1From a Qualitative towards a Quantitative Representation ofUncertainty in a Situation Theory based model of anInformation Retrieval SystemMounia LalmasDepartment of Computing ScienceUniversity of GlasgowScotlandIntroductionWe have advanced a model [4] of an information retrieval (IR) system based on vanRijsbergen�s postulate [8] that relevance could be modelled by an implication. Giventhat

d and

q are the sentences in a logic that formalise, respectively, the informationcontent of the document and the information need phrased within the query, theevaluation of

d → q would express the relevance1 of the document to the query. Severalapproaches have been proposed to evaluate this implication

d → q; ours’ is based on theTransformation Principle [4]:Given a document

d, a query representation

d, to obtain some

′d such that

′d contains

q.First, an initial representation of the document’s information content (e.g., d) isacquired, which typically comprehends the information explicit in the document. Theinformation content can grow as the initial representation is transformed intosuccessive, less partial, representations (e.g., d’), thus incorporating the informationimplicit in the document.The notion of transformation is not new [2]; the novelty of our approach is to base thetransformation on the flow of information. A document is relevant to a query if eitherthe information need phrased in the query is explicit; or the document is also relevant,maybe to a lesser extent, if the information need is implicit in the document. Theinformation implicit in the document is induced from the flow of information that stemsfrom the information explicit in the document. Therefore, an appropriate model of an IRsystem should capture the flow of information.To adequately express the flow of information, we use a theory of information and itsflow that was developed by Barwise, namely Situation Theory [1, 3], to construct ourmodel. We have formalised the transformation of a representation with the so-calledsituations, types and constraints, thus contributing to a truthful representation ofinformation and its flow in an IR system.Some documents are often more relevant to a query than other documents, so retrieveddocuments should be ranked according to their relevance to the query. Our ranking ofthe document was based upon the fact that the flow emanating from a document’s initialrepresentation can be uncertain. For example, in a document that refers to the CanadianPrime Minister, if we know that the document refers to the year 1994, then we alsoknow implicitly that Canadian Prime Minister refers to J. Chretien. However, if thedocument refers to the years 1975 until now, we cannot affirmatively say that CanadianPrime Minister refers to J. Chretien. The flow of information in that case is uncertain.1 Here we are not talking of the user-relevance judgement, but the system-relevance assessment.

2The uncertainty of the flow can then be used to express the relevance of the document tothe query. The more uncertain the flow, the less relevant the document.Situation Theory offers a qualitative representation of the uncertainty. This paper showsthat a quantitative representation of the uncertainty can elicit from the qualitative one,thus enabling the formulation of the ranking of documents according to their relevanceto a query. Our goal is not to describe in details one approach, but simply to show thatthis démarche is feasible; simple examples will be used to illustrate our explications.Information and its flow in IRSituation Theory takes its foundation from the work of Dretske [4]. There, perception isdefined as the process by which information is delivered in an analog form to acognitive agent for its selective use. Cognition is described as the conversion of theinformation a cognitive agent receives in analog form into digital form. The conversion,referred to as digitalisation, involves a loss of information because it turns a structure ofgreater information content to one of lesser information content. Indeed, the perceptionprocess often embodies more information than can be extracted and/or exploited by thecognitive agent. Only some of the information the perception process carries in analogform is retained.The indexing process in IR can be compared to a digitalisation process. The IR systemis the cognitive agent. The document is an object that contains information in analogform. The information that is digitalized constitutes the document’s initialrepresentation, which is not an exhaustive description of the information content of thatdocument. This representation customarily depicts the explicit information content ofthe document, which is determined at most from the meaning of the sentences of thedocument.Information and meaning are two different concepts; often, the information exceeds itsmeaning. For example, the statement “Keith is at home” means that Keith is indeed athome. It does not mean that “Keith is at home and not at work” though Keith being athome implies that Keith is at home and not at work. The statement “Keith is at home”carries the information “Keith is at home and not at work”. This information followsfrom the flow of information that springs from the meaning attached to the statement.Therefore, understanding the meaning attached to the sentences of a document isimportant, but is insufficient for determining the information content of the document.A more thorough representation of a document’s information content needs theappropriate capturing of the flow of information. This is possible with the use ofSituation Theory.Situation TheorySituation Theory [1, 3] is a theory of information which, by following a mathematicalapproach, models more naturally the way humans handle information and its flow. It canbe compared to Quantum Mechanics, where an ideal representation of an electron isadopted, even if it is not well understood what an electron is. Hence, it becomes possibleto model the behaviour and interaction of electrons. Situation Theory adopts the sameapproach. It proposes first to represent the notion of information without really indicatingwhat information is; from this, a model of the flow of information is derived.In Situation Theory, an item of information is considered as an entity and is representedby an infon. For example, the information concerning the fact that Mounia is swimming ismodelled by the infon «Swimming, Mounia; 1». If the information was that Mounia is notswimming, the corresponding infon would be «Swimming, Mounia; 0». Nothing is saidso far about the truth or falsity of the two infons above; they are representations ofinformation items. What makes them true is any situation which pertains to them. If we

