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Abstra
tThis proje
t shows that the Event Logi
 introdu
ed in [Sis01℄ 
an be expressedin Finite State Temporality, a temporal logi
 based on regular languages [Fer04℄.Finite State Temporality is a more powerful logi
 than Event Logi
. It des
ribesthe implementation of a program whi
h 
an build �nite state representations ofEvent Logi
 formulae, whi
h 
an be used to perform event re
ognition.



Chapter 1Introdu
tion1.1 Proje
t and PurposeThe proje
t will show how the temporal logi
 of [Sis01℄, Event Logi
, 
an beexpressed in Finite State Temporality [Fer04℄. Event Logi
 is used to des
ribethe semanti
s of verbs in a way that 
an be tested empiri
ally, by attemptingto re
ognise 
on
rete o

urren
es of those verbs from short video sequen
es.It has an intuitive syntax and semanti
s, however its main drawba
k is thatit is model dependent. It does not, however, provide a means of reasoningabout Event Logi
 expressions outside of a parti
ular model, about what is truein all models. However, Finite State Temporality, a temporal logi
 based onregular languages, does provide this 
apability. In Finite State Temporalityintervals are represented as regular languages, meaning that all the propertiesof regular languages apply to intervals in Finite State Temporality. This makesthe method quite powerful, as well as mu
h simpler to deal with theoreti
allyas the theory of regular languages has been well established and explored. Ifit were possible to express Event Logi
 in Finite State Temporality it wouldgain these advantages while still keeping the same syntax and semanti
s, thusallowing a more powerful method of reasoning about lexi
al semanti
s.1.2 Report OutlineThe report is divided into four main se
tions des
ribed below.1.2.1 Ba
kgroundChapter 2 will give a des
ription of Finite State Temporality, FST, the ideasbehind it and how its operations work. FST is based on regular languages,so a des
ription will be given of the main properties of regular languages andthe various forms in whi
h they may be represented: �nite state ma
hines andregular expressions. 1



The se
ond part of this 
hapter will des
ribe Event Logi
, where it is usedand how it has been implemented in other systems.1.2.2 Translating Event Logi
 into FSTChapter 3 des
ribes the main work of the proje
t. It demonstrates how todes
ribe Event Logi
 formulae in FST. It will show how the Event Logi
 intervals
an be represented as languages, and how the Event Logi
 operators 
an bede�ned in terms of languages. It will show how to implement the inferen
emethod, whi
h gives the intervals in a model where an event o

urred. It endsby examining some of the open problems relating to this work.1.2.3 ImplementationChapter 4 will des
ribe the implementation of a program whi
h 
an performevent re
ognition using �nite state ma
hines. It takes Event Logi
 formulaeand using the FST te
hniques from the previous 
hapter builds a �nite statema
hine whi
h a

epts the intervals where the event o

urred. It will des
ribethe operation of the program, some of the algorithms used and show examplesof the program in use. It 
ompares this method to a previous implementationof Event Logi
. Also, the tools used in the implementation will be des
ribed.1.2.4 Con
lusionFinally, Chapter 5 will des
ribe the results of the proje
t. It will examine howsu
essfully Event Logi
 
ould be expressed in FST, what the advantages anddrawba
ks of this approa
h are, as well as some areas for future work.
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Chapter 2Ba
kground2.1 Finite State TemporalityTemporal logi
s are ways of representing systems where what is true 
an 
hangeover time. Finite State Temporality, FST, is a temporal logi
 based on theprin
iple that intervals are represented as strings of snapshots [Fer04℄. A snap-shot is the set of 
onditions that are true at a parti
ular point in time. More
omplex intervals 
an be represented by languages. FST restri
ts itself to reg-ular languages, as well as allowing FST to exploit the 
losure and de
idabilityproperties of regular languages. This restri
tion is warranted be
ause more ex-pressive languages, like 
ontext free languages, have not been ne
essary so farin the development and use of FST.2.1.1 Regular LanguagesA regular language is a formal language that 
an be a

epted by a �nite statema
hine. Regular languages 
an be des
ribed by a regular expression or aregular grammar. They o

upy the lowest rung in the Chomsky Hierar
hy, type3, making them the most restri
tive language in the hierar
hy [Eil74℄.Regular languages are widely used in text pro
essing and linguisti
s; and theasso
iated �nite state te
hnology is used extensively in hardware design, model
he
king and logi
.A deterministi
 �nite state automaton1, DFA, is des
ribe by the the tuple
< Σ, S, s0, δ, F >, where Σ is the alphabet; S is the set of states; s0 is thestarting state, an element of S; δ is the transition fun
tion δ : S × Σ → S; and
F is the set of a

