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Abstract

Information Retrieval (IR) aims at retrieving documents that are most relevant to a query provided by a
user. Traditional techniques rely mostly on syntactic methods. In some cases, however, links at a deeper
semantic level must be considered. In this paper, we explore a type of IR task in which documents describe
sequences of events, and queries are about the state of the world after such events. In this context, success-
fully matching documents and query requires considering the events’ possibly implicit, uncertain effects
and side-effects. We begin by analyzing the problem, then propose an action language based formalization,
and finally automate the corresponding IR task using Answer Set Programming.

KEYWORDSReasoning about Actions and Change, Answer Set Programming, Information Retriev

1 Introduction

Information Retrieval (IR) (Korfhage 1997) aims at identifying, among a set of available in-
formation sources, those that are most relevant to a query provided by the user. IR is arguably
a staple of every day life — we consult Wikipedia for general reference, doctors search private
databases for patient information, and researchers use public databases to find scientific publica-
tions. IR is also at the core of numerous commercial activities such as searching for news about
business partners or competitors.

Most IR systems base the relevance of a source on a syntactic measurement of the overlap of
terms between query and source (Manning et al. 2008). Even advanced techniques still focus on
syntactic matching, and include temporal ordering (Campos 2015), query expansion (Carpineto
and Ramano 2012), and graph based term weighting (Blanco and Lioma 2012).

However, research has demonstrated (Glavas and Snajder 2014) that traditional IR yields low
accuracy when applied to documents centered on events, such as police reports, medical records,
and breaking news. As one can imagine, documents of these kinds occur in large quantities and
often contain very valuable information.

(Glavas and Snajder 2014) proposed a new approach, called event-centered IR, which suc-
ceeded in increasing match accuracy by means of some level of semantic analysis. However,
their approach was limited to matching events mentioned in both queries and sources.

In this paper, we advance this line of research by considering the case in which the goal is to
match sources containing sequences of events with queries that are abstatehaf the world
after those events. This is the case, for example, in which the sources describe the history of a
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domain (e.g., historical documents, police reports, computer event logs) and a user is looking for
sources from which the state of the domain at a moment of interest can be reconstructed (e.g.,
“was the firewall on when the attack happened?”). Our approach aims to identify reasonable
matches even when a definitive answer cannot be immediately found in the sources, events have
complex/hidden effects, and information is incomplete.

We begin by analyzing the problem and, appealing to commonsense and intuition, determine
reasonable outcomes of the task as a human reader might carry it out. We use toy examples,
which we progressively elaborate, but the approach easily applies to practical cases. Later, we
develop needed mathematical foundations and propose a formalization of the reasoning task. It
should be noted that, in this paper, we assume that passages in natural language have already
been translated into a suitable logic form. The natural language task is orthgonal to the problem
addressed in this paper, and will be considered at a later stage. Let us start from the following:

Example 1

The user’s queryQ, is “Is John married?” Available information sources are:
S1: “John went on his first date with Mary.”
Sy “John read a book”

We want to determine which source is most relevar@.to

The query refers to the current state of the world, which with some approximation we can identify
with the final state of the world in the sources. The sources describe events that occurred over
time. Neither source mentions being married, making syntactic-based methods unfit for the task.
However, from an intuitive perspectivs; is more relevant t@ thans,. In fact, Sy, together

with commonsense knowledge that married people (normally) do not go on first dates, provides
a strong indication that John is not marriegh, on the other hand, provides no information
pertaining the query.

In this simple example, one can not only identifyas the most relevant source, but also obtain
an accurate answer to the question. The simplicity of the example blurs the line between IR and
question answering. In general, however, providing an accurate answer requires a substantial
amount of reasoning to be carried out once a relevant source has been identified, as well as deep
understanding of the content of the source and a large amount of world knowledge — something
that is still challenging for state-of-the-art approaches. Thus, in this pageassume that a
reader with human-level intelligence will later find accurate answers by studying the sources
identified as relevant by our approach. We focus on defining techniques that provide the reader
with a ranking of the sources based on our expectation that answers may be found in them.

To focus on the core IR task, we assume that query and sources have already been translated
to a temporally-tagged logical representation, e.g., using techniques from (Nguyen et al. 2015;
LeBlanc and Balduccini 2016). We also assume the availability of suitable knowledge reposito-
ries (Suchanek et al. 2008; Inclezan 2016). It should be noted that, while our work is somewhat
related to research on temporal relations (e.g., Allen’s interval calculus), the two differ because
we focus on reasoning about events and their effects, rather than relations between events.

The main contributions of this paper are (a) the exploration of a non-trivial variant of IR in
which sources include sequences of events, and queries are about the state of the world after such
events; (b) the extension of techniques for representing dynamic domains to increase the flexi-
bility of the reasoning processes in the presence of uncertainty; (c) a formalization of the IR task
based on action languages; (d) an automated IR procedure based on Answer Set Programming
(ASP).
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The paper begins with needed preliminaries. Next, we present a series of toy scenarios that
guide the analysis of problem and reasoning processes. We formalize the reasoning task, present
an ASP-based procedure for carrying it out automatically, and demonstrate it on selected scenar-
ios. Finally, we briefly present related work, draw conclusions and discuss future work.