3call s the concerned situation, we write

s|= «Swimming, Mounia;1» to say that

s supportsthe corresponding infon.The two infons «Swimming, Mounia, sea, 11am; 1» and «Swimming, Mounia, pool, 3pm;1» have in common the information that Mounia is swimming. What differs is the placeand the time of the action. This similarity is represented in the theory by types. Here thecorresponding type would be

φ =[ṡ|ṡ|= «present,smoke, ṗ,ṫ;1»] and ψ =[ṡ|ṡ|= «present, fire, ṗ,ṫ;1»] is informationally related because the fact that there issmoke in a place carries the information that there was (or is) a fire nearby. There is aflow of information that indicates that a situation of type

φ αδδιτιοναλλψ χαρριεσ τηεινϕορματιον τηατ σομε οτηερ σιτυατιονσ αρε οϕ τψπε

ψ. Τηε ρελατιονσηιπ βετωεεν τηε τωοτψπεσ ισ μοδελλεδ βψ α χονστραιντ, ωριττεν

φ → ψ. Τηε αππλιχατιον οϕ τηισ χονστραιντ το ασιτυατιον

s1 is possible if first

s1 |= φ, ανδ τηεν ινϕορμσ τηε εξιστενχε οϕ α σιτυατιον3 φ → ψ μαψ νοτηολδ ιϕ τηε πλαχε ωηερε τηε σμοκε ισ σεεν ισ Λονδον (ιτ ωασ νοτ σμοκε, βυτ σμογ). Τηεχονστραιντσ τηατ αλωαψσ ηολδ αρε χαλλεδ υνχονδιτιοναλ ανδ τηοσε τηατ δο νοτ αρε χαλλεδχονδιτιοναλ. Α χονδιτιοναλ χονστραιντ ισ ασσοχιατεδ ωιτη βαχκγρουνδ χονδιτιονσ, ανδ ισωριττεν

φ → ψ |B to highlight the fact that the constraint

φ → ψ ηολδσ ιϕ τηε βαχκγρουνδχονδιτιονσ χαπτυρεδ ωιτηιν

B are met by the situation to which the constraint is applied.If we interpret the background conditions as a set of types, the satisfaction of thebackground conditions

B by the situation

s1 such that

s1 |= φ ινϖολϖεσ τηρεε χασεσ:∞ s^{1.¥}s_1 |≠ B; at least one of the background conditions is not satisfied. Theconstraint cannot be used.•

s1 |=?B; it is not known whether some of the background conditions aresatisfied by

s1. The use of the constraint is uncertain, and the resulting flowis uncertain. The information supported by

s2 (i.e.,

s2 |= ψ) ισ υνχερταινωιτη ρεσπεχτ το

s1.Situations and types show similarities with documents and their information content.Constraints are the perfect tool to represent thesaural, or any semantic or pragmaticrelationships which constitute the knowledge set upon which the transformation processis based. A document, if viewed as a situation, supports information that correspondsto the explicit information content (digitalized) of the document; the document oftencarries implicit information that depends on the available constraints, some of which areuncertain. The uncertainty that arises from these flows is used to assess the relevance ofthe document to the query.2Here