epting states, a subset of S.A DFA operates by starting in the initial state, s0, and a

epting inputsymbols until the end of input. For ea
h input symbol it will enter a new statedetermined by the transition fun
tion, δ. If, at the end of input, the state1In this report, the term �nite state ma
hine will refer 
olle
tively to deterministi
 andnon-deterministi
 automata. 3



ma
hine is in an a

epting state, then the input string is part of the languageen
oded by the DFA.A non-deterministi
 state ma
hine, NFA, allows more than one transitionfrom state over an input symbol. The transition fun
tion be
omes δ : S × Σ →
P(S). An epsilon non-deterministi
 state ma
hine, ǫNFAs, is one that allowstransitions over the empty string, ǫ, meaning that it does not 
onsume any inputfor that transition [SIP96℄.NFAs and ǫNFAs are equivalent in power to DFAs, and 
an be 
onverted toa DFA by powerset 
onstru
tion [ASU86℄. This means that any of these 
ana

ept any regular language.2.1.1.1 Regular Language OperationsRegular languages are 
losed, applying any of these operators yields a regularlanguage, under Kleene star, 
on
atenation, union, interse
tion and 
omple-ment.UnionThe union of two regular languages is the set of strings whi
h are in eitherof the two languages.

L1 ∪ L2 = {s | s ∈ L1 ∨ s ∈ L2}Con
atenationThe 
on
atenation of two regular languages is the language 
onsisting ofstrings 
omposed by 
on
atenating strings from one language with the stringsfrom another.
L ◦ L2 = {ss2 | s1 ∈ L1, s2 ∈ L2}For 
larity the 
on
atenation operator will be omitted, so L ◦ L′ will bewritten as LL′.Kleene ClosureThe 
losure of an alphabet, denoted by Σ∗, is the set of all possible stringsover an alphabet, Σ. It is also 
alled the universal language.

Σ∗ =

∞⋃

i=0

Σiwhere Σiis the set of possible strings of length i.The 
losure of a language is the set of strings formed from 
on
atenationwith itself any number of times. Where Li represents the 
on
atenation of Lwith itself i times, and L0is ǫ:
L∗ =

∞⋃

i=0

LiThe positive Kleene 
losure of a language is the similar to the 
losure of alanguage, ex
ept it does not in
lude the empty string.4



L+ =
∞⋃

i=1

Li2.1.1.2 Regular ExpressionsRegular expressions des
ribe a regular languages, meaning they are equivalentin power to DFAs. A regular expression is 
omposed of the symbols: ǫ, a ∈ Σ,and ∅. These symbols 
an be 
ombined using the operators: 
on
atenation,alternation and Kleene 
losure [Wei05℄.Con
atenation
R1 ◦R2 The 
on
atenation of two regular expressions is the 
on
atenation ofthe regular languages they represent. As with regular language 
on
atenation,the 
on
atenation operator will be omitted.Alternation
R1 | R2 The alternation or 
hoi
e of two regular expressions is the union ofthe languages they represent.Closure
R∗ Closure, the 
losure of a regular expression is the 
losure of the languageit represents.An example of a regular expression is a(b|c)∗, this a

epts strings whi
h 
onsistof an a followed by any number of b or c's.Regular expressions 
an be 
onverted to an ǫNFA by Thompson's algorithm[ASU86℄.2.1.1.3 Finite State Transdu
ersFinite state transdu
ers map between regular languages. They extend �nitestate ma
hines by adding an output language, the transition fun
tion now hasboth input and an output symbols. They map between strings in the inputlanguage and strings in the output language; also 
alled the upper and lowerlanguages respe
tively. The input and output languages may have di�erent al-phabets. Finite state transdu
ers support the same operations as �nite statema
hines: union, 
on
atenation, and Kleene 
losure. However, �nite state trans-du
ers are not 
losed under interse
tion, in the general 
ase [BK03℄. In addition,it is possible to 
ompose transdu
ers. The 
omposition of two transdu
ers takesthe output of one transdu
er and uses it as the input to the se
ond transdu
er.2.1.2 Basi
s of Finite State TemporalityIn FST the world is des
ribed by a set of �uents, Φ. Fluents represent propertiesof the world whi
h 
an 
hange over time. It is not ne
essary for �uents tobe atomi
, but this report will only 
onsider atomi
 �uents. Sets of �uentsare usually written inside a box instead of between bra
es. The notation isintended to 
onvey the notion of 
omi
 strip, ea
h set of �uents forms a framein the 
omi
. So, the set of �uents {a, b, c} is written as a, b, c , and empty setof �uents, {}, is denoted by �. 5



