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Abstract. The difficulty of a user query can affect the performance of
Information Retrieval (IR) systems. This work presents a formal model
for quantifying and reasoning about query difficulty as follows: Query
difficulty is considered to be a subjective belief, which is formulated on
the basis of various types of evidence. This allows us to define a belief
model and a set of operators for combining evidence of query difficulty.
The belief model uses subjective logic, a type of probabilistic logic for
modeling uncertainties. An application of this model with semantic and
pragmatic evidence about 150 TREC queries illustrates the potential
flexibility of this framework in expressing and combining evidence. To
our knowledge, this is the first application of subjective logic to IR.

1 Introduction

The task of an Information Retrieval (IR) system is to retrieve information from
a large repository of data in response to a user need, or query. The difficulty
of this task may be affected by various factors, relating to the system or algo-
rithms used, to the properties of the data to be retrieved, or to the inherent
difficulty of the user’s information need. The effect of the last of these factors
upon retrieval performance is often referred to as query difficulty, and is stud-
ied extensively in the field (discussed in Section [H). Our work addresses query
difficulty by proposing a formal framework for modelling query difficulty. Our
proposed formalisation consists of a belief model that considers query difficulty
to be a subjective belief, which is formulated on the basis of different types of
evidence. This belief model uses a type of logic called subjective logic [I1] in or-
der to combine this evidence and to make a final estimation about the expected
difficulty of a query. Any type of evidence can be used with this model.
Subjective logic is a type of probabilistic logic that allows probability val-
ues to be expressed with degrees of uncertainty. Like any probabilistic logic,
it combines the strengths of logic and probabilities: from the area of logic, it
draws the capacity to express structured argument models, and from the area
of probabilities it draws the power to express degrees of those arguments. This
means that one can reason with argument models in the presence of uncertain
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or partially incomplete evidence. Since most of our knowledge or evidence about
query difficulty in IR can never be complete, but rather tends to include degrees
of uncertainty, subjective logic constitutes an appealing model for representing
query difficulty, in the sense that the conclusions drawn reflect any ignorance
and uncertainty of the input evidence.

Subjective logic is not the only formalism to model degrees of uncertainty.
Several other mathematical models have been proposed to this end, the oldest
being the Bayesian model of subjective probabilities (a survey of its foundations
can be found in [§]). There also exist generalisations of the Bayesian model,
(critically surveyed in [21]), the best-known of which is Dempster-Shafer’s belief
theory [7U19]. The point of departure for Dempster-Shafer from classical Bayesian
theory is its abandoning of the additivity principle of classical probabilities,
i.e. the requirement that in a given event space, the probabilities of mutually
disjoint elements must add up to 1. In classical Bayesian theory, this requirement
makes it necessary to estimate a probability value for every element of the event
space, even though there might be no basis for it, for instance in the case of
uncertainty. Instead, Dempster-Shafer’s belief theory suggests assigning a so-
called belief mass to the whole event space. This belief mass is defined on the
basis of both evidence and uncertainty about the event, hence it constitutes
a much more flexible way of representing beliefs than traditional probabilities.
Subjective logic can be seen as an alternative to the Dempster-Shafer theory, its
main difference from the former being in its definition and distribution of belief
mass: subjective logic defines belief mass as a function of not only belief and
uncertainty, but also of an apriori probability in the absence of any evidence;
furthermore, subjective logic assigns this belief mass, not to the whole event
space, but to the individual elements of the event space. It can be argued that
this allows subjective logic to formulate more expressive beliefs than Dempster-
Shafer theory [11].

One of the advantages of using a belief theory, be it with Dempster-Shafer
theory or subjective logic, is that it allows to operate on the beliefs and fuse
them. Fusing beliefs is a formal way of saying ‘combining evidence’. In the con-
text of IR, combining evidence is a process that aims to use different types of
information that may enhance IR performance, but for which we have different
degrees of uncertainty regarding the enhancement that they may bring [18]. In
this work we use two different subjective logic operations to combine evidence
about query difficulty: a fair consensus and a biased recommendation (also called
discounting).