2 Preliminaries

In this paper, we build upon action languad€ (Baral and Gelfond 2000) for the representation
of knowledge about actions and their effects. The syntaxX 6fbuilds upon an alphabet con-
sisting of a sefF of symbols forfluentsand a setd of symbols foractions Fluents are boolean
properties of the domain, whose truth value may change over tinfleicAt literalis a fluentf

or its negation-f. The statements oL are:

a causes if l1,lo,... .1, (1)
loifly,..., 10, @3]
a impossible ifly, ... 1, 3)

(1) is adynamic (causal) lawand intuitively says that, if actiomis executed in a state in which
literals iy, ...,1, hold, thenly, the consequence of the lawvill hold in the next state. (2) is
a state constraintand says that, in any state in whi¢h ..., [, hold, [y also holds. (3) is an
executability conditiomnd says thai cannot be executedif, ..., [, hold. A set of statements
of AL is calledaction descriptionThe semantics afil£ maps action descriptions to transition
diagrams. A seb of literals isclosed under a state constrai®) if {I1,...,1,} £ Soriy, € S.

S is consistenif, for every f € F, at most one off, —f is in S. It is completeif at least one
of f, —~f isin S. A stateof an action descriptionl D is a complete and consistent set of literals
closed under the state constraintsAdD.

Given an actior: and a state, the set of(direct) effects ot in o, denoted by (a, o), is the
set that contains a literd} for every dynamic law (1) such thdt,,...,l,} C 0. Given a set
S of extended literals and a sgt of state constraints, theet,Cnz(S), of consequences &f
under Z is the smallest set of extended literals that cont@rand is closed under. Finally,
an actiona is non-executablén a states if there exists an executability condition (3) such that
{l1,...,1,} C 0. Otherwise, the action isxecutablén o.

The semantics of an action descriptidD is defined by itstransition diagramr(AD), a
directed graph N, E) such that:N is the collection of all states oD, and E is the set of
all triples (o, a, ') whereo, ¢’ are statesg is an action executable in, ando’ satisfies the
successor state equatiet = Cnz(E(a,0)U(cNa’)), whereZ is the set of all state constraints
of AD. Triple (o, a,c’) is called a transition of (AD) andc’ is asuccessor state of (under

a). A pathin a transition diagrarff (A) is a sequencé&y, ag, 01, a1,09, . .., 0,) inwhich every
triple (0, a;, 0441) satisfies the successor state equation. We denote the initial state ofra path
by 75,

Next, we introduce ASP (Gelfond and Lifschitz 1991). Bebe a signature containing con-
stant, function and predicate symbols. Terms and atoms are formed as in first-order lbgic. A
eralis an atonu or its negationa. A rule is a statement of the fornsy, ... Ay «— 1, ..., Ly,
not l,,+1,...,not I, whereh;'s andl;’s are literals anchot is called default negationop-
erator. Its intuitive meaning in terms of a rational agent reasoning about its beliefs is “if you
believe{ls,...,l,»} and have no reason to belieyg, 1, ...,1,}, then you must believe one
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of {h1,...,hg}” If m = n = 0, symbol«— is omitted and the rule is fact Rules of the
form L < [4,...,not [, are abbreviatee- [4,...,not [,, and calledconstraints intuitively
meaning that{l,,...,not [,,} must not be satisfied. A rule with variables is interpreted as a

shorthand for the set of rules obtained by replacing the variables with all possible variable-free
terms. Aprogramis a set of rules oveXr. A consistent se$ of literals is closed under a rule if
{h1,...,hg} NS # O whenever{ly,...,l,} C Sand{lyi1,...,ln} NS = (. SetS is an
answer set of aot-free programil if S is the minimal set closed under its rules. The reduct,
I1°, of a progranil w.r.t. S is obtained frondl by removing every rule containing an expression
“not [” s.t. 1 € S and by removing every other occurrence of rioBetS is an answer set df

if it is the answer set of[°.

3 Problem Analysis

The previous example allows us to provide a first high-level characterization of the task we aim
to study, as one in which we are given a qué&and a collection of sources, ..., S,, and are
asked to produce scores, . . ., s, indicating how relevant each source is to the task of finding
an answer ta@. If we adopt the convention thatis the best possible score and the worst,

then it is conceivable that, in Exampled,, should be assigned a scoredadndS, a score obo

to indicate complete irrelevance.

As in traditional Information Retrieval (IR), the sources will be ranked based on their respec-
tive score. We expect that, in the long-term, both syntactic and semantic aspects will have to be
taken into considerations in determining scores for the documents. Thus, below, we use the term
“semantic score” when referring to the score assigned to documents by the techniques we are
studying. It is worth stressing the difference between the task at hand and question answering,
where the goal is to produce a definitive answer. At the end of the process we consider here, the
answer toQ may still be unknown, but there will be reason to believe that careful study by a
human of the sources identified as relevant will lead to such answer.