For example, given a set of �uents whi
h des
ribe some the a
tions of aperson in their home:
Φ = {Eating(Bob), Sleeping(Bob),WatchingTV (Bob),WashingUp(Bob), V acuuming(Bob)}The snapshot whi
h represents the Bob sleeping is Sleeping(Bob) , the snap-shot representing the Bob eating while wat
hing TV would be denoted by
Eating(Bob),WatchingTV (Bob) . Finally, if none of these �uents o

urred, itis denoted by the empty snapshot, �.Intervals are represented by a string of snapshots. The alphabet of thesestrings is the powerset of �uents, P(Φ)2.An example of an interval would be:

Eating(Bob) � WashingUp(Bob)This represents an interval of length three: in the �rst snapshot the Bob waseating, this was followed by an interval in whi
h none of the �uents held, andin the third snapshot Bob was washing up.However, it is insu�
ient to use only strings to des
ribe events. Strings
onstrain events to �xed lengths, and do not allow for 
hoi
e (alternation).Instead, events are represented as regular languages.Using the set of �uents from the previous example, if we wanted to representthe intervals during whi
h Bob was 
leaning it might be represented as anyinterval of positive length, where the Bob was washing up or va
uuming:
Cleaning(Bob) = ( WashingUp(Bob) | V acuuming(Bob) )+Where | is the regular language operator for alternation, and + is the positiveKleene 
losure.It is important to note the distin
tion between the empty snapshot, �, andthe empty string, ǫ. � is a string of length one whi
h represents an interval oflength one in whi
h no �uents held. ǫ is an interval of length zero, and does not
onvey any information about the world.2.1.3 SuperpositionFST de�nes an operation 
alled superposition[Fer04℄. The superposition of twoevents 
orresponds to the 
o-o

urren
e of those two events. It is de�ned as the
omponent-wise union of strings of the same length.
L&L′ =

⋃

n≥0

{(a0 ∪ b0) . . . (an ∪ bn) | a0 . . . an ∈ L, b . . . bn ∈ L′}2It has been shown in [Fer06℄ that strings of snapshots are equivalent to strings over thealphabet of �uents with the addition of marker symbol, a '
lo
k ti
k' symbol. In other words,strings over the alphabet P(Φ) 
an be 
onverted to strings over Φ ∪ ≀, using ≀ to represent a
lo
k ti
k, by a �nite state transdu
er whi
h preserves regularity.6



For example, the superposition of a a, b a with a c b would be a a, b, c a, b .Superposition is only de�ned between strings of the same length, superposingof two strings of di�erent length will give the empty language.2.1.4 SubsumptionFST provides a way to say that a string 
ontains at least as mu
h information asanother. One string subsumes another if every symbol in the string is a supersetof the 
orresponding symbol in the other string.
a1a2 . . . an D b1b2 . . . bm ⇐⇒ (n = m) ∧ (a ⊇ bi) : 1 ≤ i ≤ mOne language subsumes another if every string inthe language subsumes astring in the other.

L D L′ ⇐⇒ (∀s ∈ L)(∃s′ ∈ L′)s D s′Looking at a 
on
rete example, it is true that: a, b D a D ( a | b ). While
a D ( a | b ) looks in
orre
t, the relationship holds be
ause we only requirethat all strings in the left subsume one string in the right.The subsumptive 
losure of a language, L, is all the strings that subsumea string in L. The superposition of L with the universal language gives itssubsumptive 
losure.

LD = L&P(Φ)∗For example, for a language 
onsisting of one string: L = { a b } and aset of �uents Φ = {a, b}, the subsumptive 
losure of L will be all the strings oflength two whi
h subsume L.
LD = { a b ,

a, b b ,

a a, b ,

a, b a, b }2.1.5 ConstraintsConstraints are a method of doing impli
ation in FST. The 
onstraint L ⇒ L′will give the language where L never o

urs without L′. In Boolean logi
,impli
ation is de�ned as
A⇒ B = ¬(A ∧ ¬B)7



It is de�ned similarly in FST, however there are some 
ompli
ations.Naively, it would be L ∩ L′. But the resulting language would be restri
tedto strings of the same length as L ∩ L′. To over
ome this, it is ne
essary toextend the interse
tion in either dire
tion by 
on
atenating it with the universallanguage: P(Φ)∗L ∩ L′P(Φ)∗.However, there is still a problem. The impli
ation should be de�ned for allthe strings that subsume L and L′ sin
e subsumption states that those strings
ontain at least as mu
h information as these ones, the relation should still hold.So the �nal de�nition of 
onstraint is as follows:
L⇒ L′ = P(Φ)∗LD ∩ L′DP(Φ)∗Two of the typi
al uses of 
onstraints are to de�ne the φ − consistent and

