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ABSTRACT

The introduction of operationally effective time-shared computer
systems, including suitable hardware for manual input, and display devices
for computer-generated output, may be expected to produce important changes
in the organization of automatic information retrieval systems. OSpecifi-
cally, the opportunity on the part of the user of such a system to interact
with the system promises to lead to significant improvements in retrieval
service and in the effectiveness of the search procedures.

In the present study several techniques are considered for exploiting
a real-time communications link between the user and the retrieval system.
Three principal methods are described in detail: the use of the system for
the display of appropriate portions of the stored vocabulary to enable the
requester to adjust the original query; the use of relevance judgments
obtained from earlier partial searches to refine subsequent searches; and,
finally, the use of a multiplicity of different information analysis methods.
Examples are shown of each of the suggested processes, and evaluation
coefficients are presented in an attempt to measure the amount of improvement

obtainable with each procedure.

f’Computation Laboratory, Harvard University, Cambridge 38, Mass.
This study was supported in part by the National Science Foundation under
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1. Introduction

Automatic information retrieval systems must be designed to serve
a multiplicity of users, each of whom may have different needs and may
consequently require different kinds of service. Under these circumstances,
it appears reasonable that the system should reflect this diversity of
requirements by providing a role for the user in determining the search
strategy. This is particularly important in automatic systems, where
presently used one-shot (keyword) search procedures normally produce poor
results.

In an automatic retrieval environment in which the user may be given
access to the system — for example, by means of special input-output
consoles — this can be achieved by two principal methods:

(a) by providing automatic aids to the user in his attempt

to formulate effective search requests;

(b) by using several alternative analysis procedures, and
a sequence of search steps to improve retrieval

results.

In either case, the user can be made to control the retrieval
process by asking him to furnish to the system information which subse-
quently determines, at least in part, the search strategy for a later pass.

Several methods may be employed to aid the user in formulating
effective search requests. One of the simplest methods consists in pro-
viding some kind of automated dictionary which may be used to display

certain pertinent parts of the stored information. Thus words, or
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concepts, related to those originally included in a search request may be
exhibited, and the user may be asked to choose from among these related
terms in reformulating his request. The automated dictionary is then used
as an aild in a manual reformulation of the request.

The iterative search process can also be mechanized more completely
by leaving the search request largely unchanged, and by altering instead
the information analysis process. In that case, the user furnishes to the
system information concerning the adequacy of a preceding search operation,
which is then used automatically to adjust the retrieval process for the
next iteration.

In the present study, several alternative search optimization
procedures are examined. In each case, the automatic SMART document
retrieval process, presently operating on the IBM 7094 computer in a batch-
processing mode, is used to simulate the real-time iterative search
process.l’2’3 The automatic evaluation procedures incorporated into SMART
are utilized to measure the effectiveness of each process, and data are
obtained which reflect the relative improvement of the iterative, user-

controlled, process over and above the usual single-pass search procedure.

2. The Automatic Dictionary Process

In a conventional, batch-processing retrieval environment, the user
normally relies on his intuition and experience = possibly aided by published

references = in formulating an initial search request. Once the general
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context has been established, the request must be normalized to a form
suitable for use by the retrieval system. In a conventional coordinate
indexing system, for example, this normalization would consist in a manual
transformation of the original search request into an appropriate set of
keywords. In certain automatic keyword search systems, a machine indexing
process would generate the keywords, and stored synonym dictionaries might

be used for normalization. After the analysis process, the normalized
identifiers which specify the search request are matched with the identifiers
attached to the documents, and correlation coefficients are obtained to
measure the similarity between documents and search requests.

In the present section, a system is considered in which a communi-
cations link enables the user to affect the normalization process by making
it possible for him to choose certain terms to be added and/or deleted from
an original search formulation. Four main procedures appear to be of
interest for this purpose:

