as

[ (computer and(2) science) or(2) (computer and(2) engineering)]

and(oco) (author 'Smith!')

The first part of the query statement is used to specify items in the

computer area, using loose phrase and synonym specifications. The high
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p-value attached to the final "apd" will restrict the output to the

specified author.

The mixed metric matching thus embodies aspects of bibliographic as
well as of data base retrieval. When "and"(oc) and "or"(or) operators
are used, a standard data base retrieval environment is produced. The
term weights are then usable to rank the output items in decreasing
order of query-document similarity. Alternatively, when low p-values
are utilized, a vector-type matching system is produced. The extended
system is thus usable to simulate a variety of systems incorporating
data base as well as bibliographic retrieval aspects. For exaﬁple in
the SIRE system [5] a strict Boolean match is used, followed by the
additional ranking of the output in order according to the sum of the
weights of matching query and document terms. This type of retrieval is
obtainable directly in the metric system by first constructing standard
Boolean queries Q(oo)' which are then "flattened™, that is, turned into
vector-type queries for output ramking purposes. This is achieved by
replacing "and"(co) and "or"(co) by "and™(1) and "or™(l) operators. For
each Q(oo)' a new query statement Q(l) is then obtained which may be
processed in one operatiom as "Q(co) and(oo) Q(l)"' For the query
((computer and science) or (computer and engineering)), the final formu-

lation will be

((computer and(co) science) or(o) (computer and(c) engineering))

and(o) ((computer and(l) science) or(l) (computer and(l) engineering))

The mixed query system is also useful in a relevance feedback

environment, where relevance information obtained from users in response

to previous retrieval activities is used to reformulate the initial
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query statements in preparation for further search activities. [17-18]

In that case, probabilistic ferm relevance weights may be generated
leading to increasingly useful query specificatiomns. [19-21]. In an
extended retrieval environment, high p-values could be used for terms
whose occurrence characteristics in the relevant documents are well
specified, whereas low p-values would serve for terms that are less well
specified. The extended system then serves as a model for both the
standard interactive relevance feedback system using vector-type
queries, as well as for the reformulation of Boolean query statements in

conventional retrieval environments. [22]

B) Query and Document Processing

The processing environment used in this study may be illustrated by
using as an example a typical two-clause query. The basi¢ two-clause
query takes the form

and (term A, term B,...), and (tefm C, term Dy...) }
QL Qr or

where the terms included in a given clause are connected by a common
Boolean operation, and an outer clause operator is used to relate the
clauses. In each case, one of the two operators (and, or) is inserted
as a term or clause connector. In the extended retrieval system, the
query terms are individually weighted, and additional weights can be

assigned to the clauses as previously discussed.

A sample query is shown in Table 4 in its original Boolean form in
part(a). Part(b) shows the equivalent expanded form in the extended

query system. Each Boolean operator is now assigned a p-value (equal to
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infinity in Table 4(b) to correspond with the standard interpretation of
the Boolean query of Table 4(a)), and each term and clause receives a
term weight of 1. The clause weights are underlined for easy identifi-
cation. The formulation of Table 4(b) is precisely the same as that of

Table 4(a).

The formulation of Table 4(c) corresponds to that used in Table
4(b) except for the addition of relative term and clause weights and of
variable p-values attached to the connectives. The outer clause opera-
tor 1is identified as Pp» 1$p1500. and the inmer operators by
pz. ISpZSOO. It is known that in the absence of specific information
about the actual importance of the terms, the inverse document frequency
represents a useful indication of term importance. [23] The inverse
document frequency weight arranges the terms in inverse order according
to the number of documents in a collection in which the term occurs.
That is, terms occurring in many documents receive low weights, whereas
terms occurring in few documents are highly weighted. Specifically, if
N is the number of documents in a collection, and o, is the number of
documents in which term k occurs, then the inverse document frequency of

term k, idfk. is defined as

A

idf, = log (11)

k

In the query formulation of Table 4(c), an inver;e document fre-
quency weight, idfk, is attached to each term, and the clause weight is
computed as the average weight of terms in the corresponding clause
(ave. idf). A vector formulation for the sample query is shown in Table
4(d). In that case, the term weights are maintained, but the distinc-

tion between "and" and "or" operators disappears since all p-values are
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then fixed at 1.