φ− bivalent languages.The φ − consistent language does not allow a �uent and its negation too

ur at the same time. For some �uent φ, where ∅ is the empty language, the
φ− consistent language is given by the 
onstraint:

φ,¬φ ⇒ ∅ (2.1)The φ− bivalent language demands that either φ or its negation must o

urin every interval:
� ⇒ φ | ¬φ (2.2)2.2 Event Logi
[Sis01℄ is an attempt to des
ribe the lexi
al semanti
s of verbs in a way that 
anbe empiri
ally tested. It takes simple verbs su
h as pi
k-up and put-down anddes
ribes them using for
e-dynami
s and Event Logi
. The a

ura
y of thesede�nitions 
an be tested by performing event re
ognition on video sequen
es
ontaining these a
tions. This is in 
ontrast to previous attempts to representlexi
al semanti
s, where the semanti
s were not fully spe
i�ed and representa-tions were derived intuitively. For
e-dynami
s [Tal88℄ des
ribe the relationshipsbetween between obje
ts in terms of 
onta
t, support, and atta
hment. This isin 
ontrast to previous approa
hes to model re
onstru
tion whi
h used motionpro�le, i.e. the velo
ity, rotation, et
. of the obje
ts[SM96℄. For
e-dynami
s
oin
ide more 
losely than motion pro�le with people's intuitive idea of events:the speeds and positions of the obje
ts are less important than how the obje
tsare 
onne
ted or supported. For
e-dynami
s also allow a more 
on
ise de�nitionof events than would be possible using motion pro�le.This attempt to ground lexi
al semanti
s in per
eption is 
ontinued in [FGS02℄.However, instead of using the hand written de�nitions, event de�nitions arelearned from video sequen
es. Only a subset of Event Logi
 is used in these def-initions, 
alled And-Meets-And. And-Meets-And, AMA, is a severely restri
tedsubset of Event Logi
, whi
h only uses the sequen
ing, meets, and 
o-o

urren
e,8



and, operators, as well as only allowing them in 
ertain 
ombinations. However,despite these restri
tions, learned event de�nitions performed almost as well asthe handwritten ones using the full Event Logi
.32.2.1 LeonardLeonard is the implemented system des
ribed in [Sis01℄ whi
h uses EventLogi
 to perform event 
lassi�
ation from video. It takes a sequen
e of images,performs event re
ognition and outputs labels for the observed events. It is ablere
ognise events 
orresponding to the simple verbs: pi
k-up, put-down, sta
k,unsta
k, move, assemble and disassemble.It has three main stages: image segmentation and tra
king, model re
on-stru
tion and event 
lassi�
ation. The segmentation stage takes in a sequen
eof images from a 
amera and produ
es a sequen
e of s
ene des
riptions, i.e. alist of obje
ts it dete
ted in ea
h s
ene. It uses 
olor and motion based segmen-tation, des
ribed in [SM96℄.The model re
onstru
tion stage uses for
e dynami
s to interpret the s
enes.For
e-dynami
s exploit some 
ommon sense knowledge of the world to makean interpretation of the s
ene, e.g. if an obje
t is not falling, then it mustbe supported. The model re
onstru
tion outputs the intervals during whi
hfor
e-dynami
 relations hold. The for
e-dynami
 relations it re
ognises are:Supported(x), Supports(x,y), Conta
ts(x,y), and Atta
hed(x,y) .The event 
lassi�
ation stage takes in the for
e-dynami
 relations and usesEvent Logi
 to infer o

urren
es of the 
ompound event types. The event 
las-si�
ation is able to re
ognise simultaneous o

urren
es of events, as well as thenon-o

urren
e of events.2.2.2 The Allen RelationsEvent Logi
 uses the Allen relations to spe
ify the allowed relations betweenevents. The Allen relations are a set of interval relations des
ribed by [All83℄,and illustrated in 3.1. They des
ribe all the possible relations between twointervals. They also have the property that they are distin
t, it is impossiblefor a pair of intervals to be des
ribed by more than one Allen relation. TheAllen relations are parti
ularly useful in AI be
ause they 
an express knowledgeabout in
omplete and qualitative data. [KHMW99℄2.2.3 Event Logi
 Syntax and Semanti
sEvent logi
 provides a way to des
ribe 
omplex events in terms of primitiveevents. It spe
i�es what must have taken pla
e for an event to have o

urred:the primitive events that must o

ur, and how they may o

ur in relation to3Learned de�nitions out-performed the hand 
oded de�nitions from [Sis01℄, but performedslightly worse than a revised set of hand 
oded de�nitions written spe
i�
ally to work withthe parti
ular model re
onstru
tion algorithm.9