(a) a stored synonym dictionary, or thesaurus, may be used,

given a set of thesaurus entries, to display all related

entries appearing under the same concept category;l’z’3

(b) a hierarchical arrangement of terms or concept classes
may be available which, given a set of initial terms,
can provide more general concepts by going "up" in the

hierarchy, or more specific ones by going "down";l’z’3

(c) a statistical term-term association matrix may be com-
puted which can be used, given a set of terms, to find
all those related terms which exhibit a tendency to
co-occur in many documents of the collection with the

terms originally Specified;4
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(a) assuming the availability of a set of documents
retrieved by an initial search operation, one may
add to the terms originally specified in a search
request, all those terms which occur in several of
the retrieved documents but do not occur in the

initial request.5

While it is potentially very useful to provide the user with a set
of terms which may have been overlooked in formulating the original search
request, it is probably even more important to furnish an indication of the
usefulness in the retrieval process of each of the query terms. The most
obvious indicator of potential usefulness is the density (or absolute number)
of documents identified by each of the given index terms. The assumption
to be made in this connection is that the usefulness of a term varies
inversely with the frequency with which it is assigned to the documents of
a collection.

Thus, in a coordinate indexing system, in which the retrieval process
is controlled by the number of matches between terms assigned to documents
and terms assigned to the search requests, the indexing density provides a
straightforward estimate of the number of documents likely to be retrieved
in each particular operation. If a correlation function is used to compare
keyword sets attached to documents and queries, the relation between number
of retrieved documents and the size of each keyword set is less obvious.
However, the general assumption that a query term with high indexing density
will produce "broad" retrieval, whereas one with low indexing density

produces "narrow" retrieval is still valid.



It seems reasonable under the circumstances, to require that each
dictionary display provided to the user consist not only of the corresponding
terms or concepts, but also of the frequency with which the various terms
are assigned to the documents of the collection. The user can then utilize
this information to refine the search request by promoting terms deemed
important and demoting others which may be ambiguous or otherwise useless
in the retrieval process.

Consider as an example the retrieval procedures illustrated for two
different requests in Figs. 1 and 2, respectively. The original text of a
request titled "IR Indexing" is shown in Fig. 1(a). Five concept numbers
are obtained when this text is looked up in the "Harris III" thesaurus
(version number 3 of the synonym dictionary) provided with the SMART system;
these concept numbers, together with their frequencies in the document
collection are shown in Fig. 1(b). The full thesaurus entries corresponding
to these concept numbers are similarly presented in Fig. 1(c); finally,
retrieval results obtained with the original search request are given in
Fig. 1(d).

Under the assumption that the user examines the list of retrieved
documents, and finds that the fifth and sixth documents (numbers 7¢ and 80)
are useful to him, it is now possible to request that concepts attached to
these documents, but not included in the original search request, be
displayed. This is done in Fig. 1(e) for concepts jointly included in the
relevant documents numbers 79 and &0.

It now becomes possible for the user to pick new terms from the list

of Fig. 1(e) — for example, terms like "coordinate," "lookup," and
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"Automatic Information Retrieval and
Machine Indexing"

(a) Original query text for "IR Indexing"

1
(BT Gonsapt wmoar | SRR o Conces
 automatic 119 79
. information 350 45
% retrieval 26 6
' machine 600 77
| indexing 101 1

(b) Terms included in original request

Corresponding Thesaurus Entries |

Concept Number

119 artificial, automatic, mechanical,

machine-made, semi-automatic,

semiautomatic
350 information
, 26 retrieval
i 600 machine
! 101 descriptor, flag, ID, index, key,

i keyword, label, subscript, tag,

I | sub-script

(c) Thesaurus entries corresponding to original terms used

Processing of Request "IR Indexing"

Figure 1



Pocumaut. | Decuent | ormalation | folovant |
1 167 0.41 no !
2 166 0.38 no
3 129 0.33 no

. 4 314 § 0.33 no
5 79 } 0.33 yes
6 g0 | 0.30 yes

(d) Retrieval results for original query
(using version III of Harris thesaurus)

Concepts from

Documents ; Corresponding Thesaurus Entries
79 and 80 5
49 co-ordinate, [coordinate|, intercept,
ordinate, pole, rectangular-to-polar
108 consult, look-up, look, |lookup|,

scan, seek, search

114 EEEEEEEEJ, article, auto-abstracting,
bibliography, catalog, copy, etc.

170 noun, verb, sentence

497 science

(e) Concepts common to reld%ant documents number 79 and 80
and not included in original request

Figure 1 (continued)



XXIV-9

"Information Retrieval. Document Retrieval.
Coordinate Indexing. Dictionary Look-up
for Language Processing. Indexing and
Abstracting of Texts."