Next, we consider a number of examples and corresponding expectations. Based on the ex-
amples, later we propose a formalization of the reasoning processes. Example 1 showed that the
event of going on a first date may lead us to infer that John is not married. But how can one reach
such conclusion? One option is to reason by cases, and consider two possible views of the world:
one in which John is married at the beginning of the story, and one in which he is not. Com-
monsense tells us that the actiaf going on a first date is not executable when married. Hence,
the view in which John is initially married is inconsistent with the source. So, we conclude that
John must not have been married in the initial state. Given further knowledge that one does not
get married on a first date, one can infer that John remains not married after the date. Thus, the
source provides evidence that a reader can use to answer the query.

From a technical perspective, the example highlights the importance of being able to reason
by cases, to reason about the executability of actions, and to propagate the truth of properties
of interest over the duration of the story. Note, however, that reasoning by cases is sometimes
misleading. Conside&, from Example 1: reasoning by cases leads to the same two possible
initial states. Since reading does not affect married status, there are two ending states for the
story. This might be taken as an indication that the source progioie®useful evidence for a

I From now on, we will use action and event as synonyms.
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reader, but it is clear intuitively tha8s, is, in fact, irrelevant. Next, let us consider if, and how,
the previous query should match a more complex document. For the sake of this example, let us
assume the existence of a fictitious country C, whose laws allow plural marriage.

Example 2
Q: Is John married?
S: John, who lives in country C, just went on his first date with Mary.

In this caseS does not provide useful information towards answeiihglohn is from C, where

plural marriage is allowed, and knowledge about plural marriage yields that being married does
not preclude a married person from going on a first date. The example also demonstrates the
importance of reasoning abodéfault statementéstatements that ameormally true) and their
exceptions. The fact that, normally, married people do not go on first dates is an instance of a
default statement, and an inhabitant of C constitutes an exception to it. Similafyftom the
previous example, reasoning by cases may be somewhat misleading, as it may suggest that the
source provides some evidence useful to answering the question. Rather than reasoning by cases,
it appears to be more appropriate to state that whether John is initially martie®riswn The

lack of knowledge is propagated to the final state, given that going on a date has no effect on it in
the present context. The source is thus irrelevant and should receive a semantic scoloté

the striking difference in scores betwe&nfrom the previous example and the current source:

it appears that in some cases reasoning by cases is useful, while in others reasoning explicitly
about lack of knowledge is more appropriate. In the next section, we provide a characterization
of reasoning matching this intuition. Next, we investigate the role of the effects of actions.

Example 3

Q: Is John married?

S:John, who lives in country C, recently went on his first date with Mary. A week later, they tied
the knot in Las Vegas.

Obviously, a first indication of relevance can be obtained with shallow reasoning and syntactic
matching: “tying the knot” is a synonym of “getting married” and “getting married” and “being
married” share enough similarities to make a match likely. However, we are interested in more
sophisticated reasoning. In the initial state, John may or may not be married due to his country’s
laws. Similarly to Example 1, John’s married status persists in the state following the first date.
Tying the knot, however, has the effect of making John married in the resulting state. Hasce,
indeed relevant t@. Intuitively, its semantic score should be equal to thafpfrom Example

1. This demonstrates the importance of keeping track of the changes in the truth of the relevant
properties over time. The next example takes this argument one step further.

Example 4

Q: Is John married?

S: John recently went on his first date with Mary. A week later, they tied the knot in Las Vegas. A
month later, they filed for divorce.

Here, we assume that filing for divorce does not immediately cause the spouses to be divorced.
For simplicity of presentation, we adopt a view in which filing for divorce has a non-deterministic
effect: in the resulting state, it is equally likely for the spouses to be married or not. The relevance
of S to Q is not as straightforward as in some of the previous cases. It is indeed true that, at the
end of the story, it is unknown whether John is married. On the other hand, the story still provides
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some information pertaining to John’s married status — certainly, more than syufdehn read
a book”) from Example 1 or the source from Example 2 (“John, who lives in country C, just went
on his first date with Mary.”).

One way to make a distinction between the two cases is to consider t8dtpifin Example 4
is provided to a reader, and the reader manages to determine whether the filing action succeeded
(e.g., by gathering additional evidenc&)will immediately allow the reader to answeé. Differ-
ently from the previous examples, knowing that filing occurregsisentiato allowing a reader
to answer the question. In conclusion, whilds not as relevant t@ as other sources we have
considered, it is still somewhat relevant. This will have to be reflected in the score assigned to
the source, which should be higher than thessigned ta;, but obviously smaller thaso be-
cause the source is indeed relevant. Next, we propose a formalization that captures the behaviors
described.