The contribution of this work lies in proposing a type of formal logic for IR,
which has not been used before in the field, and in illustrating its application to
the representation and combination of evidence about query difficulty. To our
knowledge, whereas Dempster-Shafer theory has been used extensively in IR (see
Section [), this is the first application of subjective logic to IR.

In the rest of this paper, Section 2] introduces belief models for subjective logic
and presents our proposed belief model of query difficulty. Section [3] introduces
the subjective logic operators for combining evidence used in this work. Section [
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illustrates the application of our proposed belief model of query difficulty with
150 TREC queries and different types of semantic and pragmatic evidence. Sec-
tion Bl overviews related past work on logic models for IR and query difficulty.
Section [6] summarises this work and suggests future research directions.

2 Belief Model of Query Difficulty

Belief models define a set of possible situations, for instance a set of possible
states of a given system, called frame of discernment. This frame is defined over
a proposition, i.e. a statement. At any one time, only one state of the frame of
discernment can be true with respect to the proposition. A frame of discernment
with two states ¢ and —¢ is called focused frame of discernment with focus on
¢. In this work, we use a focused frame of discernment.

Given any frame of discernment over a proposition, one can estimate the prob-
ability expectation that this proposition is true. This probability expectation is
computed using evidence, which is said to come from ‘observers’. An observer
can assign to a state a belief mass, which represents his belief that this state
is true with respect to the proposition. This belief can be represented in dif-
ferent ways by different uncertainty theories, for instance Dempster-Shafer or
subjective logic as discussed in Section [Il An underlying similarity in these dif-
ferent representations is that this belief includes an explicit representation of the
uncertainty of the observer about his belief.

Subjective logic considers the belief of an observer about the truth of a propo-
sition as a subjective belief marked by degrees of uncertainty, and it calls it
opinion. Let & = {¢, ¢} be a binary frame. An opinion about the truth of
state ¢ is the ordered quadruple wg‘ = (b,d,u,a) where superscript A is the
opinion’s owner (i.e the observer), b is the belief mass supporting that the
specified proposition is true (i.e. the observer’s belief), d is the belief mass
supporting that the specified proposition is false (i.e. the observer’s disbelief),
u is the amount of uncommitted belief mass (i.e. the observer’s uncertainty),
and a is the apriori probability in the absence of committed belief mass (di-
vided uniformly among the states). These components satisfy: b+d+u = 1 and
b,d,u,a € [0,1]. Clearly, a binomial opinion where b+ d = 1 is equivalent to a
traditional probability, and a binomial opinion where b + d = 0 expresses total
uncertainty. The probability expectation of a binomial opinion is: £ = b + au.

For the purpose of believing a binary proposition such as: “query ¢ is difficult”,
we assume that the proposition will be either true or false. Hence, we define a
focused frame of discernment as shown in Fig. [[] with the states: ¢ (true) and f
(false). The uncertainty probability of each state is represented by the belief mass
assigned to each state by different observers, who are in fact our sources of evi-
dence about query difﬁculty The opinions of the three observers A, B, C shown in
Flg M are: w* = (b, d2 ,ut A afd), wf = (bA d?,u?,a?) wB = (b2, dtB,utB,af),

= (bB,dJ]z:;,1LJJ?7aJ’?)7 = (b¢,d¢, us ,a?)7 w? = (bo,df,uf,af)7 where
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BELIEF MODEL OF QUERY DIFFICULTY

query q is difficult PROPOSITION

T i
1 = 1
1 1 1 BELIEF MASS
: : : ASSIGNMENT
A B C
OBSERVERS
(evidence)

Two states about the proposition that query q is difficult are discerned by the
frame. Different observers (evidence) assign belief mass to each state. Belief
mass consists of the observer’s belief, disbelief and uncertainty about a state.

The model estimates the total belief of the proposition.

Fig. 1. A belief model of query difficulty

subscripts t, f denote the true and false state respectively. These opinions define
our opinion space. The observers’ opinions are drawn from real observations
about the queries, which constitute our evidence space, discussed next.