ṡ, ṗ and

ṫ are parameters, denoting a situation, a place and a time, respectively.3

d, and a query, which expresses an information need, is modelled as a type

φ. Τηεκνοωλεδγε σετ ισ μοδελλεδ βψ χονστραιντσ. Ιϕ

d|= φ τηεν τηε δοχυμεντ ισ ρελεϖαντ το τηεθυερψ βεχαυσε

φ ισ παρτ οϕ τηε εξπλιχιτ ινϕορματιον χοντεντ οϕ τηε δοχυμεντ. Οτηερωισε,χονστραιντσ αρε υσεδ το ϕινδ α ϕλοω τηατ χουλδ τρανσϕορμ

d to a situation that supports

d, thenthis constraint cannot be used to determine a flow that would lead to the informationneed.•If the constraint

ψ → φ ισ ειτηερ υνχονδιτιοναλ, ορ χονδιτιοναλ βυτ συχη τηατ

dsatisfies the background conditions, then the document initially represented by d isrelevant to the query because d can be transformed to some

′d such that

′d |= φ.∞Ιϕ ψ → φ ισ χονδιτιοναλ ανδ ιτ ισ νοτ κνοων ωηετηερ τηε βαχκγρουνδ χονδιτιονσ αρεσατισϕιεδ βψ

d then the document may be relevant to the query because

B be the set of background conditions sating that “it is snowing” and “the city isMontreal” (for simplicity, the information items are not represented by types). Let

s bea situation that supports the information that it is snowing, and let

′s be a situationwhere it is not known whether it is snowing or the city is Montreal. The situation

s iscloser to satisfy the background conditions in

′w is a synonym of the word

wif the sense of

w is

1. If the word

w has two senses in a situation

s and three in thesituation

′s then

w is more ambiguous in the latter than in the former situation. If aconstraint is defined for each sense of the word

′s because thenumber of alternative flows to the one defined by the background conditions

B in thesituation

′s is higher than from that word in the situation

s.The above two definitions of the satisfaction of background conditions can lead to theconstruction of a function

N that can be used to rank situations according to the extentthey satisfy background conditions. With definition I1, a formulation of

B, the higher is

N(s,B). In the first above example, since

s satisfies more conditions in

B that

′s does,we have

N(s,B)≥ N( ′s ,B). If the background conditions

B are all satisfied by asituation

s the value

N s,B( ) ισ τηε ηιγηεστ, ϕορ νο υνχερταιντψ ισ ιντροδυχεδ.Ωιτη δεϕινιτιον Ι2, τηε ϕυνχτιον B. In the second above example, there are more alternativetransformations from the situation

′s than there are from the situation

s, so we have

N(s,B)≥ N( ′s ,B). If no alternative transformation occurs from a situation

s with respectto some background conditions

B, the value

N s,B( ) ισ αλσο τηε ηιγηεστ.Α μεασυρε οϕ ρελεϖανχε χαν βε βασεδ ον τηε ϕυνχτιον N s,B( ), τηε ηιγηερ τηε ρελεϖανχε οϕ τηε δοχυμεντ. Ιϕ νο αδδιτιοναλ χριτερια ιστακεν ιντο αχχουντ (ε.γ., τηε ωειγητ οϕ ινϕορματιον), τηε ρελεϖανχε οϕ τηε δοχυμεντ το αθυερψ χαν βε ιτσελϕ

N s,B( ).Σεθυεντιαλ τρανσϕορματιονσ μιγητ βε νεχεσσαρψ το ρεαχη τηε ινϕορματιον νεεδ, ορ παραλλελτρανσϕορματιονσ μιγητ οχχυρ ιν ρεαχηινγ τηισ ινϕορματιον νεεδ. Ιϕ α μεασυρε οϕρελεϖανχε χαν βε βασεδ ον τηε ϕυνχτιον

N, then the values of the function

N shoulddecrease with the number of sequential transformations, and increase with the numberof parallel transformations.4There are many other definitions; for example, the satisfaction of an individual background conditioncan itself be uncertain. The above two definitions are simple, but sufficient for our purpose.