(f) Modified query using terms
from relevant documents

 Retrieval Results Using | Retrieval Results Using
Original Query ‘ Modified Query
Ranks of Document f Ranks of Document
Relevant Correlation Relevant Correlation
Number Number
_ﬁpgcumentsm_> - Documents -
(7 5 79 0.33 1 80 0.51
6 80 0.30 4 79 0.41
g 221 0.29 [ 6 48 0.36
11 126 0.28 ‘ 9 126 0.23
12 48 0.27 11 221 0.23
69 3 0.10 | 18 3 0.19
S | . S

(g) Comparison of search results using original and modified queries

Figure 1 (continued)
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"Can hand-sent Morse code be transcribed
automatically into English? What pro-
grams exist to read Morse code?"

(a) Original query for "Morse Code"

Term Used in Request | Concept Number Fr?zgznggcziegzggept
hand-sent 113 12
Morse 35 9 (Low)
code ! 281 37
transcribed 570 25
automatically | 119 70 (HIGH)
English ‘ 35 9
programs 608 104 (HIGH)
exist 234 55
read 569 25

(b) Terms included in

original request

' Modification 1: "Can hand-sent Morse code'

f be translated into English?
Recognition of manual
Morse code."

Modification 2: "Use original query and add

'Morse

, Morse, Morse'."

(c) Modified queries by

deletion of common,

high-frequency concepts and addition of
important low-frequency concepts

Processing of Request "Morse Code"

Figure

2
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— N — S
| ilRanks Of | Document i

. Type of Query | Relevant | Nembor | Correlation

| || Documents | "7 |

| Original Query | 7 394 E 0.29

| "Morse Code"™ | 30 . 305 § 0.13

| Nodification 1 | 4 394 | 0.33

| | 8 | 305 . 0.26 ‘
i m——— N— _,‘\T SOR— S PSS - ? - - f
| Modification 2 | 4 394 | 0.30 |
} 1 16 @ 305 ; 0. 13- B

(d) Comparison of search results using original
and modified queries

Figure 2 (continued)

"egbstract" — and to use them to rephrase the search request as shown in
Fig. 1(f). A comparison of the retrieval effectiveness for both original
and modified queries is shown in Fig. 1(g). It may be noticed by examining
the ranked document output produced in the SMART system, that the relevant
documents have much lower rank, and correspondingly higher correlation
coefficients for the modified search request than for the original. The
lowest relevant document, in fact, places only 18th out of.a total of 405
documents when the modified query is used, whereas it originally ranks 69th.
A second example, and a different dictionary feedback process, is
illustrated in Fig. 2 for the request "Morse Code." The original text for
the request is given in Fig. 2(a), and the corresponding thesaurus entries
and their frequencies appear in Fig. 2(b). The user who examines the output
of Fig. 2(b) may notice that concepts 119 (obtained from "automatically")
and 608 (from "programs") appear with an excessively high frequency and that

it may therefore be useful to remove them from the request statement.
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Similarly, the crucial concept 35 ("Morse") appears with very low frequency.
The reformulations of Fig. 2(c) reflect the corresponding deletions and
additions.

The success of the request alteration may be evaluated by examining
the ranks of the two relevant documents (numbers 305 and 394) as shown in
Fig. 2(d). It may be seen that retrieval results are improved for both
modifications 1 and 2 over the original, but that the better result is
obtained for the first modification where the relevant documents are ranked

fourth and eighth, respectively.

3. Request Optimization Using Relevance Feedback

The vocabulary feedback process illustrated in the preceding section
appears to be both easy to implement and effective in improving search
results. It does, however, put considerable demands upon the user who
controls not only what is displayed by the system, but also what is returned
in the way of modified information. A variety of search optimization methods
should, therefo}e, be considered which place a much larger burden on the
system, and a correspondingly smaller one on the user. One such procedure
is the relevance feedback method.

In essence, the process consists in effecting an initial search, and
in presenting to the user a certain amount of retrieved information. The
user then examines some of the retrieved documents and identifies each as
being either relevant (R) or not relevant (N) to his purpose. These
relevance judgments are then returned to the system, and are used automati-

cally to adjust the initial search reguest in such a way that query terms
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or concepts present in the relevant documents are promoted (by increasing
their weight), whereas terms occurring in the documents designated as
nonrelevant are similarly demoted.