2.1 Evidence Space

For a focused frame of discernment, such as the one in Fig. [0l the proposition
of the frame constitutes a binary event, where either the one or the other state
is true: the query is either difficult or not. The type of evidence that we use to
estimate the truth of this proposition can also be seen as binary, in the sense
that it can be either positive (supporting that the query is difficult) or negative
(supporting that the query is not difficult). Hence, both our opinion space and
our evidence space consist of binary events. For such binary events, subjective
logic defines a bijective mapping between the opinion and evidence space, as
follows [I1]. Let r denote positive evidence, and s denote negative evidence.
Then, the correspondence between this evidence and the belief, disbelief, and
uncertainty b, d, u is defined as:

r S 2

r+s+2 r+s+2 Y r+s+2 1)

Eq. [l allows one to produce opinions based on statistical evidence. This map-
ping is derived in a mathematically elegant way, by considering the posteriori
probability of the binary events defined in a focused frame of discernment, ex-
pressed using a beta probability function (the full derivation is presented in [I1]
and is outwith the focus of our work). The point to remember here is that in
subjective logic any opinion has an equivalent mathematical and interpretative
representation as a probability density function and vice versa.
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3 Subjective Logic Operations for Combining Evidence

Subjective logic contains several operators for combining evidence (see [1I] for
more). In this work we use two combinations only: consensus and recommenda-
tion (or discounting). Using subjective logic terminology, we will refer to com-
bining evidence as combining opinions, and treat these statements as equivalent.

3.1 Consensus between Independent Opinions

Let w? = (b2,d2,us,a2) and wB = (b8,dZ uP,aP) be opinions respectively
held by two independent observers A and B about the same proposition z. Then,
wihB = (bAB dAB u2B u2PB) is the opinion of an imaginary observer [A, B]
about x. [A, B] represents the Bayesian consensus of opinions of both A and B,
denoted w? = w? @ w?, and defined by:

x

A, B B, A A, B B, A A, B
bA’B _ b'p Uy + b'p Uz dA’B _ d'p Uy + d'p Uy A,B __ Uy Uy (2)
T - x - 9 u.’p - K

)

K K

ap_ aPud tafuf — (af + Pyl "
¢ ud + uB — 2uiuB
where x = u? + uB — uuP such that x # 0, and where a8 = (a2 + aB)/2
when u2,u? = 1. The proof is included in [IT].

This operation is both commutative and associative, meaning that the order
in which opinions are combined does not impact the combination. The operation
assumes that opinions are independent and that not all the combined opinions
have zero uncertainty. Attempting to combine opinions all of which have zero
uncertainty can be seen as meaningless, because these opinions would have com-
plete belief or disbelief, and would hence be in complete conflict or agreement.

The effect of the consensus operator is to reduce uncertainty. The consensus
operator has the same purpose as Dempster’s rule [7], and the two tend to
produce overall quite similar results. In [I1], Section 5.3, Josang illustrates some
cases where the consensus operator is ‘better’ than Dempster’s rule, in the sense
that the former produces less counter-intuitive results than the latter.

3.2 Recommendation (or Discounting) between Opinions

Assume two observers A and B where A has an opinion about B, and B has an
opinion about a proposition z. A recommendation of these two opinions consists
of combining A’s opinion about B with B’s opinion about a1 in order for A to get
an opinion about z. Let w? = (b2, dZ, uZ,a?) be B’s opinion about x expressed
in a recommendation to A, and let wa = (b3, d3, us, a) be A’s opinion about

! B’s recommendation must be interpreted as what B recommends to A, and not
necessarily as B’s real opinion.
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B’s recommendation. Then, wA? = w4 @ wP is A’s opinion about x as a result

of the recommendation from B, defined as:

=W upa? P =ab et =a? (1)
This operation is associative but not commutative, meaning that the order in
which opinions are combined impacts the combination. Eq. @ can become equiv-
alent to Shafer’s discounting function [I9] by setting 1 — ¢ = b4, where ¢ denotes
Shafer’s discounting rate which is multiplied to the belief mass on each state in
the frame except the belief mass of the power-set itself.