4 Formalization of the Reasoning Task

Our formalization leverages techniques from the research on reasoning about actions and change,
and specifically action languagél (Baral and Gelfond 2000), approximated representations
(Morales et al. 2007) and evidence-based reasoning (Balduccini and Gelfond 2003). These tech-
nigues rely on a graph-based representation of the evolution of the state of the world over time in
response to the occurrence of actions. We adopt and expand this approach. Specifically, similarly
to (Morales et al. 2007), our formalization enables reasoning explicitly about lack of knowledge.
Differently from it, however, we allow a reasoner to reason by cases whenever needed. This is
applied to knowledge about both initial state and effects of actions. Our approach also leverages
evidence-based reasoning to rule out some of the cases considered. Finally, wd Adepthe
underlying formalism, but expand it for an explicit characterization of non-deterministic effects
and we allow hypothesizing about exceptional/atypical circumstances, eventually linking them
to the relevance of sources. Differently frodC, our language is defined so that, in the presence
of actions with non-deterministic effects, it is possible to reason both by cases, and by explicitly
characterizing lack of knowledge. The syntax of the resulting language, which wa£gll, is
described next by building on that gfZ, followed by its semantics.

In ALz, we identify a (possibly empty) subsBtof F called the set oflefault fluentsDefault
fluents are assumed false at the beginning of a sequence of events. Additionetigrasted (flu-
ent) literalis either a fluent literal or the expressiafyf), intuitively meaning that it is unknown
whetherf is true or false. Expression(f) is calledproper extended literalThe syntax of dy-
namic law (1) is extended to alloly to be an proper extended literal.l{fis a proper extended
literal u( f), the law intuitively states that the action affects the trutlf eon-deterministically.
The action of filing for divorce from Example 4 might be modeled with a dynamic law that has
u(married) as its consequence.

The semantics ofl L 1 is obtained by extending the definitions to extended literals as needed.
Specifically, a sefS of extended literals is consistent if, for evefye F, at most one off,
=f, u(f) is in S. It is completeif at least one off, —f, u(f) is in S. A stateof an action
descriptionAD of AL is a complete and consistent set of extended literals closed under the
state constraints ol D.

In this phase of the investigation, we restrict our attention to cases in which every action has at
most a single direct non-deterministic effect, and we disallow concurrent actions. Lifting these
restrictions is not difficult, but complicates the presentation. The direct effects of actions are
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extended as follows. Given an actianand a stater, the set ofcombined (direct) effects af
in o, denoted byF(a’, ), coincides withE(a, o) from AL. The set ofpositive effects of in
o, E(a™,0), is the set that contains: (a) a fluent litetdbr every dynamic law (1) such that
lo = land{ly,...,l,} C o, and (b) a fluentf for every dynamic law such thd§ = wu(f)
and{ly,...,l,} C o. Similarly, the set ohegative effects of in o, E(a™, o), is the set that
contains: (a) a fluent literdlfor every dynamic law such th&; = and{i4,...,l,,} C o, and
(b) a fluent literak~f for every dynamic law such thaf = «(f) and{l4,...,l,} C 0.

Given an action descriptioA D, the edges of the corresponding transition diagram are given
by all triples{o, a®, o’) whereo, o’ are states; is an action executable in, o is one of?, +, —,
ando’ satisfies the equation:

o' =Cnz(E(a®,0)U(cNd’)).

When multiple successor states exist for a giveanda®, the action description is callatbn-
deterministic

A dynamic law with a proper extended litera{f) as its consequence has taeterministic
counterparts obtained by replacing its consequencefbgnd - f respectively. A dynamic law
with a fluent literal as its consequence has a single deterministic counterpart, which coincides
with the law itself. An action descriptioA D hasemergent non-deterministic behavibthere
exists a non-deterministic action descriptidD’, obtained fromAD by replacing every dy-
namic law by one of its deterministic counterparts. In the current phase of the investigation, we
do not consider action descriptions with emergent non-deterministic beRavior.

Next, we turn our attention to the use of transition diagrams to reason about sequences of
actions and to determine the relevance of available sources.

5 Reasoning about Relevance of Sources

In our approach, gualified action sequendga tuples = (ag/qo, a1/q1, - - -, ax/qr) Wherea;’s
are actions and eaghis one of?, x. Intuitively, qualifier? specifies that the combined effects of
the action should be considered, whiteindicates that reasoning by cases should be used. The
length ofs is k+ 1. Thedegree o%, denoted bys|, is the number of expressions of the foa x
ins. If X = (ag,ay,...,ax) is a sequence of actions, we say that (ao/qo,a1/q1,---ar/qx)
extends for every possible choice of qualifiers’ denotes the extension Sfwhere all qual-
ifiers are? andR* denotes the extension where all qualifiers ard_et o be a state and be a
qualified action sequence. A path= (09, o, 01, - .., g, o+1) IS amodel ofs, s if all of the
following hold: (&)ao = o, (b) if ¢; =7, thena; = a?, (¢) if ¢; = x, thena,; = a] ora; = a; .
Given a set: of states and a qualified action sequerc@ pathw is a model ofY, s if
m is a model ofs, s for someos € 3. To illustrate these notions, consider an action de-
scription {a; causesg if g; as causes:(f) if —g}. Let o be {—f, g}. It is not difficult to see
that the pairo, (a;,/?,a2/?) has a unique model{—f, g}, ai, {=f,—g}, a3, {u(f),—g}). On
the other handg, (a1/?,a2/x) has two models{{~f, g}, ai, {—f,—g}, aF, {f,—~g}) and
{=f, g}, al,{=f,~g}, a5, {~f,~g}). The degrees of the two qualified action sequences are
0 and1 respectively.
Let us now consider cases in which knowledge about the initial state is incomplete. Intuitively,
if the truth value off is unknown, one may assume tlfais false if it is a default fluent and that