The amount of improvement to be obtained from the feedback process
depends critically on the manrer in which the search request is altered as
a function of the user's relevance judgment. The following process which
has been used experimentally with the SMART system appears to be optimal in
this connection. Consider a retrieval system in which the matching function
between queries and documents (or between query and document identifiers)
induces a metric, or a monotonic function of & metric, on the space of query
and document images (e.g., on the space of keyword vectors).6 In such a
case, it is possible to produce an ordering of the documents with respect
to the input query in such a way that increasing distance between document
and query images reflects increasing dissimilarity between them.

Let DR be the nonempty subset of relevant documents from the source
collection D, relevance being defined subjectively and outside the context
of the system. An optimal query can now be defined as that query which
maximizes the difference between average distances from the query to the
relevant document set, and from the query to the nonrelevant set. In other
words, the optimal query is the one which provides the maximum discrimination
of the subset Dy from the rest of the collection (D- DR). More formally,
let S(q, d) be the distance function used in the matching process between
query g and document d. The optimal query 9y may then be defined as that

query which maximizes the function

~ Nt

C= 0 (qd -3 (q,a), (1)

d§?’DR deDp
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~J
where © is the average distance function, and decreasing distance implies

stronger query-document association.
Clearly, equation (1) is of no practical use, even under the
assumption that the optimal query qy can be determined as a function of D
and DR’ since knowledge of the set DR (the relevant document subset) obviates
the need for retrieval. However, if instead of producing the optimal query
A s the relation (1) is used to produce a sequence of approximations to Ay
starting with some initial query which identifies a part of the set DR’ then
a method for automatically generating useful query modifications becomes
available. The system can, in fact, produce the optimal query to differ-
entiate the partial set of relevant documents, identified by the user, from
the remaining documents; the resultant query can then be resubmitted, and
the process may be iterated, as more complete sets of relevant documents
become available through subsequent retrieval operations. One may hope that
only a few iterations Will suffice for the average user; in any case, the
rate of convergence will be reflected in the stability of the retrieved set.
In the SMART automatic document retrieval system, the query-document
matching function normally used is the cosine correlation of the query vector

with the set of document vectors, defined as

f)(a’ a) = 9- —= cos ea - (2)

where q and d are the vector images of query g and document d, respectively.
Since the vector images are limited to nonnegative components, the range for

the correlation is 0 < f>5 1, corresponding to an angular separation of
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qp < 8 < 0. Under these conditions, the correlation coefficient is a
monotonic function of the angular distance metric. Furthermore, since the
correlation decreases with increasing distance, relation (1) may be
rewritten as:
N~ o ~N - -
C=_ (q,4d) - _p£ (g, d) (3)
d¢D

dGDR R

where ;: is the average cosine function/O. It can be shown,7 that in this

case C is maximized for

[oF)}

—7 a: .

=Ll ) L1 di

07y 4 {di‘ N-ng £ ldil ’ W
dieDR diQ’DR

where n, = n(DR), the number of elements in the set Dy, and N = n(D), the
.

number of elements in the collection.

The query modification algorithm employed may now be written in. the

form:
1o Mo o
_ _ Ty 7 si ,
941 T M%7t “2Z B HlL 5, ° (5)
i=1 i=1

where G, 1s the ith query of a sequence, and R = r ,; ,...,;
i 1°72 ny
of relevant document vectors retrieved in response to query ai’ and

} is the set

S = {?1’EZ’°"’gn2} is the set of nonrelevant document vectors retrieved
in response to Ei (the specification of the sets R and S constitute the

feedback from the user after the ith iteration of the process).
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EDO§Z$Ent D;ﬁ;@:gt Correlati?n EVQSerAFgfﬁE??k 7}
% 1 | ‘77351 .65 i relevant

2 353 42 . relevant

3 350 41 i relevant

4 163 | 36 -

5 82 .35 ; -

6 1 .32 | -

7 208 27 , not relevant

8 225 : 25 1 not relevant

9 54 | 24 -

10 335 | 21 | _not relevant |

P A

(a) Retrieval results using original query for
"Pattern Recognition" (version II
of Harris thesaurus)