4 Tllustrative Experiments

4.1 Evidence of Query Difficulty

We illustrate an application of our formalisation of query difficulty using two
types of linguistic evidence, namely semantic and pragmatic evidence. From
these types of linguistic evidence we obtain positive and negative evidence of
query difficulty, which we map into belief, disbelief and uncertainty using Eq. [}

The choice of evidence is illustrative. Our proposed model allows to represent
and combine any type of evidence, simply by introducing more observers who
contribute their beliefs to the frame of discernment. Any other evidence can be
used.

Semantic Evidence. We use as semantic evidence two indicators that have
been found to be correlated with query difficulty, namely (i) query scope, pro-
posed by Plachouras and Ounis [I8], and (ii) query polysemy [16]. Query scope
is a probabilistic measure that estimates how specific or generic a query is by
using the query term frequencies in the collection as well as their semantic con-
tent. Assuming that each query term corresponds to one or more concepts in
WordNet (or any other similar lexical reference system), the semantic content
of query terms is approximated from the hierarchical structure of their respec-
tive concepts. Specifically, we use the following formulae from [I8] (keeping their
original notation): given a term ¢; and several concepts Cj associated to this
term, the scope of tj is defined as the maximum probability of any of its asso-
ciated concepts: scopey, = maxcec, prob(C). This probability is estimated as
follows: prob(C) = ZC:Ck‘_jeCk Qg5 - téi’ﬁ where Cy ; denotes the j concept
(among all Cy) associated to ti, ai,; denotes the ‘contribution’ of ¢; to con-
cept Cyj, tfr is the frequency of ¢ in the collection, and 7" is the sum of all
the frequencies of all terms in the collection. The contribution ay ; is defined
(Dyp+1)—dp,
ne(Dr+1)=2 7% dy 57
concept C}, ; to the most generic concept in the WordNet hierarchy, Dj denotes
the maximum path length of concepts Cj ; € Ci, and ny denotes the number
of concepts associated with ¢, (in this work we select nj among Cj, ; only). Pla-
chouras and Ounis posit that as term scope approaches zero, the term is less
represented in the collection, and hence more difficult to retrieve [18]. Based on

as: ag,; = where dj ; denotes the length of the path from
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this reasoning, we define a threshold 6,.,, so that any term scope < 6., consti-
tutes positive evidence of query difficulty, and any term score > 6., constitutes
negative evidence. For the illustrations shown here, we define 6., as the median
term scope in all queries.

The second type of semantic evidence consists of the ‘polysemy score’ offered
by WordNet to each term. This score reflects the number of concepts to which
a term is associated, e.g. a score of 1 denotes a monosemous term. WordNet
considers terms of polysemy score 1-4 as uncommon (in decreasing degrees from
1 to 4) and terms of polysemy score 5 or more as common (in increasing degrees
from 5 upwards). Following the assumption that the more polysemous a term is,
the harder the query [I6], we define the following threshold: 6, < 4 constitutes
positive evidence of query difficulty, and 6,, > 5 constitutes negative evidence.
Here, the value of the threshold 60, is taken directly from WordNet.

Pragmatic Evidence. Our pragmatic evidence aims to show whether a query
constitutes a literal or stipulative statement of an information need. The meaning
of a literal statement remains unchanged in all contexts, whereas the meaning of
a stipulative statement is context- or register-dependent. We assume that a literal
query should be easier to retrieve than a stipulative query because its meaning
depends more on the literal semantics of its individual terms, and less on their
contextual, metaphorical or other interpretations. To obtain this evidence, we
use human judges, who read the queries and classify them as stipulative or not,
based on their intuition. We use three human judges and consider their decision
about the query being a literal or stipulative statement of an information need
as negative or positive evidence of query difficulty respectively. The judges have
a disagreement rate of 17.1%, and an inter-annotator agreement of x = 0.413,
measured using Cohen’s x, which indicates moderate agreement.