2 Action description{q if —r, p; r if =g, p; a cause®} has an emergent non-deterministic behavior.
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u(f) holds otherwise. However, as highlighted in the above examples, it is sometimes necessary
to consider other options for certain fluents. This intuition is captured by the notion of forcing of
afluent. Given a consistent sebf extended literals and a fluejit I[ f] denotes the sét defined
as follows, called théorcing of f in I: if f € D and{-f,u(f)} NI =0,thenZ = {TU{f}};
if f ¢ Dand{f,~f,u(f)}NI=0thenZ ={1U{f}, IU{~f}} otherwiseZ = {I}.
For sets of fluents, thercing of{ f1,...,fm} in I, writtenI[{ f1,. . .,fm }], is defined as follows:
@ if m = 1, thenI[{f1}] = I[f1]; ®) if m > 1,thenI[{f1,....fm}] = {L[fm] | I' €
I 1oy et}

As an example, let us apply these definition§idrom Example 1, “John went on his first date
with Mary.” Assume that the translation from natural language yields= m, F = {m, ab},
D = {ab}, I = O andX = (d). Let us also assume that the action descriptidf}, is
{impossibled if m, ~ab}.* Note the use of default flueab to formalize the fact that the action
is normallyimpossible if one is married. It is not difficult to see tHaf \ D] = I[{m, ab}\ {ab}]
is {{m},{-m}}, indicating that, in the initial state, we can assume that he may or may not have
been married.

Let Z be the set of state constraints4D. Thedefault closuref I is the set(I) = Cnz(JU
{=f| f e DA f ¢ I}).If §(I) is consistent, we say that tleempletion ofl is the set of
extended literals/(I) = S(HU {u(f)| f & 6(I) A —~f ¢ §(I)}. Note thaty(I) may not exist,
as in the case of = {p, ¢} and of AD = {—q if p}. If v(I) exists, it is complete, consistent and
includesI. Given a sef" of fluents, thecompletion off w.r.t. Fis the sety(I, F') = {~(I") | I' €
I[F] A ~(I') existg. Thedegree ofy(I, F'), denoted by (I, F')|, is | F|.

Going back to Example 1, applying the closure to each elemei#o{D] yields, respectively,
{m, —ab} and{—-m, —ab}, which can intuitively be viewed as the initial states that are consistent
with assumptions made about

As demonstrated by Example 1, there are cases in which the truth of certain fluents in the initial
state can be inferred indirectly from the source. The following definition 6fX) captures this
idea. Given a consistent sebf extended fluent literals and a sequence of actians

p(IL,X)= (] {I'|7{I'),R* has amodgl
I'eI[F\D]
Note thatp(1, X) may not exist, e.g., /(I") does not exist for any element 57\ D]. If p(I, R)
does not exist, then the source is irrelevant and its semantic seerdfifinstead p(I, X) exists,
it is not difficult to see thaf C p(I, R).

Let us see how(I,R) is calculated in Example 1. The first step consists in checking for
models ofy(I"),N*. Clearly,{m, —ab}, (d) has no model, becauges not executable. On the
other hand{—m, —ab}, (d) has a model. Hence(I, X) is the intersection of the only sétm},
resulting inp(7, X) = {—m}. Intuitively, this mirrors the intuition that John is not married in the
initial state.

We are now ready to introduce the notion of entailment and to use it to determine whether
there is a match betweed andS. A pathw = (09, g, 01, . . ., ak—1, 0%) entailsa fluent literal
[ (written7 |= 1) if | € oy. Given a fluentf, we say thatr entails£ f (writtent = +f)if 7 = f

orm = —f.

3 We use abbreviations to save space. Fluents: John is marriedgb — John is an exception w.r.t. going on first dates
when married. Actionsd — going on a first date: — reading a book.
4 In practice, variables may be introduced to increase generality.
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For simplicity, we assum@ to be a fluent. Letl be a set of fluent literals explicitly stated
to hold in the initial state bys and let® = {(ag, a1, ..., a;) be the sequence of actions fran
We say thatS is a match forQ if there exist a sef’ of fluents and a qualified action sequence
extending® s.t.:

¢l 7 entails+Q for some modet of v(p(I,R), F'), s, and
c2 for every modelr’ of y(m,, \ p(I,R), D), (), one of the following holds: (a)’ [~ +Q, or
(b) " = —-Qandr E Q,or (c)n’ = Q andr = —Q.