IW” -mmruvwﬁggfiéQAiwﬁesults “_? Results Using Query
} Using Original Query | Modified by User Feedback
1 T T 5 ‘j:—“ )
| g:?i:agi D;cument | Correlation ; g:i:iagi et Correlation
Documents e ? f Documents Numbe?" R
1 3, .65 1 351 66
2 - 353 | 42 ; 2 350 .60
3 350 41 3 353 .55
A 163 .36 5 163 .37
6 1 | .32 6 1 .32
9 54 <24 . 7 54 «29
26 205 | .17 o 314 .23
- 224, .17 16 205 .19
33 314 .16 17 39 .19
34 39 .12 ) 224, .16
| Recall 972 ' Recall $5EG
| Precision .864 Precision .923

(b) Comparison of search results using original and modified queries

Query Processing Using Relevance Feedback

Figure 3




f Orlglnal Query 1 MOOlfled Query
Search Request e T “‘7“’”""‘_““"
Recall | 3;@9%510n ; Recall ' Precision
IR Indexing 0.976 | 0.728 | 0.991 i 0.928
1
Pattern Recognition 0.972 i 0.864 ' 0.989 0.923
| Analog-Digital 0.984 i 0.870 f 0.983 { 0.918
o W”“”}“ I N N
| Average over ’ | | 1
| 17 Search Requests | | 0.970 | 0.876 0.975 ' 0.918 i
| I

Evaluation Figures Showing Effect of One-step
Relevance Feedback

Figure 4

The foregoing method of automatic query optimization was tested
by performing a single iteration using a set of 17 search requests,
previously available in the SMART system. Figure 3 shows the results
for a request on "Pattern Recognition." The original retrieval results,
using version 2 of the "Harris" thesaurus, are given in Fig. 3(a). The
user identifies documents 351, 353, and 350 as relevant, and 208, 225,
and 335 as nonrelevant. The query is then automatically modified, in
accordance with the expression of equation (5), and retrieval performance
is compared in Fig. 3(b). It may be seen that drastic improvements are
obtained both in the ranks of the relevant documents and in the magnitude
of the correlation coefficients. The "recall" and "precision" measures,
shown in Fig. 3(b), are the normalized evaluation measures incorporated
into the SMART system.o’?

Figure 4 shows individual retrieval results for three queries, and

normalized recall and precision values averaged over 17 different requests.



XKIV-16

O°T

seTJaanp
DPSTJTPON

ydean uopaeasT)-TSENY
UOTQBTSIJI0) SUTS0)

II STaxey

ssnanesay],

G aan3tyg
(s3senbaa yoaees /T Iea0 pefeaeam)

joeqpesy eourAaoToy Aq POTJITPON SoTJI8Ny pue
seTJIany TBTJTUT J0J TTBOOY SNSISA UOTSTO8IJ

TT®BO2Y

o —

S seTIoNY : =
3¢ ~ - TeT3TUr ' ”

T
: !
\ ¥ |
N7\ _
- \.
3 / .W—uig
. m

UOTSTO8IJ

e R il K s s

o




XXIV-19

The feedback process may be seen to improve both recall and precision in
almost every case. This is also reflected in the precision versus recall
plot of Fig. 5. The recall and precision values in Fig. 5 are the standard
evaluation measures, originally introduced by Cleverdon,lO and not the
normalized measures previously shown in Figs. 3 and 4. The method of con-
struction of the precision-recall graph of Fig. 5 has previously been
described in detail.9 The positive effect of the relevance feedback is

again obvious from the figure.

4.+ Automatic Modification of the Analysis Process

The last search optimization process to be described depends, like
its predecessor, on feedback provided by the user, and results in selective
changes in the document and request analysis process. However, instead of
furnishing relevance judgments based on the output of a previous retrieval
operation,'the user makes a qualitative assessment of the effectiveness of
an initial search operation. For example, he may find that the documents
obtained from the system show that his request was interpreted too narrowly
(since all retrieved documents belong to some small subfield of the larger
area which he expected to cover), or too broadly, or too literally, or too
freely.

Depending on the type of interpretation furnished by the user, the
system now proceeds to initiate a new search operation under altered analysis
procedures. If the user's verdict was "too narrow," a hierarchical subject
arrangement similar to the one previously mentioned in part 2 might be con-

sulted, and each original gquery term could be replaced by a broader one; if,
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on the other hand, the initial search was "too broad," more specific terms
might be obtained from the hierarchy. If the interpretation was too literal,
the use of a synonym dictionary might provide more reasonable results; and

SO On.