Figure 2.1: The Allen Relations
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one another. It does not provide a way to spe
ify the parti
ular duration of theprimitive events.For example, here is a simpli�ed de�nition of a pi
k-up event, where x pi
ksup y from z. It des
ribes the pi
k-up event as beginning with a state where y issupported by 
onta
t with z, whi
h is immediately followed by a state where yis supported by x and atta
hed to x. The ∧ operator denotes 
oin
idental o
-
urren
e, the two events started and ended at the same time, ; is the sequen
ingoperator, denoting one event having happened dire
tly after another.4
PickUp(x, y, x) = (Supports(z, y)∧Contacts(z, y)); ((Supports(x, y)∧Attached(x, y))The basi
 elements of Event Logi
 formulae are primitive events, in Leonardthese are the for
e-dynami
 relations. Primitive events are assumed to be liquid,also 
alled homogeneous [Sho87℄. A liquid event whi
h is true during a 
ertaininterval is also true in all the sub-intervals of that interval.Event Logi
 expressions are made up from primitive events and the 
om-pound events. The Event Logi
 operators are: ¬Φ, Φ∨Ψ, Φ∧R Ψ, ♦RΦ, where
Φ and Ψ are 
ompound Event Logi
 expressions and R is a set of Allen Relations.Their semanti
s will be explained in the next se
tion.2.2.3.1 Semanti
s of Event Logi


• Φ@i Coin
iden
e: denotes that the Event Logi
 expression, Φ, dire
tly 
o-in
ided with the interval i. For example, PickUp(hand, redblock, greenblock)@[5, 20)means that a pi
k-up event o

urred in the interval from Frame 5 up toFrame 20.5
• ¬Φ@i Negation: Φ did not o

ur at interval i. It may be the 
ase that Φoverlapped with i, but ¬Φ@i is only true if Φ did not 
oin
ide with i.
• Φ ∨ Ψ@i Or : Either Φ or Ψ o

urred at i.
• Φ ∧R Ψ@i And: Both Φ and Ψ o

urred, how they may o

ur in relationto ea
h other is given by R, a set of Allen relations. It is important tonote that if Φ o

urred at interval j and Ψ o

urred at interval k, then i isthe the smallest interval that 
ontains both j and k. If R is not spe
i�edthe default relation, equals, is assumed.
• ♦RΦ@i Tense: Denotes that Φ o

urred at some interval j, su
h that jand i are related to ea
h other by the Allen relation r ∈ R. This 
ouldbe used, for example, to spe
ify that Φ o

urred some time in the past byusing ♦{before,meets}Φ. If R is not given, the default is an interval whi
hoverlaps with i, i.e. r is one of equals, overlaps, overlapped-by, starts,started-by, �nishes, �nished-by, during, or 
ontains.4Φ;Ψis short hand for Φ ∧{meets} Ψ, or Φ meets Ψ.5The end-points of an interval may be open or 
losed, open intervals do not in
lude theend point and are denoted by parenthesis, ); 
losed end-points in
lude the end-point and aredenoted by square bra
kets, ]. 11



2.2.4 Implementation of Event Logi
The interval algebra des
ribed by [All83℄ does not use the numeri
al values ofthe end points to represent intervals. Instead intervals and their relations arerepresented as 
onstraint networks. In a 
onstraint network nodes representevents, and ar
s represent the relations between them. It is possible to reasonabout the network using 
onstraint propagation [All84℄.However, be
ause Event Logi
 deals with 
on
rete values for the end pointsof intervals it uses an inferen
e method based on spanning-intervals.For primitive events, whi
h are liquid, if Φ@i, then Φ is also true in all thesub-intervals of i. However, this is not the 
ase for 
ompound event types. How-ever, any 
ompound expression made up of two primitive events will be semi-liquid. A semi-liquid event allows the end-points of the interval to hold over a
ertain range of values. For example, if Supports(redblock, greenblock)@[0, 7)andAttached(hand, greenblock)@[4, 10), then Supports(redblock, greenblock)∧{overlaps}

Attached(hand, greenblock) will hold at the interval [0, 10). But it will also holdin any of the sub-intervals whi
h 
ontain [3, 8), as this is the interval whi
h sat-is�es the overlaps relation. A spanning interval des
ribes a semi-liquid event.In this example the spanning interval would be [[0,3),[8,10℄).Spanning intervals provide a way of e�
iently representing the intervals inwhi
h a 
ompound event holds. A primitive event 
an hold in quadrati
allymany sub-intervals, however the spanning interval representation provides ameans of reasoning about when 
ompound events hold without representing thesub-intervals dire
tly.