The weights attached to document terms can in principle be deter-
mined in the same way as the query term weights. That is, binary
weights equal to 1 can be used for terms that are present in a given
document, and weights equal to 0 are attached to terms not included in a
document. Alternatively, the inverse document frequency weights of

expression (l11) can be used. A third possibility comsists in defining

the term weight as a combination of two different values: [13-16]

a) a value based on the occurrence characteristics of the term in
the whole collection, typically the inverse document frequency

weight of éxpression (11);

b) a value based on the occurrence characteristics of the terms
in the individual documents; typically this factor could be
computed as the frequency of occurrence, or term frequency,

tf, of a term in a given document.
The combined weight, Vor? of term k in document i can then be defined as
Wik T Ldfk-tfik. (12)

According to formula (l12) a term is highly weighted when it exhibits a
high frequency in an individual document but a low overall number of
occurrences in the whole collection. In the experiments to be described
in the sequel, a normalized form of expression (12) is used, designated

tf*xidf, and defined as

tfik J.dfk

max (tfih)]'[ max (idfh):|
term h in doc 1 term h in doc i

(tf*idf)ik=[ (13)
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Experimental results are described in the remainder of this study
in which various combinations of document and query term weights,
including binary, and combined tf * idf values, are used for illustra-

tion.

C) Typical Retrieval Results

The retrieval results obtainable in the extended system are illus-
trated in Table 5 for the query previously uged as an example in Table
4, Five documents, numbered 1, 11, 36, 47 and 51 are relevant to the
query in the collection of 82 documents. The query term frequéncies in
the five rele?ant documents are shown in Table 5(b). It may be seen
that at least one term f;om each of the two query clauses appears in
documents 1, 11 and 36. On the other hand, neither the term "catalog"
nor "catalogue™ appear in documents 47 and 51. These last two documents

are therefore not retrievable by the conventional Boolean query formula-

tion.

The actual retrieval ranks achieved by the five relevant documents
are shown in Table 5(c) for the conventional Boolean form, as well és
for the extended matching system using a p-value of 2 for "and™ and "or"
operators and bimary term weighting, and finally for a vector query for-
mulation using p-values of 1 and a query-document matching system based
on the cosine similarity coefficient. [3,4] The Boolean formulation
retrieves the first three documents (numbers 11, 36 and 1) with a per-
fect query-document similarity of 1. These same three documents are
also retrieved with ranks 1, 2 and 3 by the extended system where the

similarity coefficients are equal to 0.756, 0.756, and 0.636, respec-
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tively. In additiom, the extended system also retrieves the other two
relevant documents (numbers 47 and 51) with ranks 7 and 9 respectively,
and much lower query-docu:iant similarities of 0.281. Assuming that the
user retrieves the top 10 documents (the ten items with the highest
query-document simi1a¥ity). better retrieval results are then obtainable
with the extended matching than with conventional Boolean comparisons.
The two items that do not match the original Boolean formulatioms do,
however, exhibit rather low query-document similarities in the extended

system.

In the vector matching system illustrated on the right-hand side of
Table 5(c), the five relevant documents are retrieved even more effec-
tively with ranks 1, 2, 4, 5, and 6, but the distinction between the
items matching the Boolean query and those not matching the query has
disappeared. In the vector matching system, all retrieved items exhibit
fairly low query-document similai.cies ranging froq 0.384 for the

highest retrieved document to 0.125 for the sixth retrieved item.

Actual retrieval results are exhibited in the next section.

4. Extended Retrieval Experiments
A) Experimental Collections and Evaluation Process

Three different document collections are used to evaluate the
extended retrieval model covering items in biomedicine, library science
and related areas, and computing and related areas, respectively. The
biomedical collection, designated as Medlars 1033, represents a subset

of items obtained from the National Library of Medicine. The library
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science items, designated as ISI 1460, covers highly cited items
extracted from the Social Science Citation Index and obtained with the
help of the Institute for Scientific Information. Finally, the Inspec
12684 collection covers items in electrical engineering and computer
science extracted from Computer and Control Abstracts and obtained with

the help of the Institution of Electrical Engineers.

