1Effectiveness of Weighted Searchingin an Operational IR EnvironmentHans-Peter FreiUBI LABUnion Bank of SwitzerlandCH-8021 Zurich, SwitzerlandYonggang QiuDepartment of Computer ScienceSwiss Federal Institute of Technology (ETH)CH-8092 Zurich, SwitzerlandWe describe an experiment to compare the effectiveness of Boolean retrieval andweighted retrieval on a commercial data collection that contains millions ofdocuments. The experiment was carried out via a front-end connected to anoperational conventional host-oriented IR environment. In contrast to previousexperiments where weighted retrieval had to be simulated on the host, our hostwas equipped with a built-in weighted retrieval algorithm. The results of theexperiment clearly show that weighted retrieval performs significantly betterthan Boolean retrieval. On the other hand, no difference in the performancebetween manually weighted queries and automatically weighted queries could bedetected.1. IntroductionThe area of Information Retrieval (IR) is gaining importance in many contexts. The number ofsearches carried out in commercially available IR systems has increased dramatically in recentyears. In addition, the amount of information stored in commercial databases is increasingsteadily. Despite the novel IR methods that have been developed in the past, the old-fashionedBoolean query languages are still predominantly used in commercial systems. There have beennumerous attempts to improve Boolean searching. Extended Boolean logic, automatic Booleanquery construction, and soft evaluation of Boolean queries yield some improvements. Like-wise, the ranking of the output of Boolean queries has been shown to be of some value [Fox88].However, the main problem of Boolean searching is not its performance. For many users themain obstacle is being able to use Boolean logic effectively in order to formulate queries in theway a commercial retrieval system requires. Even trained users are unable to conduct effectiveBoolean searches at times [Mea 81]. Casual users are often lost when they have to connectterms with the operators AND and OR. Also, there is an intuitive way of trying to improve theresult of a query by including additional search terms [Qiu 93]. In a Boolean environment, thisapproach is very often counter-productive.

- 2 -2Weighted retrieval, on the other hand, has the advantage that it can easily be understood by a ca-sual user. In addition, the result of a weighted query usually improves when the number ofsearch terms in the query grows [Qiu 93, Rob 86]. Moreover, it seems a definite advantage formany users to get a sorted list as output as opposed to just a set of items in an arbitrary order.This is why we decided to build ISIR [Qiu 92] as a front-end to a commercially available sys-tem.ISIR uses the commercial database service Data-Star of RadioSuisse to which it connects auto-matically via Internet. It allows the user to issue queries in the form of either a Boolean ex-pression or weighted search terms. In addition, the user may obtain assistance in finding ap-propriate search terms by using a thesaurus browser that is integrated in the system. This the-saurus browser supports various thesauri, such as ERIC, INSPEC, and MeSH.In order to compare the effectiveness of Boolean retrieval and weighted retrieval, we ran an ex-periment with the students enrolled in an Information Retrieval course.2. Boolean vs. Weighted RetrievalBoolean and weighted retrieval are usually considered to be opposites [Fox 88, Fre 91c, Qiu92, Rad 82, Rad 88, Wal 79]. Many experiments have been carried out in the past in order tocompare Boolean and weighted retrieval. Most of them were laboratory tests carried out onrelatively small test collections [Kee 92, Rad 82, Won 89] unlike the Cirt experiment [Rob 90]that is particularly relevant to what we describe in this paper.First of all, Cirt is a front-end system connected to an operational IR host with real users,queries, databases, hosts, networks, etc. The system used for the research described in thispaper was designed similarly and even the same host was used, namely Data-Star. Secondly,the results reported from the Cirt experiment were not really enthusiastic. This is in sharp con-trast to our experiment that showed a significant improvement in weighted retrieval overBoolean retrieval. Although the authors claim in [Rob 90] that ’Weighted retrieval is capable ofachieving results comparable to those obtained with Boolean searching,’ the attentive readernotices that the authors actually expected quite a bit more.The main reason for the mediocre success of Cirt was the inability of the host to executeweighted queries. Rather, weighted queries had to be converted into sequences of Booleanqueries that were sent to the host and evaluated as if they were issued by a normal Data-Staruser. We experienced the same disappointment when we did a similar experiment a year ear-lier. It seems to be difficult to simulate weighted queries in a Boolean environment especiallywhen some of the basic data like term frequency is not available.In addition, it is well-known that one of the strengths of weighted retrieval is caused by theusually large number of search terms employed. When using Cirt, the users used only a few