To recapitulate, we have three types of evidence (scope, polysemy, pragmatic
judgement), which correspond to the observers of our model (Fig. []). Next we
illustrate how we formalise this evidence in our belief model of query difficulty,
using TREC [24] queries.

4.2 Working Examples

Let us consider the following TREC queries: n° 415 (drugs, Golden Triangle),
n° 479 (where can I find information about kappa alpha psi?), n® 492
(us savings bonds),n° 508 (hair loss is a symptom of what diseases?).
In this section, we will estimate their difficulty and compare it to the retrieval
performance they yield on their respective TREC collections (LAT & WT10G).
Retrieval will be realised with the BM25 model at default settings, and measured
by Mean Average Precision (MAP) against the prejudged relevance information
provided for these datasets by TREC.

Table [Il presents the evidence given by our observers about the difficulty of
each sample query, as well as the respective belief mass estimated by our model.
The opinion of each observer can be represented as a tuple of the belief mass
(b,d,u) and also of a prior probability of uncertainty a (a is divided uniformly
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Table 1. Sample queries with their respective query difficulty evidence (scope, poly-
semy, pragmatic judgement) and MAP. The belief mass components of each type of
evidence are clearly shown (b, d, u), as well as their final expected probability of query
difficulty (F)

Proposition: the query is difficult

query scope query polysemy pragmatic judgement
query belief disbef. uncert. Exp.diff belief disbef. uncert. Exp.diff belief disbef. uncert. Exp.diff MAP
b d u E b d u E b d u E

415 0.13 0.63 0.25 0.25 040 0.20 040 0.50 0.60 0.00 0.40 0.80 0.250
479 050 033 0.17 058 0.29 043 0.29 044 0.60 0.00 0.40 0.80 0.240
492 075 0.13 0.13 0.88 0.20 0.40 040 0.30 0.60 0.00 0.40 0.80 0.307
508 0.79 0.11 0.11 0.84 033 033 033 050 0.00 0.60 0.40 0.20 0.230

Table 2. Two different combinations of semantic scope (sco), polysemy (pol) and prag-
matic (pra) evidence about the four sample queries: consensus combines all evidence
fairly, whereas discounting favours pragmatic evidence at the expense of the other two

Combination of evidence
consensus sco,pol,pra pra discounts sco,pol
query belief disbef. uncert. Exp.diff belief disbef. uncert. Exp.diff
415 0.15 0.36 0.50 0.394 0.54 0.00 0.46 0.770
479 0.27 0.23 0.50 0.524 0.54 0.00 0.46 0.770
492 0.32 0.19 0.44 0.569 0.54 0.00 0.46 0.770
508 0.31 0.19 0.50 0.558 0.00 0.54 0.46 0.230

among the two states of our frame of discernment, hence a=0.5 at all times).
For example, the opinion of the polysemy observer that query 492 is difficult is
represented as wal = (0.4,0.2,0.4,0.5). In this case, the observer’s belief is equal
to his uncertainty (=0.4), and his disbelief is low (=0.2), hence the evidence of
this observer for this query is not very discriminative.

In Table[dlwe also see that the different types of evidence do not always agree.
For instance, using query scope evidence, the probability that query 415 is diffi-
cult is quite low (0.25), whereas using pragmatic evidence, the same probability
for the same query is quite high (0.80). How difficult this query is can be seen in
the last column of the table, which presents the MAP obtained by the system for
this query. In this case, an MAP of 0.250 is relatively low, hence the pragmatic
evidence seems more appropriate than the semantic scope evidence.