For each of these collections queries were formulated first in
natural language form, and later in Boolean form by graduate students
and staff of Cormell University (for Medlars and ISI) and by graduate
students of Syracuse Universitf (for Inspec). Because the Medlars and
ISI collections are relatively small, consisting of 1033 and 1460 docu-
‘ments, respectively, it was possible to perform exhaustive relevance
assessments of each document with respect to each query. The relatively
large size of the Inspec collection (12684 documents) made it impracti-
cal to obtain complete relevance assessments. However, as part of a
study dealing with different document representations, each query ;as
processed in seven different ways at Syracuse University producing seven
different sets of retrieved documents . [24] Two additional searches
were conducted at Cormell including one vector processing and one p-norm
run using the extended retrieval model. All the documents retrieved by
the nine different search methods were examined for relevance, and the
assumption is that the vast majority of the relevant items in the com-
plete collection were actually retrieved by one of the nine searches.

The collection environment is summarized in Table 6.

To evaluate the effectiveness of a retrieval system it is customary

to compute values of the search recall and the search precision follow-
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ing the retrieval of some fixed number of documents. The recall
represents the proportion of relevant items retrieved out of the total
number of relevant in the whole collection, and the precision represents
the proportion of relevant items retrieved out of the total number
retrieved. In general the presumption is that an average user is
interested in retrieving most everything relevant (high recall), and in

rejecting most everything that is extraneous (high precisionm).

In some retrieval environments such as the vector processing system
and the extended p-norm retrieval system, the documents are retrieved in
decreasing order of a given document-query similarity measure, that is,
the most important items are obtained first. The ranked output then
makes it possible to compute a recall and a precision value after the
retrieval of each item. By interpolation the precision values can be
calculated for fixed values of the recall, say for a recall of 0.1, 0.2,
and so on up to a recall of 1.0. By averaging the precision values at
the fixed recall levelsA for a number of user queries, one finally
obtains a recall-precision table, or a corresponding graph as shown in
Fig. 4. [3,4] The retrieval system exhibiting the highest recall-
precision values, corresponding to the graph located closest to the
upper right-hand corner where both recall and precision are equal to 1,
represents the preferred meghod. For the two retrieval methods used in
Fig. 4, the p-norm run with p-values set equal to 1 and binary term

weights proves much superior to the standard Boolean retrieval system.

Since it is awkward to compare complete tables or graphs with each
other when many comparisons are performed, the evaluation results

included in the next section are stated in terms of a single precision
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value, representing the average precision at three typical recall lev-
els, including a low recall level of 0.25, a medium recall of 0.50 and a
high recall of 0.75. Percentage improvement or deterioration values are

then given for these composite precision measures.

B) Evaluation Results

The evaluation output for the three document collections is
included in Tables 7(a), 7(b) and 7(c), respectively. In each case, the
base run listed at the top of each Table is assumed to be the standard
Boolean system (with binary termfweights and p values equal to infin-
ity). A secondary base run listed at the bottom of each Table is the
vector processing run using a cosine coefficient to compare query and
document vectors. The corresponding vector forms were derived from the
original natural language query statements and from the document
abstracts using a standard automatic indexing process based on word stem
extraction and on an automatic assignment of term weights using the tf x
idf weighting system. [13-16] A comparison of the results for the
standard Boolean and the automatic vector processing systems shows thgt
the latter produces improved retrieval results for all three collec-
tions, ranging from a 40 percent improvement for ISI to 165 percent for
Medlars. This agrees with earlier test results showing that properly
chosen automatic indexing methods with weighted term assignments will

outperform the conventional Boolean retrieval methodologies. [25-26]

The results for the extended Boolean (p-norm) retrieval model are
shown in the middle section of Tables 7(a), (b) and (c). The p-norm

query formulations corresponding to the search results of Table 7 were
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constructed fully automatically from the original Boolean query formula-
tions by assigning constant p values to all connectives in the original

queries. Sample values of p =1, 2, 5 and 9 were used experimentally.

Two main cases arise: the extended model can be used with
unweighted (binary) query and document terms; alternatively the query
and/or document terms can be automatically weighted in accordance with
the formulas of expressions (11), (12), or (13). The methods used for
experimental purposes are the unweighted binary case listed in the upper
half of the Tables 7, and a weighted case where the documents terms only
are weighted using the tf x idf formula of expression (13) shown in the

lower part of the Tables.

The results of Tables 7 indicate that substantial improvements in
retrieval effectiveness are obtainable in the extended system by simply
replacing the normal strict interpretation of the Boolean connectives
(corresponding to p values equal to infinity) by lower p-values. For
the binary p-norm system the optimum values appear to occur for p values
somewhere between 2 and 5; as the p-values grow largef. the amount of
improvement over the standard Boolean base case decreases. The extended
retrieval system used in a binary mode provides improvements over the
Boolean system ranging from about 50 percent for ISI to about 130 per-
cent for Medlars. When the unweighted p-norm system is compared with
the vector processing system, an additional advantage is obtained only

for the ISI collection.