Intuitively, the first condition checks whether the document is relevant to the query — possibly
under some assumptions about the default fluents — while the second condition ensures that such
assumptions are not directly and solely responsible for the fact that the document is relevant.
The semantic score & is the smallest value dfy(p(I,R), F)| + |s| for all possible choices
of F' ands satisfying the above items. If nB ands were found to satisfy the above conditions,
thensS is not a match foQ (i.e., it is irrelevant to the query) and its semantic scorsis
In reference to Example 1, let us first look Bt s, satisfying €1). Let us begin with?" = (),
s = (d)”, which have a degree 6f It is not difficult to see that(p(I,R), F) = y({-m},0)) =
{{-m, —ab}} and that {-m, —ab}}, (d)? has a unique model = ({-m, —ab}, d’, {-m, ~ab}).
Thus, the model entails @, which means that conditio ) for establishing a match is satisfied.
Next, we check conditiorc@). Clearly,y(my, \p(I, R), 0) = {{u(m), —ab}}. {{u(m), —ab}},
() has a unique mode{{u(m), ~ab}), and it does not entaitQ. Intuitively, this means that the
assumption made about the initial stégdenot directly responsibléor the ability to entail the
query in €1). Hence, S matchesQ. Additionally, becausé” = (), s = (d)” yield a score of),
the semantic score of the documenfis
As an additional example, considér, “John read a book,” from Example 1. As above,
Q =m, F = {m,ab}, D = {ab}, andI = (), while and® = (r). AD is the same as be-
fore® I[F\ D] is {{m}, {—m}}, yielding a closure of {m, —ab}, {—m, —~ab}}. This time, both
{m, —ab}, (r)* and{—m, —ab}, { r)* have models. Hence(I,X) = {m} N {-m} = (. That
is, the initial truth value of no fluent can be inferred from the story.
Next, we consider the models ofp(I,R), F), s. ConsiderF = (), s = (r)?, with a degree
of 0. v(p(I,R), F) = ~(0,0)) = {{u(m),-ab}}. {{u(m),-ab}}, (r)" has a unique model
7 = ({u(m), =ab}, r’, {u(m), —ab}). Clearly,r }~= +Q.
The next possible options, with a combined degreg, afre F' = (), s = (r)* andF' = {m},
s = (r)?. In the first case, there are two models, elgs ({u(m), —ab},rT, {u(m), —ab}),
but neither entailst@. The second case is more interesting. Clearly, there are two models of
Y(p(I,R), F), s = v(0,{m}), (r)": 7 = ({m, —ab},r", {m,—ab}) andr’ = ({-m,—-ab},r’,
{-m,—ab}), andw | Q, while 7’ = —Q. Hence, we need to check conditice®) for each.
For the formery (7, \0, 0) = {{m, —ab}}, and{{m, —ab}}, () has a unique modé{m, ~ab}),
which entailg. Thus, the condition is not satisfied. Fdr we obtain a unigue modé{—m, —ab}),
which entails—Q), failing to satisfy the condition as well. Therefore, none of these choices for
F ands yields a match. Similar conclusions can be drawn for the other choices ford s.
Hence S; does not matcly and receives a semantic score>of The other examples are solved
similarly. The details are omitted to save space, but we provide highlights of satimenof
Example 2. Contrast the previous case with Example 2. People from countries that allow plu-
ral marriage are exceptions to the custom about first dates, and thugab}, X = (d), and

5 We oversimplify the action description for sake of clarity.
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I[F\ D] = {{m,ab}, {—-m,ab}}. Differently from the previous case, both setsi¢f \ D]
yield a model, sinceb makes the executability condition inapplicable. Hengd, X) = {ab}.
SelectingF’ = (), s = (d)” yields a unique modelwu(m),ab},d’, {u(m),ab}) = £Q. Select-
ing F = {m}, s = (d)’ yields two models entailing) and—Q respectively, but the same are
entailed byy(m,, \ p(I,R),0), (), thus failing condition ¢2). Similar reasoning applies to the
other cases. Because 9 s could be identified, the semantic score®fs oo, indicating that
it is irrelevant toQ. Note the key role played by condition?) in this example: without it, the
source would have been deemed relevant to the query

Example 4. Consider Example 4, where the action description is expandeduvithusesn;
fd causesi(m)} and relevant executability conditions. We have= 0, X = (d, w, fd), and,
similarly to Example 1p(I,R) = {-m}. The model obtained front' = (), s = R’ does not
entail £Q. On the other handl’ = 0, s = (d/?,w/?, fd/x), yield two models, entailing)
and—Q resp., depending on the outcomefaf. This time, condition ¢2) is satisfied, since, in
both casesy(my, \ p(I,R),0) = {{u(m), —ab}} and{{u(m), —ab}}, () does not entait:Q. In
conclusion$ indeed matcheg, and the source has semantic sdéfe |(d/?, w/?, fd/x)| = 1.
As expected, its semantic score is worse than that of, & gwhile obviously better than that
of, e.g.,Ss.