A more accurate estimate of query difficulty could be obtained by combining
those different types of evidence, as presented in Table Pl Table 2 illustrates the
two combinations of evidence presented in Section[3l The column headed ‘consen-
sus’ refers to the combination of our semantic scope, polysemy and pragmatic
evidence (denoted ‘sco,pol,pra’ respectively) using Eq. 2 The column headed
‘pra discounts sco,pol’ refers to the combination by discounting (Eq. d), where
pragmatic evidence recommends its opinion to the consensus of scope and poly-
semy evidence. In this case, more weight is given to the pragmatic evidence than
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to the other two types of evidence. We see that combining evidence by consensus
provides probability estimates that constitute a fair compromise of the individ-
ual expectations of each type of evidence. However, this is not always desirable,
especially in cases such as the ones presented in Table [2l where the original
estimates were in sharp disagreement between them. Combining strongly dis-
agreeing evidence results in an expected probability that approaches 0.5, hence
which can be considered relatively arbitrary. This implies that combining evi-
dence by consensus may be better suited to generally agreeing evidence, than
to sharply disagreeing evidence. On the contrary, combining evidence by dis-
counting allows one to produce more biased estimates (in this context, bias is
desirable). A prerequisite for such cases would be having some apriori knowl-
edge regarding the reliability or suitability of each type of evidence, or about
the agreement between the types of evidence to be combined. In a realistic situ-
ation, this type of knowledge is not difficult to obtain, since most systems that
use query difficulty evidence for retrieval prediction ensure such knowledge using
offline training and pre- or post-retrieval passes on prejudged relevant datasets
(evidence relying on such processes in highlighted in Section[H]). We see in Table[2]
that combination by discounting produces estimates that are more discrimina-
tive than the consensus estimates, namely 0.77 and 0.23 as opposed to estimates
closely approaching 0.5. The 0.77 estimates are in fact more accurate predictions
of query difficulty, because the displayed queries are difficult queries (their MAP
scores do not exceed 0.3, as shown in Table [I]).

Finally, we can report that the observations reported illustratively above are
also valid for the majority of the 401-550 TREC query set. Experiments with
these 150 queries show that semantic scope is not discriminative evidence of
query difficulty, that polysemy is better than scope but not at all times, and that
pragmatic judgement constitutes the most reliable out of the three sources of
evidence. More importantly, the combination of evidence for all queries is consis-
tently better when we use discounting (with pragmatic evidence discounting the
other two), than when we combine all three types of evidence on equal grounds
with consensus. The respective correlation between the estimated query difficulty
and MAP is in the range of Spearman’s p ~ 0.3 for discounting (weak positive
correlation), and p ~ 0.1 for consensus. These correlations are not strong, as is
commonly reported for most types of query difficulty evidence, and in particular
evidence stemming from the textual expression of the query [16]. These weak
correlations are partly due to the reliability or quality of the evidence used, but
also to the fact that the problem of query difficulty is largely influenced by sev-
eral factors (as mentioned in Section[I]), meaning that it is practically impossible
for a single type of evidence to constitute a reliable and consistent predictor of
query difficulty for all queries in all datasets [1§].

5 Related Work

In order to avoid breaking the flow of the belief model presented in this work,
we have left the treatment of related work at the end. This section discusses
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separately applications of formal logic to IR, and work on query difficulty. The
applications of formal logic aim to give a plenary view of the different aspects and
processes of an IR system that can be formalised with logic, hence constituting
potential future applications of the subjective logic presented in this work. The
overview of work on query difficulty aims to present different types of query
difficulty evidence, which can be used within our proposed frame, using the
same methodology and equations set out in Sections 2I3]

Formal Logic in IR. The expressive power of formal logic has long attracted
applications of it to IR, starting with Van Rijsbergen’s logical uncertainty prin-
ciple [1]. Since then, modal logic has been used to integrate semantic-based and
probabilistic-based approaches of deciding the relevance between a document
and a query [I7]. Extensions of the logical uncertainty principle have been pro-
posed in order to integrate natural language processing and artificial intelligence
techniques to IR [5]. Particular aspects of formal logic have also been used to
address specific aspects or processes in IR, for instance belief revision has been
used to model IR agents [I4], to estimate the similarity between a document and
a query [I5], and more recently to model adaptive and context-sensitive IR [13].
The Dempster-Shafer theory presented in Section [Il has been used extensively:
to build an IR framework where information structure, significance, uncertainty
and partiality can be elegantly represented and processed [12], to integrate Web
evidence into IR [23], to integrate into Web IR evidence of query difficulty in the
form of semantic scope (one of the types of evidence we used in this work) [I8], as
well as to relate dependent indices [20]. There are further applications of formal
logic to IR, reviews of which can be found in [3]. A more in-depth treatment of
formal representations for IR can be found in [2].