- 3 -3search terms because of the time it took to process queries. Therefore, the actual potential ofthe weighted technique could never really surface.We profited from the fact that a real weighted retrieval algorithm has been built directly into theData-Star system in the meantime. This algorithm accepts a weighted query q represented by avector q = (a1, a2, ..., am). Each document dj in the database is thought to be represented by avector dj = (b1j, b2j, ..., bmj). Here, the ai’s and bij’s imply the weight of the index terms (tis) inthe query q and in the document dj, respectively. The value m signifies the number of terms inthe database. The retrieval function used by the weighted retrieval algorithm is the scalar vectorproduct:RSV(q, dj) = �i˚=˚1m˚ai˚.˚bijNote that the documents stored in the Data-Star databases are indexed conventionally. Hence,an index term is either assigned to a document or not. In other words, the term weights areeither 1 or 0. For the purpose of weighted retrieval, weights are automatically assigned to thedocument terms. The weighted retrieval algorithm implemented in Data-Star supports twoweighting schemes in addition to the original "weights":� 1if the term ti is present in the document dj1.bij =� 0otherwise2.bij =tf(ti, dj)3.bij = tf(ti,˚dj)1˚+˚tf(ti,˚dj)where, tf(ti, dj) is the term frequency of the term ti in the document dj.Note that the weighting scheme 1 represents the original ’Boolean weighting’ expressing thepresence or absence of the term ti in the document dj.3. The ExperimentThe objective of the experiment was to compare the effectiveness of Boolean retrieval, manu-ally weighted retrieval, and automatically weighted retrieval on a very large commercial docu-ment collection. The Data-Star INSPEC database — a major source of international informationin physics, electrical and electronic engineering, computer and control theory, and related in-formation technology — was chosen as our data collection. There were roughly 4.3 milliondocuments in the INSPEC database at the time when the experiment was performed. This isin sharp contrast to most IR experiments that are performed on standard test collections of onlya few thousand documents.

- 4 -4In our experiment, sample documents were handed out to the test subjects, computer scienceundergraduate students enrolled in an information retrieval course. The task was to find moresuch documents - similar to the sample documents - by using the IR system ISIR [Qiu 92]briefly described in section 1. In addition, the two retrieval techniques, Boolean and weighted,had to be used. In other words, every test subject formulated a Boolean query and a weightedquery with the aim of capturing the content of the sample document in question. Subsequently,the two queries were evaluated by ISIR. With ISIR it is possible to assign the inverse docu-ment frequency as a weight for the search terms of the query. Therefore, every informationneed was expressed by the three different queries:- a Boolean query,- a manually weighted query,- an automatically weighted query.These three queries were run "simultaneously" against the INSPEC collection. Each query re-trieved the same number r of documents, where r was equal to or less than the size of the an-swer set produced by the Boolean query. The answer set delivered by ISIR contained a mix-ture of documents retrieved by either the Boolean query or the weighted queries, or by all. Thetest subject was asked to judge the documents in the answer set by marking them with gradesthat indicated the degree of relevance with respect to the query. The retrieval methods werethen evaluated by means of the usefulness measure [Fre 91a] and the precision values. (Note,that it is impossible to determine the recall values in such an environment.) Let us firstdescribe the different retrieval methods employed.The test subjects composed Boolean expressions of search terms (or term stems followed by adollar sign $) by combining them with the operators "and", "or", "not", "xor", "same" (sameparagraph), "with" (same sentence) and "adj"(adjacent in an order) as well as by includingparentheses where appropriate. ISIR returned the usual retrieval status values for Boolean re-trieval, namely:� 1if dj satisfies the Boolean query q RSVb(q, dj) =�(1)� 0otherwiseThe retrieval function used with the weighted retrieval was the scalar vector product describedin section 2.RSVw(q, dj) = �ti˚˛˚q˚˚ai˚.˚bijA test subject formulated a weighted query by indicating an arbitrary number of search terms ti.In addition, the test subject specified how well each of the terms ti described the informationneed by assigning a weight wu(ti). The value of wu(ti) was between 0 and 100 and was used asquery weight ai:

- 5 -5ai = wu(ti)None of the weighting schemes provided by Data-Star (see section 2) were used as documentweights. Instead, we used the well-known ’term frequency-inverse document frequency’combination [Fre 91c]:bij = tf(ti,˚dj)1˚+˚tf(ti,˚dj) . idf(ti) where:tf(ti, dj) is the term frequency of ti in dj,idf(ti) = log( Ndf(ti) ) is the inverse document frequency of ti, N is the number of doc-uments in the database, df(ti) is the number of documents containing ti.The query weighted automatically was derived by using the inverse document frequency of tito approximate the query weight of ti instead of the weight assigned manually. Therefore, thefollowing retrieval functions were used for the weighted retrieval:- manually weighted retrieval:RSVmw(q, dj) = �ti˚˛˚q˚˚wu(ti)˚.˚˚tf(ti,˚dj)1˚+˚tf(ti,˚dj)˚.˚idf(ti)(2)- automatically weighted retrieval:RSVaw(q, dj) = �ti˚˛˚q˚idf(ti)˚.˚˚tf(ti,˚dj)1˚+˚tf(ti,˚dj)˚.˚idf(ti)(3)

- 6 -6Let us look at the experiment in more detail:BEGIN REPEATgive next sample document q to a test subject;REPEATthe test subject formulates/modifies a Boolean query qb;submit qb to Data-Star and get the size of the answer set Dds(qb);UNTIL the size is acceptable AND the test subject is satisfied with the query qb;the test subject formulates a weighted query qmw;generate an automatically weighted query qaw;system asks for r the number of desired documents per retrieval method;(*r is equal to or less than the size of the answer set Dds(qb) *)get r documents from Dds(qb) and add them into Rb(D,q,r);assign the retrieval status value 1 to these r documents in Rb(D,q,r);get the top r ranked documents with respect to the weighted query qmw;and add them into Rmw(D,q,r);assign the retrieval status values RSVmw(q, dj) to these r documents in Rmw(D,q,r);get the top r ranked documents with respect to the weighted query qaw;and add them into Raw(D,q,r);assign the retrieval status values RSVaw(q, dj) to these r documents in Raw(D,q,r);R(D,q,r) := Rb(D,q,r) ¨ Rmw(D,q,r) ¨ Raw(D,q,r);for those documents not retrieved by method M, calculate the retrieval status valueswith respect to method M; (*M is Boolean, manually weighted, or automatically weighted *)generate a random order of documents in R(D,q,r);deliver the documents of R(D,q,r) to the test subject and get the relevance information; UNTIL all queries are evaluated;END.After the test subject obtained the desired documents from the system, he or she had to assessthe documents of the answer set by marking the documents with the grades (6, 5, 4, 3, 2, or1)*. The grades indicate the degree of relevance of each document d with respect to the queryq. The higher the grade, the more relevant the document. The scale for the marking is:* These grades were chosen because the students who served as test subjects are graded with a similarscale and are hence familiar with this scheme. Any other grading scheme, such as A, B, C , ... could havebeen employed instead.

- 7 -7GradeMeaningextremely relevant6relevant5marginally relevant4marginally irrelevant3irrelevant21not relevant at all4. Results of the Experiment4.1 Number of Retrieved DocumentsSome typical Boolean queries, manually weighted queries, and automatically weighted queriesformulated by the test subjects are listed in the Appendix. Although the test subjects were notsearch professionals, it is apparent that in general the Boolean queries were formulated care-fully. The reason is that our computer science students have a solid mathematical background.As already mentioned, three retrieval methods were used and each method retrieved the samenumber of documents. The number of documents retrieved by one method is 185 as shown inTable 4-1. Therefore, the total number of documents retrieved by any of the three methodsshould be at most 3 times 185. Yet, the total number of the retrieved documents is 363, whichis only 1.96 times 185. This result indicates that some documents retrieved by one methodwere also retrieved by some of the other methods. However, the number of documents re-trieved by all the three methods is 34, which is only 9.37% of the total number of the retrieveddocuments.Number of queries30Number of retrieved documents363Number of documents retrieved by onemethod185Number of documents retrieved by all thethree methods34Average number of retrieved documentsper query12.10Average r (average number of documentsretrieved by one method per query)6.17Table 4-1: Statistical dataFig. 4-1 shows the distribution of documents retrieved by the three methods. It can be seeneasily that few documents retrieved by the Boolean retrieval method were retrieved by any of