12



Chapter 3Translating Event Logi
 intoFSTThis proje
t shows that Event Logi
 
an be expressed in FST. FST o�ers ad-vantages over Event Logi
 in that it allows reasoning independent of a model.Event Logi
 only provides semanti
 entailment, whi
h 
an tell if a formula istrue in a given model. However, if Event Logi
 formulae are represented in FST,it would be possible to make dedu
tions about what is true in all models.One of the advantages of Event Logi
 over other event re
ognition methods,su
h as Hidden Markov Models, is that it makes introspe
tion easier [FGS02℄.The de�nition of an event is not en
oded as weights in the network, but in asemanti
ally meaningful form. En
oding events as regular languages takes thisa step further. It allows one to use all the existing knowledge about regularlanguages to examine event de�nitions.3.1 Basi
sThe Event Logi
 formulae de�ne the truth 
onditions that must hold during anevent. In FST, an Event Logi
 formula will be represented as the language thatrepresents o

urren
es of the event.Consider an Event Logi
 formula for making tea:
MakeTea = BoilKettle;PourWater;AddTea; (AddMilk ∨AddSugar)The FST representation of this would be the language:

MakeTea = BoilKettle
+

PourWater
+

AddTea
+

( AddMilk
+

| AddSugar
+

)This language will be represented as a �nite state ma
hine. De
iding ifthis event o

urred in a model be
omes simply a matter of running the state13



ma
hine on the model, if the state ma
hine subsumes the model then the eventhas o

urred, other it has not.It is important to note that these are the minimum requirements for an eventto happen. For example �+ does not require any �uent to hold, it will a

eptwhen nothing or anything o

urred. To expli
itly state that something did noto

ur it is ne
essary to use the negation of that language, ¬L, whi
h will bede�ned later.To be able to represent all Event Logi
 formulas in FST, not just this simpleexample requires the ability to:
• represent the Allen relations as regular languages
• implement all of the Event Logi
 operators: negation, or, and, tense
• be able to determine the truth value of an Event Logi
 formula for aparti
ular model using FST.3.2 The Allen Relations as Regular LanguagesThe Allen relations 
an be implemented in FST by using superposition alongwith the standard regular language operators. The Allen relations have beenexpressed in FST before, [Fer06℄, however this only de�nes relations betweenstrings, not between languages. The �rst seven relations are de�ned here, theremaining six are the inverses of these, and 
an be de�ned in terms of them,e.g. after(x, y) = before(y, x).Figure 3.1: The Allen Relations between languagesAllen Relation FST
equal(L1, L2) L1&L2

before(L1, L2) L1�
+L2

meets(L1, L2) L1L2

overlaps(L1, L2) ((L1�
+)&(�+L2)) − (L1�

∗L2)
starts(L1, L2) (L1�

+)&L2

finishes(L1, L2) (�+L1)&L2

contains(L1, L2) L1&(�+L2�
+)

• equal(L1, L2) = L1&L2 This 
omes dire
tly from the de�nition of super-position. L1and L2 must start and end at exa
tly the same time.
• before(L1, L2) = L1�

+L2 The before relation spe
i�es there is must bean interval of length at least one between the two events. The regularlanguage for this relation inserts empty snapshots between the two lan-guages. The empty snaphots demand that an interval o

ur, but do notrequire that any of �uents hold at that point.14



• meets(L2, L2) = L1L2 The meet relation requires that the one intervalbegin immediately after the end of the other. This is expressed as the
on
atenation of the two languages.
• overlaps(L1, L2) = ((L1�

+)&(�+L2))− (L1�
∗L2) The overlaps relationdemands that the se
ond interval must begin sometime after the �rst.This is a
hieved by prepending empty intervals to the beginning of these
ond interval. Similarly, the se
ond interval must end after the �rst,hen
e empty intervals are appended to the �rst interval. However, justusing the superposition of these two padded intervals 
auses a problem.It will a

ept intervals where L1is before or meets L2, as the padding atthe beginning and end is allowed to extend out to any length, potentiallypast the end of L1. Hen
e, it is ne
essary to subtra
t the strings where nopart of L1and L2 overlap. This is given by the 
on
atenation of L1 and