Automatic retrieval systems are particularly attractive in such a
situation, because these systems make it possible to provide at relatively
little extra cost, a variety of indexing procedures which may be called upon
as needed. The SMART system, in particular, provides a large variety of

indexing methods including the following:

(a) a null thesaurus procedure which uses the word stems

originally included in documents and search requests

for content identification;

(b) a synonym dictionary ("Harris" thesaurus) which replaces

original word stems by synonym classes or concept numbers;

(c) a hierarchical arrangement of concept numbers which can

be used, given a set of concepts to obtain more general
ones ("hierarchy up"), or more specific ones ("hierarchy

down") ;

(d) a statistical phrase procedure which is used to replace

pairs or triples of co-occurring (related) concepts by a
single "phrase" concept (e.g., the concepts "program" and

"language" might be combined into "programming language");

(e) a syntactic phrase process which generates phrases only if
the components in fact exhibit an appropriate grammatical

relationship;

? in which the

system proceeds iteratively through two or three simple

(f) a variety of so-called merged methods,

processes and combines the output.
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Obviously, the ability to generate a multiplicity of distinct index
images for each document does not necessarily imply that each modification
in the analysis process results in large-scale improvements in the search
effectiveness. Experiments conducted with the SMART system have, however,
shown that in many cases a considerable increase in retrieval effectiveness
is obtainable when changes in the analysis are adapted to the aims of each
particular user.

Consider, in this connection, the evaluation output for a variety
of analysis methods produced by the SMART system, reproduced in Figs. 6 and
7. Figure 6 contains output for the search request titled "Automata Phrases,"
with nine relevant documents. Six simple analysis methods are shown: null
thesaurus, "Harris Two" (version 2 of the regular synonym dictionary),
statistical phrases, syntax phrases, hierarchy up, and hierarchy down.
Thirteen "merged" methods, each including two simple components, are also
included in Fig. 6, as well as nine triple merges. For each method, the
output is presented in two parts: the left part includes the document numbers
of the first 15 documents retrieved by that method, whereas the right-hand
side consists of only the relevant document numbers and their ranks in
decreasing correlation order with the request. Below the lists of document
numbers, a variety of recall and precision measures are provided for each
analysis procedure, to reflect the effectiveness of the corresponding process.

An examination of Fig. 6 reveals, for example, that for the request
on "Automata Phrases," improved retrieval is obtained by switching from the
word stem procedure to the synonym recognition process using the regular