- 8 -8the weighted retrieval methods and many documents retrieved by one weighted retrievalmethod were also retrieved by the other weighted retrieval method.138341113731030Boolean retrievalManually weighted retrievalAutomatically weighted retrievalFig 4-1: Number of documents retrieved by the three methodsFig 4-2 shows how many relevant documents were retrieved by the three methods. A docu-ment is counted as relevant when the test subject assigned a relevance grade of 4, 5, or 6. Thedistribution of the documents is similar to the one shown in Fig 4-1. In particular, the set ofrelevant documents retrieved by the Boolean method is nearly disjoint with the sets from theweighted retrieval methods. On the other hand, the two weighted retrieval methods retrievedmany common relevant documents.542278221614Boolean retrievalManually weighted retrievalAutomatically weighted retrieval Fig 4-2: Number of relevant documents retrieved by the three methods4.2 PrecisionAs mentioned before, the test subjects had to assess the documents in the answer set R(D,q,r)by marking the documents with grades (6, 5, 4, 3, 2, or 1). Documents marked with a gradeof 6, 5, or 4 are regarded as relevant, and the others are regarded as non-relevant. With thisdata, the precision of a query can be calculated. This was done for all the queries and all the

- 9 -9three different retrieval methods. The average precision values for the three retrieval methodsare shown in Table 4-2.MethodBooleanretrievalManually weightedretrievalAutomaticallyweighted retrievalAverage precision0.460.670.69Improvement overBoolean+ 45.65 %+ 50.0 %Table 4-2: Average precision valuesTable 4-2 shows that the precision values in our experiment were higher for the weighted re-trieval methods than for the Boolean retrieval method. It is to be noted that the difference of2.99% between the two weighted retrieval schemes is very small.The above precision values were obtained when grade 4 was considered the first grade indicat-ing a relevant document. However, this dividing line between relevant and non-relevant is justa matter of definition. The line could be varied so as to obtain different precision values. Wedefine the improvement in the average precision of method B w.r.t. method A as: average˚precision˚of˚method˚B˚˚-˚˚˚average˚precision˚of˚method˚A˚average˚precision˚of˚method˚A˚ * 100 %and compare the Boolean retrieval with the weighted retrieval as a function of the first grade(threshold) that determines a relevant document. The improvement of the manually weightedretrieval w.r.t. the Boolean retrieval (Manu. Weighted vs. Boolean) and the improvement of theautomatically weighted retrieval w.r.t. the Boolean retrieval (Auto. Weighted vs. Boolean) fordifferent threshold values are shown in Fig. 4-3.6543210 50 100 150Manu. Weighted vs. BooleanAuto. Weighted vs. Boolean ThresholdImprovement (%) Fig. 4-3: Improvement of weighted retrieval w.r.t. Boolean retrieval

- 10 -10If the threshold value is set to 1, all retrieved documents are regarded as relevant documents,and the weighted retrieval and the Boolean retrieval are equally effective. When the thresholdvalue increases, the improvement generally increases with the exception of the manuallyweighted retrieval method when the threshold value is set to 6. The curves shown in Fig. 4-3indicate a surprising result: The higher the required quality of the retrieved documents, themore effective the weighted retrieval methods versus the Boolean retrieval.4.3 Usefulness MeasureIn order to evaluate the three retrieval methods using the usefulness measure [Fre 91a, Fre91b], we first need to derive the relative relevance assessments from the test subjects’ rele-vance information. As mentioned before, the grades Grade(d,q) indicate the degree of rele-vance of each document d with respect to the query q. Hence, the preferences pp derived fromrelevance information are:pp = {dj <qk di | Grade(dj,qk) < Grade(di,qk)}In the same way, we can derive the preferences pb determined by the Boolean retrieval method,the pmw determined by the manually weighted retrieval method, and the paw determined by theautomatically weighted retrieval method. With the preferences pp, pb, pmw, and paw the threemethods can be evaluated using the usefulness measure. The results are shown in Table 4-3,Table 4-4 and Table 4-5.u(b,mw)0.662u*(b,mw)0.109Pk0.001Table 4-3: Usefulness of manually weighted w.r.t. Booleanu(b,aw)0.779u*(b,aw)0.158Pk0.000Table 4-4: Usefulness of automatically weighted w.r.t. Booleanu(mw,aw)0.240u*(mw,aw)0.017Pk0.147Table 4-5: Usefulness of automatically weighted w.r.t. manually weightedTable 4-3 and Table 4-4 indicate clearly that the weighted retrieval methods perform consis-tently better than the Boolean retrieval method. The corresponding error probability values Pkare very small indicating that these usefulness values are reliable. Table 4-5 indicates that themanually weighted retrieval and the automatically weighted retrieval are equally effective. The