Query Difficulty. In this work we propose a formal representation of query
difficulty, an area of much interest to IR. Difficult queries may be due to a number
of causes. Linguistic features of the query text that may indicate query difficulty
include morphological statistics (e.g. word length, number of morphemes per
word), syntactical statistics (e.g. number of conjunctions, syntactic depth), or
semantic statistics (e.g. polysemy value) [16]. Additional factors that may impact
retrieval performance can be drawn from the retrieval resources. For instance,
simple statistics such as the frequency of query terms in the collection [I0], or the
score of the top-ranked documents and the average inverse document frequency
(idf) of query terms [22] have been correlated to query difficulty. Query difficulty
has also been correlated with query length [25], based on the overlap between
results of sub-queries based on single query terms and results of longer queries. A
clarity score has been proposed [6] to measure the coherence of a list of retrieved
documents by the KL-divergence between the query model and the collection
model. A robustness score [20] has been proposed to quantify the robustness
of the document ranking in the presence of uncertainty. Retrieval precision has
been correlated to the distance between the retrieved document set and the
collection [4] measured by the Jensen-Shannon divergence. In addition, different
techniques have been proposed for predicting automatically query performance
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specifically in Web IR [27], either by making use of both single term and term
proximity features to estimate the quality of top retrieved documents, or by
viewing the retrieval system as a noisy channel, where the query is the input, the
ranked list of documents is the corrupted output, and their proposed technique
measures the degree of corruption. The main components of query difficulty
have been defined as the textual expression of the query, the set of documents
relevant to the query and the entire collection of documents, with experiments
showing that query difficulty strongly depends on the distances between these
components [4]. Finally, a recent overview of query difficulty with respect to
performance prediction can be found in [9].

6 Conclusion

We proposed representing and formalising query difficulty for IR using subjective
logic, a type of probabilistic logic for modelling uncertainties not used in IR be-
fore. Considering query difficulty as a subjective belief, formulated on the basis
of various types of evidence, we defined a belief model that uses subjective logic,
and a set of operators for combining evidence of query difficulty. We illustrated
an application of this model with semantic and pragmatic evidence and TREC
queries, which were combined in two different ways: by fair consensus and by
biased discounting. Integrating further evidence or refining its combination can
be realised easily with subjective logic, as illustrated in this work with working
examples. Further research includes obtaining more varied sources of evidence
for the task of query difficulty (any of the types of evidence highlighted in Sec-
tion [l can be used). Finally, the proposed belief model could be applied to other
aspects of IR, apart from query difficulty, similarly to the varied and extensive
use of Dempster-Shafer by the community (overviewed in Section [H]).

Acknowledgements. Author 2 was partially supported by Ministerio de Cien-
cia e Innovacion, FEDER and Xunta de Galicia under projects TIN2008-06566-
C04-04 and 07SIN005206PR

References

1. van Rijsbergen, C.J.: A non-classical logic for information retrieval. Comput.
J. 29(6), 481-485 (1986)

2. van Rijsbergen, C.J.: The Geometry of Information Retrieval. CUP, Cambridge
(2004)

3. van Rijsbergen, C.J., Crestani, F., Lalmas, M.: Information Retrieval: Uncertainty
and Logics. Springer, Heidelberg (1998)

4. Carmel, D., Yom-Tov, E., Darlow, A., Pelleg, D.: What makes a query difficult?
In: SIGIR, pp. 390-397 (2006)

5. Chiaramella, Y., Chevallet, J.-P.: About retrieval models and logic. Comput.
J. 35(3), 233-242 (1992)

6. Cronen-Townsend, S., Zhou, Y., Croft, W.B.: Predicting query performance. In:
SIGIR, pp. 299-306 (2002)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