thesaurus (labeled (:) in Fig. 6). This is reflected both by the magnitude
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4313 4313 4 372 4372 4 311 4 213 4 17¢ 4 176 4 372 4 372 3712 4 372 4 316 4 316 4 129 4 129
3372 3372 3313 % 313 5 1TY € 176t 23e S 371 5 173 8 313 313 % 313 5 212 A Y8 212 € )
6 176 6 176 6 212 T 1Te 6 176 1) 71 € 161 34 372 6 €02 9 129 [6 002 8 176 6 173 9 129 & 313 & i76
7002 11 241 7 176 10 241 7 218 50 272 7 245 39 318 7 218 12 241 [7 238 11 241 7 214 10 176 7 238 1C 24
8 167 46 315 8 167 43 313 8 167 €% 241 8 38% 43 241 A 313 14 176 [8 176 42 315 A 313 12 241 o 176 42 1%
9 249 T3 264 9 249 68 264 9 249 72 1% 9 371 82 264 9 129 68 315 [ 9 139 Ta 244 9 129 64 I3 G 385 9 264
10 139 10 241 10 127 1C 166 1¢ 139 10 385 10 176 10 241
1l 241 11 166 11 371 11 Cat 127 11 241 1127 1. 249
12 166 12 388 12 361 12 1) 12 241 12 249 12 241 v 2648
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14 043 14 045 14 262 14 10) 14 176 14 089 16 263 is 1€l
15 08$ 15 173 15 189 15 iCe 15 26) 15 161 15 245 .> 283
ANK RECe 0.2980 RAK RECe 0.3147 RNK RECs 0.Z1C2 ANK REC= C.2074 ANK REC=[0TITI9)RAK RFCa 0.3000 ANK REC= 0.39A% Knx RFC= C.21C2
LCG PRE= 0.7488 LCG PRE= 0.7523 LCC PRE= 0.¢48¢ LOG PRE= C.6175 LOG PRE=JC.7621{LCG PRE= 0.7397 LOC PRE= 0.7A0S Loy PRE= C.7390
NOR REC= 0.9703 NOR REC= 0.972% NOR REC= 0.,9%2¢ NOR REC= 0.9517 NCR REC=]0.9787|ACR REC= 0.9705 ACR RFCe 0.9609 NOR REC= 0.ST19
NCR PRE= 0.8956 NCR PRE= 0.8973 NCA PREe 0.831% NOR PRE= C.8CI1 NOR PRE=]0.9028)ACR PRE= 0.8905 ACR PRE= 0.9175 NOR FRE= 0.65CC
OVERALL® 1.0468 OVERALL® 1.0670 OVERALL® 0.€59) OVERALL= C.248 OVERALL=|1.1340JCVERALL= 1.0397 CVERALL= 1,178 OVERALL= 1.(49)
ACR CVR= 1.7469 NCA CVR= 11,7600 NCR OVA= 1.%2944 NOR OVR= 1,5658 NOR OVR=}1.7962( NCR OVRe 1.7431 NOR CVRa 1.A171 NOR OVR= ..7497
HIERARCHY UP AULL THES MULL THES FARRIS ThC HARRT S ThO HARRIS TwO T™C FARRIS Tw
HIER DCWA STAT FHRASE SYNTAX PR NULL THES NLLL THES NULL THES L STAT PHALS
STAT PHRASE SYNTAX PHR HIERARCHY UP HLER HIERARCHY P
TOP 15 RELEVANY TOP 1S RELEVANT TOP 15 RELEVANT TOP 1% RELEVANT TOP 15 RELEVANT TCP 15 MELEVANT TCP 15 RELE TOP 15 RELL .
1266 1 264 1129 1129 1129 1125 1 21¢ 131¢ 1316 1316 1316 1316 1316 1 1316 )
2316 2316 2371 2371 23N 270 7128 2 129 2129 2129 2129 2129 2129 2 a2 -
3129 3129 3316 3 316 3 316 2 2l€ 3 3T 3371 3 3TL 3 371 3 264 3 264 3313 31D 3 26+
4173 S 313 4 167 5 372 4 3T2 4 272 4 312 4 313 4 372 4 372 4 313 4 313 4 16T 3 176 4 129
5313 8 176 5 372 9 313 S 167 9 212 5 161 € 372 S 313 S 313 S 167 T 176 S 176 12 )71 5 243
6 218 12 371 6 173 12 241 6 212 11 17¢ € 27 1 17¢ 6 167 8 176 6 173 13 3TL 6 173 15 241 6 272
7238 56 315 7002 13 176 7 173 )i i41 71 176 14 241 7 212 13 241 7 176 19 241 7 238 19 372 8 176
6 176 68 372 8 le6 25 264 B 166 22 2¢4 8 173 1 264 8 176 28 264 B 218 24 372 8 le6 27 264 5 241
9127 7% 241 9 313 67 315 9 313 €1 1% S CC2 T3 3% 9 173 67 315 9 166 8% 315 9 249 41 3% 4 s
10 385 10 213 10 213 1C 1ee 1C 166 10 249 10 213
136l 11139 11 176 11 245 11 249 1 213 11 385
12 31 12 241 12 241 12 212 12 213 12 127 12 31
13 263 13 176 13 263 13 139 13 241 13 371 13 26) 13 139 '
14 249 14 263 14 248 14 241 14 385 14 361 14 045 14 127 \
15177 15 089 15 249 * 38 15 263 15 263 15 241 15 241 L .
ANK RECe 0.1957 ANK RECe 0.3285 ANK REC® 0.26CC ANW RECe 0.3161 RNK REC® 0.343% AAK REC= 0.2048 ANK RECs 0,3103 ANK RECe [0.3814
LCG PREe 0.6236 LCG FRE= 0.7084 LCC PRE= 0.7332 LOG PRE= 0.74C9 LOG PRE= 0.7544 LCG PRE= 0.7013 LCG PAFe 0.4757 LOC PRE=|C.8169
NCR REC= 0.9481 NCR PECe 0.9742 NCR REC 0.5776 NOR REC= C+$731 NOR REC= C,9759 NOR REC= 0.96A) NCR RCC= 0.9719 NOR RECe[C.9793
ACR PRE= 0.8121 NOR PRE= 0.8718 NOR PRE= C.86867 NOR PRE= (,8911 NOR PRE= 0.8987 NOR PRE= 0.A674 ACR PRFa 0.A506 NOR PRE=0.9302
OVERALL® 0.8193 OVERALL® 1.0369 OVERALL® 1.0932 OVERALL® 1.0600 OVERALL= 1.0979 CVERALL= 0.9861 CVERALL= 0.986)1 OVERALL=]1.158)
MOR OVA= 1.5526 NCR (VA= 1.74280 NCR OVAe 1,7745 NCR OVR« 1,7564 NOR OVR= 1.7780 ACR = 1.7089 AOR CVA= 1.710) NOR OVRa=] ] 227
HARRIS TwC HARATS TuC FARRIS TWO FARRIS TwO
STAT PHRASE SYNTAX BHR SYNTAX PhR HIERARCHY LP
HIER OCWh HIERARCHY UP H1ER COWN HIER DOWN
TOP 15 RELEVAAT TCP 15 RELEVANT TCP 13 RELEVANT TOP 13 RELEVANT
1316 1316 1316 1316 1316 1 2¢ 1316 e
2371 2371 2370 2371 2371 2 M1 2 2¢4 2 Q¢4
3129 3129 3 264 3 264 3 129 3 128 2 12S 3 128
4 313 4 313 4 129 4 129 4 372 4 272 4 313 4 213
s 372 S 372 %372 %372 5313 S 213 % 111 & 1€
6 176 6 176 6 313 6 313 6 212 1 17¢ & 17¢ 1) 371
7602 13 241 7 212 9176 7 176 12 24) 7 218 5% 3N
8 238 435 315 8 173 14 241 8 238 4) 21 e 23e 62 31*
9 167 T7 264 9 176 68 313 9 167 71 164 S 167 69 241
10 249 10 218 10 249 1C 249
11139 11 167 11 388 1nan
12 385 12 249 12 241 12 3e8
13 24) 13 127 13 le¢ 13
14 166 14 241 14 248 14 361
15 045 15 361 15 043 15 1ee
ANK RECe ANK RECe 0.4018 ANK REC= 0.204) ANK RECs C.209)
LOG PRE= LOG PRE= 0.8188 * LOG PRE= C.€432
NOR REC= NCR RECe 0.9812 NCR REC= C.S71] NOR REC= C.$52)
ACR PRE= 0.8907 NCR PREw 0.9311 NCP PRE= 0.29:C NOR PRE= (.827)
OVERALL= 1.0287 CVERALL® 1,2206 OVERALL® 1,CA€% OVERALL= (.0929
NOR OVR® 1.7350 NOR CVRe 1.8371 NCR OVRe [,747¢ NOR OVR~ L1