- 11 -11rather small usefulness values u(mw,aw) and u*(mw,aw) and the large error probability Pkshown in Table 4-5 indicate that no difference in the retrieval effectiveness between the twoweighted retrieval methods can be detected for the experiment performed. In other words, theautomatically weighted retrieval performs slightly better than the manually weighted retrieval,but not very consistently. A reason might be that the test subjects did not assign weights in aconsistent way.The usefulness values shown above are obtained by using multilevel relevance information.That is, the preferences used for calculating the usefulness are derived from the six level rele-vance information of the test subjects. Since a Boolean retrieval system divides the documentcollection into two sets for a query, the set of retrieved documents (answer set) and the set ofnot retrieved documents, it is argued that it might be inappropriate to evaluate Boolean retrievalby using multilevel relevance information. In what follows, we investigate which method per-forms better than the other when binary relevance information is used. In other words, onlythe preferences between the relevant documents and the non-relevant documents are taken intoaccount. Documents with a grade not less than the threshold value are considered relevant,others are regarded as non-relevant. Hence, we can have the preferences pp’ derived from thebinary relevance information as follows:pp’ = {dj <qk di | di is relevant to qk and dj is non-relevant to qk}The usefulness values for the preferences pp’, pb, pmw, and paw with the threshold value set to4 are shown in Table 4-6 and Table 4-7.u(b,mw)0.633u*(b,mw)0.123Pk0.003Table 4-6: Usefulness of manually weighted w.r.t. Booleanby using binary relevance informationu(b,aw)0.819u*(b,aw)0.217Pk0.000Table 4-7: Usefulness of automatically weighted w.r.t. Booleanby using binary relevance informationThe results shown in Table 4-6 and Table 4-7 are consistent to the ones shown in Table 4-3 andTable 4-4 where multilevel relevance information is used. The usefulness values shown hereare even larger than the ones in Table 4-3 and Table 4-4. They indicate that the weighted re-trieval methods, especially the automatically weighted retrieval method, are yet more effectivethan the Boolean retrieval method when the binary relevance information is used.

- 12 -125. ConclusionThe experiment we describe was carried out via a front-end to a commercially available systemand used INSPEC with 4.3 million of documents. The results show that the effectiveness ofweighted retrieval is significantly higher than that of Boolean retrieval in this specific test envi-ronment. In addition, the experiment favored the Boolean retrieval because a limited iterativesearch (see section 3) was possible in contrast to the weighted retrieval. The test environmentalso favored the Boolean retrieval insofar as the test subjects were computer science studentswith a broad mathematical background; indeed, they issued rather sophisticated Booleanqueries. Despite all this, the weighted retrieval came out better. The main results of the exper-iment are summarized:.The weighted retrieval methods are more effective than the Boolean retrieval methodwhen measured by both usefulness and precision..The better the quality of the retrieved documents need be, the more superior theweighted retrieval methods perform over the Boolean retrieval method..The manually weighted retrieval and the automatically weighted retrieval are equally ef-fective..Only a few (relevant) documents retrieved by the Boolean retrieval were also retrievedby any one of the weighted retrieval methods, but many (relevant) documents retrievedby one weighted retrieval method were also retrieved by the other weighted retrievalmethod.A follow-up experiment with real information retrieval intermediaries is under way. Thesesearch specialists are used to searching in the Data-Star chemical databases. In addition, theywill formulate real queries for real users rather than test queries. Such queries are usually verycomplex. We hope to be able to show that weighted retrieval is just as effective as Boolean re-trieval even when the Boolean queries are composed by search specialists. Considering theease of use of the weighted retrieval, this would probably mean that many end users could usecommercial IR systems without the assistance of search specialists.However, the overlap between the answer sets produced by the Boolean method and thoseproduced by the weighted methods is not very large. Therefore, a sensible combination ofBoolean and weighted retrieval [Pai 84, Rad 82, Wal 79] may be the solution for many real IRproblems.