Consider now the weighted p-norm model. It may be seen that when
the document terms are automatically weighted using the tf x idf func-

tion, additional improvements are produced for all collections over the
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unweighted case. The p values tried for the weighted system are identi-
cal with those used earlier for the binary case, except that an infinite
P value is added. Once again the infinite p, corresponding to a strict
interpretation of the Boolean connectives, gives much worse performance
than any of the smaller p-values. For low p-values the weighted system
affords improvements over the unweighted case ranging from ten percent
for ISI to over 40 percent for Inspec. Compared with the pure Boolean
basic case, the weighted p-norm system brings improvements of at least

60 percent for ISI, and up to 170 percent for Medlars.

For the unweighted p-norm system, the best p-values were in the
range from 2 to 5. For the weighted case, lower p-values between one
-and two appear most useful. The explanation for the difference in -
behavior may be found in studying the effect of the term weighting on
the shape of the document space. When each term is equally weighted,
the lines of equal query-document similarity appéar symmetric with
respect to the center of the space as previously illustrated for the
two-dimensional example in Fig. 1. On the other hand, when one term is
more highly weighted than another, the equal similarity lines becoqe
skewed, and complex interactions occur between the skewness due to the
unequal weighting, and the distortions of the distance computations due
to the higher p-values. These distortions adversely affect the query-

document similarity computations for higher p-values.

Consider as an example, the graphs of Fig. 5. The example of Fig.
5(a) covers an "and"-query; the "or"-case is covered in Fig. 5(b). The
solid lines of Fig. 5(a) represent the lines of equal similarity (equal

distance from the (l1,1) point) when both terms are equally weighted and
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P is equal to 2. The dashed lines of Fig. 5(a) represent equal similar-
ity lines for an example where term B is weighted twice as heavily as
term A and the p-value is raised to 5. It may be seen that the similar-
ity lines and the similarity values listed along the edge of the graph
are very different for the two cases. For example, for a particular
solid similarity line equal to 0.3, the dashed similarity values may
vary from about 0.5 down to about 0.1 depending on the values of terms A
and B in a document. This same effect is visible for the "gr"-case in
Fig. 5(b) where p=4 is used for the symmetric case of equal term weights
(the dashed lines), and p=1 covers the case where term B is weighted

more heavily than term A.

In summary, when all query terms are equally weighted, the higher
p-values which impose a more definite structure on the query statements
are useful. On the other hand when variable term weights appear, space
distortions are caused as a result of the term weight differences and
the p-norm distance measurements. In that case, lower valpes of p pré-
vide the best results. In either case, the pure Boolean approach which
is used conventionally in operating information retrieval situations

appears to be the worst possible choice.

The performance values actually attained by the p-norm system may
be compared with the corresponding values for the optimal case, included
at the bottom of Table 7(a). This run represents an upper-bound experi-
ment where the unrealistic assumption is made that the relevance or non-
relevance of each document with respect to each query is known in
advance before the searches are actually carried out. In‘that case it

is possible to compute term relevance weights for each term as a ratio
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of the proportion of relevant documents in which the term occurs to the
proportion of nonrelevant items in which the term occurs. [19-21]

Given the actual terms included in the user queries and the terms comn-
tained in the abstracts, the use of term relevance weights produces the
best possible performance obtainable in the particular collection

environment.

5. Summary

An extended query-document matching system is described in this
study which relaxes the stringent requirements of the conventional
Boolean retrieval operations. The new extended system furnishes a
bfidge between the strict interpretation of term connectives inherent in
the use of Boolean logic, and the total absence of query structure
characterizing the vector processing system. Experimental evidence
obtained with various sample collections indicates that the extended
matﬁhing system is more powerful than either the conventional Boolean

system or the vector processing system.