Evaluation Output for Request "Automata Phrases"

(28 different analysis methods)

Figure 6
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Precision Versus Recall Plots for 28 Analysis Methods
(averages shown over 17 search requests)
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of the evaluation coefficients, and by the ranks of the last relevant docu-
ment (104th out of 405 for the null thesaurus, and 74th for "Harris Two').

An improvement is also obtained by switching from the "Harris" thesaurus to
the phrase procedures, and from statistical phrases to syntax phrases

(labeled (:) ). The third example from Fig. 6 shows that the merged procedure
which combines the statistical phrases with the hierarchy results in an
increase in performance over and above each of the component methods. A
further improvement is obtained by adding the regular "Harris Two" thesaurus
process (example (&) of Fig. 6).

Figure 7 shows evaluation output obtained for the same 28 analysis
methods previously shown in Fig. 6, but averaged over 17 different search
requests. The output of Fig. 7 is presented in the form of precision versus
recall graphs, similar to that shown in Fig. 5 (the actual graphs are not
drawn but tables are presented instead). The five examples specifically
indicated in Fig. 7 again confirm the earlier results that improvements are
obtainable from method to method.

Each of the three search optimization procedures described in this
study appears to be useful as a means for improving the retrieval effective-
ness of real-time, user-controlled search systems. Additional experimentation
with larger document collections and with an actual user population may be
indicated before incorporating these procedures in an operational environment.
Iterative, user-controlled search procedures appear, however, to present an
interesting possibility, and a major hope, for the eventual usefulness of

large-scale automatic information retrieval systems.
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