6Suppose that a situation

B and

′B, respectively:

B

′B

s -------------->

′s --------------->

′′sWe define the sequence of background conditions as

B; ′B to represent that the firsttransformation depends on

B and that the second depends on

B augments, so

N(s,B)≥ N(s,B; ′B ). With bothdefinitions I1 and I2, the function

N captures that the more sequential transformationsare required, the more uncertain is the information supported by

′′s with respect to

s.Suppose a situation

s can be transformed in two (parallel) ways into the same situation

′s, with respective background conditions

′s with respect to

s: B------------------->

s ′s-------------------->

′BWe define the parallel combination of background conditions as

B|| ′B. A situation

ssatisfies

B|| ′B if s satisfies

B or

′B (the satisfaction may also be with respect to otherintermediary situations if sequential transformations are involved). With definition I1,the number of satisfied background conditions in

B|| ′B is the smallest of the numbersof satisfied background conditions in

N(s,B)≤ N(s,B|| ′B ). With definition I2, the number of alternativetransformations with respect to

B|| ′B decreases since there is a convergence towardsthe same situation

′s, so

N(s,B)≤ N(s,B|| ′B ). Again, with both definitions, thefunction

N captures that the more parallel transformations, the higher the value of

N.To recap:

N is a quantitative representation of the uncertainty of the flow of informationwhich is qualitatively captured by background conditions. With our use of theTransformation Principle, the uncertainty of the flow leading to a transformation is usedto express the relevance of a document to a query.

B; ′B should not be taken as the union of background conditions. Some conditions in

′B may beinconsistent with some in

B. 7An implementation of the constraints and the function NHere, we discuss a simple implementation that derive constraints from an on-linemanually-built thesaurus known as WordNet [6]. In this way, correct relationships areprovided. WordNet represents polysemy information, from which we derive thebackground conditions and a formulation of

N.Consider the WordNet synonyms of the terms “mortal”:Sense 1person, individual, someone, human, soulSince the term “mortal” has one sense, the fact that “mortal” occurs in a documentmeans that the terms “individual”, “someone”, etc., are also implicit in the document.Therefore, an unconditional constraint can be derived from this entry.In WordNet, the synonyms of the term “computer” are the following:Sense 1data processor, electronic computer, information processing systemSense 2calculator, reckoner, figurer, estimatorSince the term “computer” is polysemic, its synonyms depends on its sense. Twoconditional constraints can be derived: one with sense 1 of “computer”, and the otherwith sense 2. The first constraint relates “computer” to, for instance, “data processor”,whereas, the second constraint relates “computer” to, for instance, “estimator”. Thebackground conditions of the two constraints are “the term computer has sense 1” and“the term computer has sense 2”, respectively. If the term “computer” appears in adocument with senses 1 or 2, then the term is ambiguous. The two constraints can beused, but they both lead to an uncertain flow.We use the second definition (I2) of the satisfaction of the background conditions toformulate the function

′s be thesituations that represent the initial representation of the first document and the seconddocument, respectively. Let

B the background conditions associated to the first aboveconstraint (sense 1 of “computer”). In

s, the number of alternative transformations withrespect to

B is none, whereas in

′s it is 1. This can be captured by the followingformulation of

N s,B( ) = Kns,B +1 where

K is some constant and

s,B is the number of alternative transformations from asituation

N s,B( ) =1 and

N ′s ,B

( ) =1/ 2Although this is not the most accurate quantitative representation of the uncertainty of aflow, it is a neutral one if no other additional information is available (e.g., knowingthat a sense of a word is more probable to occur in a document, etc., ..). From there, itis possible to define

N for sequential and parallel transformations. Two possible

8definitions are (

′s is the intermediary situation in the sequential transformation and

B∩ ′B is the intersection of background conditions):

N s,B; ′B ( ) = N s,B( )*N ′s , ′B( )

N s,B|| ′B ( ) = N s,B( )+ N s, ′B( )− N s,B∩ ′B( )Τηεσε δεϕινιτιονσ ρεϕλεχτ τηατ τηε μορε τρανσϕορματιονσ τηερε αρε, λοωερ τηε ϖαλυεσ οϕ

N,and the more parallel transformations, the higher the values of

29, pp 481-485. 9