The extended retrieval system should be simple to implement in
practical retrieval enviromments. The document indexing is adjusted by
attaching tf x idf weights to each document term (expression (13)). The
inverse document frequency values are easily computed by using the col-
lection size (N) and the postings frequency (n) for each term (that is,
the number of documents to which'a term is attached). Each incoming
Boolean query is then adjusted by replacing the implicit p=co values
attached to the connectives by lower p values. If no special informa-

tion is available from the users about the special importance of partic-
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ular query terms, it appears simplest to choose uniformly low p-values
== say p=l or p=2 -- for all connectives. Thus an initial query such as
(A and(co) B) or(o) (C and(c) D) becomes (A and(l) B) or(l) (C and(l)
D). 1If the user provides specific informationm about the importance of
individual query terms, then higher p-values (say p=5) may be used for

the connectives attached to terms deemed to be most important.

It remains to specify how the extended p-norm queries are compared
with the document collection. Since most operational retrieval systems
use inverted file organizations, it is possible to use a standard
inverted file process to isolate a subset of potentially relevant docu-
ments in response to each query. This may be dome by broadening each
initial query and processing it in the standard inverted file mode
against the complete collection. A query could be broademed for example
by replacing all and by or conmnectives. The extended p-norm matching
system can then be applied in a second query-document comparison to the

subcollections retrieved by the initially broadened queries.

If natural language, rather than Boolean queries are initially
available, the extended retrieval model can be used to formulate initial
Boolean statements completaly automatically. In that case the p-value
interpretations previously outlined in Table 3 lead to a system where
high frequency terms that are normally included in term phrases are sup-
plied with and connectives, and low frequency terms that are normally
used together with synonymous constructions are supplied with or connec-
tives. A consideration of automatic Boolean query formulation systems

is beyond the scope of the present study.

Experiments which apply the extended retrieval strategies to
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conventional Boolean retrieval systems based on inverted file organiza-

tions are currently being planned.
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Terms Similarity with Query

A B (A or B) (A and B)
Document D, 1 1 1 | 1
Document D, 1 0 1 | 0
Document D, 0 1 1 I 0
Document D, 0 0 0 I 0

a) Conventional Boolean Retrieval

A B (A or B) (A and B)
Document D, 1 1 <1 I 1
Document D, 1 0 N2 1 1-1/N2
Document D, 0 1 I/Q—Z I l-l/\ré
Document D, 0 0 0 | 0

b) Extended Retrieval

Query-Document Similarity Values for Conventional
and Extended Systems

Table 1
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p-Yalue Conpnective

0o and
) or
3 and
3 or
1 or, and

strict phrase assigmment; item
not retrievable unless all phrase
components are present;

strict thesaurus feature; terms
related by "or" are substitutable
one for another; only one of each
group of related terms is required;

loose phrase; the presence of all

phrase components is worth more than

the presence of only some of the
components; terms are not compulsory;
loose thesaurus class; the presence of
several terms from a given class is worth
more than the presence of only one term;

terms are independent of each other;
distinction between phrase and
thesaurus assignment disappears.

p-Value Interpretation

Table 3




a)

b)

c)

d)
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Unweighted query formulation (Boolean statement)

(catalogue or catalog)

and (mechanization or automation or computerization)

Heighted query formulation (binary weights)

and(o0) (< gr(oo) (<catalogue,l>,<catalog,1>, 1 >
or(o) (<mechanization,l>, <automatiom,l>,

<computerization,1>, 1 >)
—

Heighted query formulation (term wts:idf; clause wts:average idf)

ad(p,) (<ax(p,)(<catalogue,6.358>,<catalog,5.358>), 5,898 >
<nx(p2) (<mechanization,4.036>, <automation,2.657>,

<computerization,1.603>), 2.765 >)

Yector formulation

(<catalogue,6.358>, <catalog,5.358>, <mechanization,4.036>,

<automation,2.657>, <computerizatiom,l.603>)

Typical Query Formulations
Table 4
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Collection
Name

Number of
Documents

Number of
Queries

Subject Area

Medlars

ISI

Inspec

1033

1460

12684

30

35

77

Documents in biomedicine
received from the National
Library of Medicine.
Boolean queries constructed
by Cornell staff.

Documents in library science
and related areas extracted
from Social Science Citation
Index by the Institute for
Scientific Information.
Boolean queries constructed
by Cormell staff.

Documents in electrical
engineering and computing
extracted from Computer and
Control Abstracts by the
Institution of Electrical
Engineers.

Queries constructed by graduate
students at Syracuse University.