- 13 -13Appendix. Query TextsSome typical Boolean queries, manually weighted queries and automatically weighted queriesformulated by the test subjects are shown in the following table. Boolean query : information adj retrieval and logic and semantics Manually weighted query: {( INFORMATION , 20 ), ( RETRIEVAL , 20 ), ( LOGIC , 30 ), ( SEMANTICS , 30 ) } Automatically weighted query: {( INFORMATION , 2.466788 ), ( RETRIEVAL , 4.842672 ), ( LOGIC , 3.920782 ), ( SEMANTICS , 5.792548 ) } Boolean query : ((replicated adj database) or (distributed adjdatabase)) and serialization Manually weighted query: {( REPLICATED , 70 ), ( DATABASE , 90 ), ( DISTRIBUTED , 80 ), ( SERIALIZATION,100 ) } Automatically weighted query: {( REPLICATED , 7.583377 ), ( DATABASE , 4.081138 ), ( DISTRIBUTED , 3.785400 ), ( SERIALIZATION,9.895773 ) } Boolean query : (image adj compression) and (real adj time) and(compression adj algorithm$) Manually weighted query: {( IMAGE , 80 ), ( COMPRESSION , 80 ), ( REAL , 70 ), ( TIME , 70 ), ( ALGORITHM$ , 20 ) }

- 14 -14 Automatically weighted query: {( IMAGE , 3.441395 ), ( COMPRESSION , 4.858546 ), ( REAL , 3.481345 ), ( TIME , 1.911407 ), ( ALGORITHM$ , 2.844967 ) }Table A: Query textsReferences[Fox 88]Fox, E.A., Koll, M.B.: Practical Enhanced Boolean Retrieval: Experiences with theSMART and SIRE Systems. Information Processing & Management, 24(3): 257-267, 1988.[Fre 91a]Frei, H.P., Sch�uble, P.: Determining the Effectiveness of Retrieval Algorithms.Information Processing & Management, 27(2-3): 153-164, 1991.[Fre 91b]Frei, H.P., Meienberg, S., Sch�uble, P.: The Perils of Interpreting Recall andPrecision Values. Informatik Fachberichte, 289: 1-10, Springer-Verlag, Berlin,1991.[Fre 91c]Frei, H.P., Meienberg, S.: Evaluating Weighted Search Terms as Boolean Queries.Informatik Fachberichte, 289: 11-22, Springer-Verlag, Berlin, 1991.[Kee 92]Keen, E.M.: Some Aspects of Proximity Searching in Text Retrieval Systems. J. ofInformation Science, 18(2): 89-98, 1992.[Mea 81]Meadow, C.T., Cochrane, P.A.: Basics of Online Searching. Wiley, New York,1981.[Pai 84]Paice, C.D.: Soft Evaluation of Boolean Search Queries in Information RetrievalSystems. Information Technology, 3(1): 33-41, 1984.[Qiu 92]Qiu, Y.: ISIR: an Integrated System for Information Retrieval. Proc. 14th IRColloquium, British Computer Society, Lancaster, 1992.[Qiu 93]Qiu, Y., Frei, H.P.: Concept Based Query Expansion. To appear in: Proc. of the16th Int. ACM SIGIR Conf. on R&D in Information Retrieval, Pittsburgh, SIGIRForum, ACM Press, June 1993.[Rad 82]Radecki, T.: Reducing the Perils of Merging Boolean and Weighted RetrievalSystems. J. of Documentation, 38(3): 207-11, 1982.[Rad 88]Radecki, T.: Trends in Research on Information Retrieval - The Potential for Im-provements in Conventional Boolean Retrieval Systems. Information Processing &Management, 24(3): 219-227, 1988.

- 15 -15[Rob 86]Robertson, S.E., Thompson, C.L., Macaskill, M.J.: Weighting, Ranking andRelevance Feedback in a Front-end System. J. of Information Science, 12: 71-75,1986.[Rob 90]Robertson, S.E., Thompson, C.L.: Weighted Searching: The Cirt Experiment.Prospects for Intelligent Retrieval, Informatics 10: 153-165, Aslib, London, 1990.[Wal 79]Waller, W.G., Kraft, D.H.: A Mathematical Model of a Weighted BooleanRetrieval System. Information Processing & Management, 15(5): 235-245, 1979.[Won 89]Wong, S.K.M., Ziarko, W., Raghavan, V.V., Wong, P.C.N.: Extended BooleanQuery Processing in the Generalized Vector Space Model. Information Systems,14(1): 47-63, 1989.