6 Automating the Reasoning Task

Next, we automate the reasoning task discussed earlier by means of a translatignroto
ASP. Given a sef of extended fluent literals, a sét of fluents, a qualified action sequenge
and an action descriptioAD, the encoding ofAL 1z is programll (I, F, s), described next.
In the following, I ranges over steps in the evolution of the dorfagiven fluent literall,
x(l, I) stands forholds(f,I) if I = f and—holds(f,I) if I = —f. For every actior:, the
translation includes a ruleos(a, I) V neg(a, I) < occurs(a, I), split(a,I). The translation of
a dynamic law (1) depends on the formigfIf [, is a fluent literal, translation is¢(lp, I+ 1) <
occurs(a,I), x(l1,I),...,x(ln, I). If Iy is of the formu( f), the translation of the law is:

w(f, I+ 1)« occurs(a,I),x(l1,I),...,x(ln, I),no0t split(a,I).

x(f,I+1) —pos(a,I),x(l1,I),...,x(n,I).

x(—=f,I+1) «—neg(a,I),x(l1,I),...,x(ln,I).
Expressiorvccurs(a, I) states that action occurs at stefi in the story;split(a, I) states that
reasoning by cases should be applied to the outcomes of that occurrenck sthte constraint
(2) is translated as an ASP rule of the fofmids(lp,I) <« holds(ly,I), ..., holds(l,,I).
Executability condition (3) is translated as a rule occurs(a, I), x(I1,I), ..., x(ln,I). The
translation of an action description is completed by the inertia axioms, which are expanded in
AL r to accommodate extended literalisi§ a variable ranging over all fluents):

X(F,I4+1) < x(F,I),not x(—-F,I+1),notu(F,I+1).
X(—=F,I+ 1)« x(=F,I),not x(F,I+1),not u(F,I+1).
uw(F, I+ 1)« u(F,I),not x(F,I+1),not x(—F,I+1).

The next axioms define the completion of the initial state:

[g1] X(F,0) « init(F). X(=F,0) « —init(F).

6 We assume that the rangeDis provided by the process of translating the passage to a logical representation.
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[g2] x(F,0) — forced(F),default(F),not —init(F).
X(F,0) V x(—F,0) — forced(F),not default(F),
not init(F), not —init(F).
[g3] x(—F,0) < default(F),not x(F,0).
u(F,0) « not de fault(F),not x(F,0), not x(—F,0).
Above, statemenie fault(f), included as fact for every € D, states thaf is a default fluent.
init(f) (resp.,—~init(f)) says thatf is initially true (resp., false)forced(f) states thaf is part
of a forcing. Ruledg,] map the knowledge about the initial state to statemkotds(-, -). [g2]
formalizes to the notion of forcindgs] defines the completion.

The next step of the definition dl 4p (7, F', s) is the encoding of its arguments. For every
fel(esp.,~f €I),llap(I,F,s)includes a factnit(f) (resp.,~init(f)). For everyf € F,
ITsp(1, F,s) includes a facff orced(f). Qualified action sequeneds encoded by a set of facts
of the formoccurs(a,i) and split(a,i), wherea are actions froms and+ are their indexes.
Specifically,a’ is translated as a statementurs(a,i), wherei is the index in the sequence,
while o™ is translated as two factsgcurs(a, i), split(a,i).

This completes the definition dlap (7, F, s). Next, we link its answer sets to the models
of v(I, F),s. We say that an answer sdtencodes a path if: (a) for every fluent literall,

[ € o; iff x(1,3) € A; (b) for every fluentf, u(f) € o; iff u(f,7) € A; (c) for every action
a, oy = a’ iff occurs(ai) € A andsplit(a,i) ¢ A; (d) for every actiona, a; = a¥ iff

{occurs(a,i), split(a,i), pos(a,i)} C A; (e) for every actioru, o; = a~ iff {occurs(a,i),

split(a,i), neg(a,i)} C A. The link is established by:

Proposition 1

Let I be a consistent set of fluent literalB, be a set of fluents, anel be a qualified action
sequence. A path is a model ofy(1, F), s iff there exists an answer set B4 (1, F, s) that
encodesr.

Corollary 1
A model 7 of v(I, F), s that entails! exists iff there exists an answer sétof II4p (I, F, s)
such thaty(l,k) € A, wherek is the length ofs. Also, for every fluentf, = = +f iff

X E), x(=f, k)N A# 0.

These results motivate the algorithm in Figure 1. |ldt| be the number of atoms of formed
by relationsforced andsplit. The behavior of the algorithm is characterized by:

Theorem 1

If Sis afluent, thers is a match forQ iff FindMatch (7,X,Q)# L. The rank ofS is

||FindMatch (I,8,9)||.