Document Collections

Table 6
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Medlars 1033

Type of Run p-Value Average Percent Percent
Precision Difference Difference
at three from from
Recall Points Boolean Cosine

Basic Boolean Retrieval (o) .2065 - - 562

binary weights

Extended (p-norm) Retrieval
Binary Weights for

queries ani documents 1 4710 + 128% - 1%
2 4767 + 131% 0
5 4720 + 1292 0
9 <4599 + 1232 - 32

Extended (p-norm) Retrieval
Document Weights tf x idf

binary query weights 1 «5505 + 1672 + 162
2 <5573 + 1702 ‘ + 18%
5 «5442 + 163% + 15%
9 <5417 + 162% + 147
© .2368 + 15% - 50%

Vector Processing using
cosine match and
natural language query - 5473 + 165% -

Optimal Case using
retrospective term _
relevance weights - 7675 + 272% + 62%

Evaluation Results - Extended Retrieval

Medlars 1033 Collection

Table 7(a)
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ISI 1460
Type of Run p-Value Average Percent Percent
Precision Difference Difference
at three from from
Recall Points Boolean Cosine
Basic Boolean Retrieval 0o 1118 - - 292
binary weights
Extended (p-norm) Retrieval
Binary Weights for
queries and documents 1 .1687 + 51% + 8%
2 .1692 + 51% + 82
5 .1691 + 51% + 82
9 .1586 + 427 + 12
Extended (p-norm) Retrieval
Document Weights tf x idf
binary query weights 1 .1835 + 647 +17%
2 .1806 + 62% + 15%
5 1710 + 53% + 92
9 1674 + 502 + 7%
oo .1000 - 112 - 362
Vector Processing using
cosine match and
natural language query - .1569 + 40% -

Evaluation Results - Extended Retrieval

ISI 1460 Collection

Table 7(b)
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Inspec 12684

Type of Run p-Value Average Percent Percent
Precision Difference Difference
at three from from
Recall Points Boolean Cosine

Basic Boolean Retrieval (o o) .1159 - - 50%

binary weights

Extended (p-norm) Retrieval
Binary Weights for

‘queries and documents 1 1911 + 65% - 18%
2 .2069 + 792 - 112
5 .2084 + 802 - 102
9 .2027 + 75% - 132

Extended (p-norm) Retrieval
Document Weights tf x idf

binary query weights 1 2747 + 136% + 182
2 .2700 + 1332 + 16%
5 «2691 + 1322 + 16%
9 <2641 + 1282 + 147
oo 1314 + 13% - 43%

Vector Processing using
cosine match and
natural language query - «2325

+

101% -

Evaluation Results - Extended Retrieval

Inspec 12684 Collection

Table 7(c)
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lines of equal similarity
equidistant from (1,1) lines of equal similarity
B equidistant from (0,0)

B
(0,1) 1 (1,1) (0,1) { / (1'1)

sim =

1-1/72 -

sim =1/v2 |

r 4 : A
0 (1,0) 0 (1,0)

b) (A or B)
a) (A and B)

Equi-Distance Lines from (1,1) Point for "and"

and from (0,0) Point for "or"

Fig. 1
1 0o
p-value I
vector space model; intermediate fuzzy set model;
inner product query- extended Boolean standard Boolean query-
document matching retrieval model document match for
function

unweighted terms

Range of p-Value Variations

Fig. 2



- 48 -

(1°1)

€ 814

(g (d)1o y) “(a (d)pue y) sariand pue

Amv.<vv = Q 10J S9TITAeTTWIS AI1and-juawndoq

(q P# P (e

o0o>d> 1 ‘pue-

o= d ¢‘pue’|-

(1°1)



- 49 -

Average Precision
for 30 queries
Recall Level
Base Case P-Norm Run
Standard Binary Weight
Boolean p=1
0.1 0.5606 0.7383
0.2 0.4364 0.6635
0.3 0.2917 0.5956
0.4 0.2387 0.5263
0.5 0.1871 0.4680
0.6 0.1562 0.4294
0.7 0.1073 0.3563
0.8 0.0774 0.2853
0.9 0.0385 0.1696
1.0 0.0324 0.1116
Average Improvement + 1722

a) Typical Recall

-Precision Table

Precision

4

1.0

(1 9.

.3 ¢
06 91 \
04 1 \

2 1 N\

Re«

0 2 4 .6 .8 1.0

/ Standard Boolean

¢ P-Norm p=1 binary weights

b) Corresponding Recall-Precision Gra

Typical Retrieval Results

(Medlars 1033 Collection;
average over 30 queries)

Fig. 4
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