A Belief Model of Query Difficulty That Uses Subjective Logic 103

. Dempster, A.P.: A generalization of Bayesian inference. Journal of the Royal Sta-

tistical Society B(30), 205-247 (1968)

. Fishburn, P.C.: The axioms of subjective probability. Statistical Science 3(1),

335-345 (1986)

. Hauff, C., Azzopardi, L., Hiemstra, D.: The combination and evaluation of query

performance prediction methods. In: ECIR, pp. 301-312 (2009)

He, B., Ounis, I.: Inferring query performance using pre-retrieval predictors. In:
Apostolico, A., Melucci, M. (eds.) SPIRE 2004. LNCS, vol. 3246, pp. 43-54.
Springer, Heidelberg (2004)

Josang, A.: A logic for uncertain probabilities. Int. J. Uncertain. Fuzziness Knowl.-
Based Syst. 9(3), 279-311 (2001)

Lalmas, M.: Information retrieval and Dempster-Shafer’s theory of evidence. In:
Hunter, A., Parsons, S. (eds.) Applications of Uncertainty Formalisms. LNCS
(LNATI), vol. 1455, pp. 157-176. Springer, Heidelberg (1998)

Lau, R.Y.K., Bruza, P.D., Song, D.: Towards a belief-revision-based adaptive and
context-sensitive information retrieval system. ACM Trans. Inf. Syst. 26(2) (2008)
Logan, B., Reece, S., Sparck Jones, K.: Modelling information retrieval agents with
belief revision. In: SIGIR, pp. 91-100 (1994)

Losada, D.E., Barreiro, A.: A logical model for information retrieval based on
propositional logic and belief revision. Comput. J. 44(5), 410-424 (2001)

Mothe, J., Tanguy, L.: Linguistic features to predict query difficulty - a case study
on previous TREC campaigns. In: SIGIR Workshop on Predicting Query Difficulty:
Methods and Applications (2005)

Nie, J.-Y.: Towards a probabilistic modal logic for semantic-based information
retrieval. In: SIGIR, pp. 140-151 (1992)

Plachouras, V., Ounis, I.: Dempster-Shafer theory for a query-biased combination
of evidence on the web. Inf. Retr. 8(2), 197-218 (2005)

Shafer, G.: A Mathematical Theory of Evidence. Princeton University Press,
Princeton (1976)

Shi, L., Nie, J.-Y., Cao, G.: Relating dependent indexes using Dempster-Shafer
theory. In: CIKM, pp. 429-438 (2008)

Smets, P.: What is Dempster-Shafer’s model? Wiley, Chichester (1994)
Tomlinson, S.: Robust, web, and terabyte retrieval with Hummingbird SearchServer
at TREC 2004. In: TREC (2004)

Tsikrika, T., Lalmas, M.: Combining evidence for web retrieval using the inference
network model: an experimental study. Inf. Process. Manage. 40(5), 751-772 (2004)
Voorhees, E.M., Harman, D.K.: TREC: Experiment and Evaluation in Information
Retrieval. MIT Press, Cambridge (2005)

Yom-Tov, E., Fine, S., Carmel, D., Darlow, A.: Learning to estimate query diffi-
culty: including applications to missing content detection and distributed informa-
tion retrieval. In: SIGIR, pp. 512-519 (2005)

Zhou, Y., Croft, W.B.: Ranking robustness: a novel framework to predict query
performance. In: CIKM, pp. 567-574 (2006)

Zhou, Y., Croft, W.B.: Query performance prediction in web search environments.
In: SIGIR, pp. 543-550 (2007)



	A Belief Model of Query Difficulty That Uses Subjective Logic
	Introduction
	Belief Model of Query Difficulty
	Evidence Space

	Subjective Logic Operations for Combining Evidence
	Consensus between Independent Opinions
	Recommendation (or Discounting) between Opinions

	Illustrative Experiments
	Evidence of Query Difficulty
	Working Examples

	Related Work
	Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