Proof (sketch).Using the two previous results, the thesis is easily obtained by observing that step
1 implements the calculation @f I, X), and that steps 4 and 4b check, respectively, conditions
(c1) and €2).

Let us trace the key parts of the algorithm wish from Example 1. Clearly[Isp (I, F \
D,X*} D {« occurs(d,I),holds(m,1I),step(I). forced(m). occurs(d,0).}. Step 1 infers
the initial truth of fluents indirectly from th&, , resulting in an answer set containifigholds(m,
0), forced(m)}, i.e., John cannot be initially married. Hendé,= I U {-m}. Step 4 checks
condition €1). It results in a unique answer sét> {holds(m,0), ~holds(ab,0), occurs(d, 0),
—holds(m, 1), ~holds(ab, 1)}, indicating that{{—m, —ab}, d*, {—m, —ab}) entailstm. Step



12 M. Balduccini and E. LeBlanc

Algorithm: FindMatch (I,X,9)
Input: I — (set) fluent literals explicitly stated to hold in the initial state®yRX = (ao,a1,...,ar) —
sequence of actions fro;, Q — fluent.
Output: an answer set encoding a path if a match existetherwise.
1. Let R be the intersection of all answer sets ®fap(I,F \ D,X*) and I’ be I U
{11 {x(1,0), forced(f)} CRA (= fVi=—f)}.
2. Ifllap (I, F \ D,R*) has no answer set, retutnand terminate.
3. Initialize F := @ ands := X”.
4. For every answer set of ITap(I', F, s) such tha{ x(Q, k + 1), x(=Q,k + 1)} N A £ (:

(@) LetX = {f|holds(f,0) € AANf&I'}U{~f]|-holds(f,0) € AN-f &I}

(b) For every answer sd8 of ITap (X, 0, ()), check that{x(Q,0),x(—Q,0)} N B = 0, or
x(Q,0) € BAx(—=Q,k+1) € A, 0orx(—Q,0) € BAxX(Q,k+1) € A.

(c) If every B satisfies the condition, then retushand terminate.

5. Select a sef” of fluents and an extensiat of X such that:

(a) the pairF’, s’ has not yet been considered by the algorithm, and
(b) |F'| + |s'| is minimal among such pairs.

o

If no such pairF”’, s” exists, then returd. and terminate.
. F:=F’; s :== s'. Repeat from step.

~

Fig. 1. FindMatch algorithm

4b checks conditionc@). There is a single answer sBt 2 {u(m, 0), —holds(ab,0), u(m,1),
—holds(ab, 1)}, and, clearly{holds(m,0), —holds(m,0)} N B = (). Hence, €2) is satisfied
and the algorithm returnd. The rank ofS; is ||A|| = 0.

7 Related Work

The IR task (Korfhage 1997) aims at identifying, among a set of available documents, those that
are most relevant to a query provided by the user. In the traditional IR approach to representing
documents, the text is fragmented into lists of keywords, terms, and other content descriptors.
When presented with a query, an IR system determines the relevance of a document to the query
by measuring the overlap of terms between the query and a particular document (Manning et al.
2008). Most IR systems base the relevance of a document on a syntactic measurement of the
overlap of terms between query and document (Manning et al. 2008). Results using this approach
are improved via the application of query expansion (Carpineto and Ramano 2012), an approach
that reformulates the original query to expand the sphere of search, for example by collecting
synonyms for terms in the query and searching for documents related to those synonyms.

A number of approaches have been proposed to improve search results. A recent approach
(Blanco and Lioma 2012) aims to rethink the modeling of documents by representing text as
a graph whose nodes are terms linked to one another by such properties as co-occurrence in
text or grammatical morphology and learn the weights of their connections using graph search
algorithms such as PageRank (Page et al. 1999). However, even these approaches fail to capture
the deeper semantic meaning of documents. It is worth noting that, while semantic networks such
as Google's Knowledge Graph bolster IR techniques with world facts and relationships, they are
not concerned with a deeper analysis of query and document.
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8 Conclusions and Future Work

We presented an investigation of an IR task in which sources containing sequences of events are
matched to a query about the state of the world after those events. This task is challenging for
traditional IR techniques, but key to simplifying access to information and reducing information
overload.

We analyzed the problem from a commonsensical and intuitive perspective, and provided a
formalization, based on action languages, of the desired reasoning. Although langdage
fundamental to our work, it is by itself insufficient, because it does not allow for the fine-grained
reasoning needed for a clear determination of relevance in the presence of incomplete informa-
tion and uncertainty. Thus, we presented an extensiod®Buitable for our purpose. Finally,
we defined an ASP-based procedure for automating the reasoning task.

In this paper, we have focused on introducing and studying the core IR task. Future work will
address the connection with natural language processing algorithms and with available knowl-
edge repositories, the development of an end-to-end system, and its quantitative evaluation.
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