L2 with zero or more empty intervals between them.
• starts(L1, L2) = (L1�

+)&L2 For L1 to start L2 they must begin at thesame time and L1must end before L2. This is de�ned as the superpositionof L1and L2, but with at least one empty interval following L1.
• finishes(L1, L2) = (�+L1)&L2 The finishes relation is similar to starts,ex
ept that the �rst interval must start after the se
ond, and they must endat the same point. Hen
e, empty intervals are prepended to the beginningof L1.
• contains(L1, L2) = L1&(�+L2�

+) If an interval starts before and �nishesafter another, it contains the interval. To obtain the regular language forthis relation, L2 is padded on both sides with empty intervals, and thensuperposed with L1.3.3 Event Logi
 OperatorsThe set of �uents in FST are the set of primitive Event Logi
 symbols. How-ever, it will be seen that it is ne
essary to have �uents that represent the non-o

urren
e of primitive events. For ea
h primitive event φ there will be a 
orre-sponding �uent ∼ φ whi
h denotes its non-o

urren
e. Event Logi
 only allows�nite sets of symbols, making the alphabet P(Symbols ∪NegatedSymbols),will also be �nite whi
h is a requirement for regular languages.3.3.1 Primitive EventsPrimitive events in Event Logi
 formulae must hold for an interval of length atleast one, they also have the property of liquidity whi
h makes them true in allsub-intervals. Primitive events will be represented in FST as the language:
L(φ) = φ

+15



where φ is the primitive event in question.All the strings in φ
+ will be of length greater than or equal to one, fromthe de�nition of positive Kleene 
losure. For a string in φ

+, all the non-empty substrings of it will also be a member of φ
+ as they 
an only 
onsistof a sequen
e of φ 's. This satis�es the requirement that primitive events areliquid.3.3.2 OrOr in FST be
omes the alternation of the languages for Φ and Ψ. This languagea

epts either Φ or Ψ.

L(Φ ∨ Ψ) = L(Φ) | L(Ψ)3.3.3 AndThe and operator takes a set of Allen relations and allows the two intervals too

ur in any of those relations to ea
h other. This 
orresponds to the regularlanguage whi
h is the alternation of ea
h of the Allen relations between the twolanguages.
L(Φ ∧R Ψ) = r1(L(Φ), L(Ψ)) | r2(L(Φ), L(Ψ)) | · · · | rn(L(Φ), L(Ψ)) : r ∈ R3.3.4 Negation

Negation is more di�
ult to represent in FST. It is ne
essary to introdu
tion�uents to expli
itly represent the non-o

urren
e of a �uent. Ea
h �uent φwill have a 
orresponding negated �uent ∼ φ. In this system φ represents aninterval where φ was true, ∼ φ denotes an interval where φ was not true, and
� does not spe
ify whether φ held or not.To de�ne the negation of a language is it ne
essary to have the 
ompleteand 
onsistent language LC . This is the language of all possible strings whi
hobey 
ertain rules about negation of �uents. LC should be 
omplete; either a�uent or it's negation should be present in ea
h symbol. The φ− complete (2.1)language for a �uent gives the language where φ or ∼ φ are present in everysymbol. It will also 
ontain all the strings whi
h subsume the ones whi
h satisfythis 
onstraint. The interse
tion of the φ − complete languages for all �uentsgives the language where every symbol 
ontains either a �uent or its negation.

LΦcomplete =
⋂

φ∈Φ

(� ⇒ φ | ∼ φ ) (3.1)However the φ − complete language allows strings in whi
h a �uent and itsnegation 
o-o

ur. The 
omplete and 
onsistent language should reje
t strings16



any strings whi
h 
ontain a �uent and its negation in the same symbol. The
φ− bivalent (2.2) language implements the 
onstraint that only allows a �uentor its negation to o

urr at the same time. The φ−bivalent language for �uentsis given by:

LΦbivalent =
⋂

φ∈Φ

( φ,∼ φ ⇒ ∅)The 
omplete and 
onsistent language LC is given the by the interse
tion ofthe Φ − complete and Φ − bivalent languages.
LC = LΦcomplete ∩ LΦbivalentThe negation of a language, L, is the set of strings that do not 
ontain L.This is given by the 
omplement of L. However, the negation should not 
ontainthe strings whi
h subsume L. For example, if L = { φ }, the 
omplement of Lshould not in
lude strings su
h as φ, ψ . The subsumptive 
losure of L, LD,will give all give all the strings that subsume L. The negation 
an be obtainedby substra
ting the subsumptive 
losure from all the 
onsistent and 
ompletestrings.So, the negation of a language, L, will be all the 
omplete and 
onsistentlanguage less all the strings that subsume L:
L(¬Φ) = LC − (�∗L(Φ)D�∗)3.3.5 TenseThe tense operator holds if there exists an interval in relation to Φ, for a givenset of Allen relations. It is expressed similarly to the and operator. Anotherinterval, σ, that 
an hold at any point is introdu
ed. It is ne
essary to makeea
h σ interval distin
t, as ea
h σ 
an only o

ur in a 
ertain relation to Φ.

L(♦RΦ) = r1(L(Φ), σ1) | r2(L(Φ), σ2) | · · · | rn(L(Φ), σn) : r ∈ R (3.2)where σi = begin_i �∗ end_i .However, there is a problem with this method. The intended semanti
s ofthe tense operator are that it holds at an interval i, ♦RΦ@i, if for some interval
j, Φ@j and i r j hold. The interval i 
orresponds to the interval σ in the FSTde�nition. However, the FST de�nition will return the interval whi
h in
ludes
i and j.1 It should return the interval i where σ o

urs, but instead returns theinterval r(L(Φ), σ). This problem stems from the fa
t L(♦RΦ), as well as theFST de�nitions of the Event Logi
 operators, do not a
tually give the parti
ularintervals in whi
h that operator held. They give all the strings that 
an satisfy1This is a
tually Span(i, j), the smallest interval whi
h 
ontains both i and j.17



that operation. However, for the tense operation the strings in where it o

ursdo not 
oin
ide with the intervals where it holds.One possible solution for problem would be to de�ne the tense operator asa �nite state transdu
er whi
h a

epts the language given in (3.2) and outputsonly the interval whi
h is part of σ. However, using �nite state transdu
ers asa representation introdu
es another problem, we require the negation operator.Unfortunately interse
tion is required in its de�nition, but interse
tion of �nitestate transdu
ers is only regular between equal length relations[KK94℄. Therelations for the tense operator will only be of equal length if the Allen relationis equals, namely R = {equals}.At present, the implementation uses the de�nition of tense in (3.2), whilethis works in most 
ommon 
ases, the results of this operator 
an not beused in further 
omputation due to the reasons stated above. For example,
(♦{before}A) ∧ B, when entered into the program2 will produ
e in
orre
t re-sults. It should a

ept strings where B 
oin
ides with an interval whi
h isbefore with A. However, the program will only a

ept strings where B overlapswith A.A 
orre
t method of representing this is an interesting problem for futureresear
h.3.4 Event Re
ognitionThis se
tion will dis
uss how to use the �nite state representation of eventsto perform event re
ognition. Inferen
e in Event Logi
 gives the intervals in amodel where an event o

urred. The inferen
e method for the FST representa-tion of events is mu
h simpler than for than for the Event Logi
 implementationin Leonard. In FST, the model, M , be
omes a string whi
h is the sequen
e ofobservations. For all implemented systems M will be �nite, whi
h makes it aregular language 
onsisting of one string. The model must be 
omplete, i.e. itmust be a member of (3.1) for the representation of negation to work 
orre
tly.Che
king if an event o

urred in the model is a matter of 
he
king whetherMsubsumes the language representing the event. It is ne
essary to pad the event oneither side with empty intervals, to allow the event to start and �nish anywherein the model, i.e. it need not dire
tly 
oin
ide with the set of observations, forexample if another event o

ured in the ba
kground, entirely unrelated to ourevent it should not a�e
t it. A more 
on
rete way of seeing this is to look atan event, for example Bob boils water, this event happens regardless of the fa
tthat Mary is not boiling water; the two are unrelated.

M |= Φ = M D (�∗L(Φ)�∗) (3.3)Event Logi
 provides an inferen
e me
hanism E(M,Φ) will return all theintervals where Φ o

urred in M . In FST, inferen
e 
an be des
ribed as all the2(and (tense A (before)) B) 18



substrings of M subsume L(Φ). This is same as the interse
tion of M with thesubsumptive 
losure of L(Φ):
E(M,Φ) = factors(M) ∩ (L(Φ)D) (3.4)where factors(M) are the substrings of M .3.5 Future WorkOne of the short
omings of the FST representation is that Event Logi
 
an rep-resent intervals of in�nite length, whi
h FST 
annot des
ribe. Regular languages
an only 
ontain strings of �nite length, making FST unable to represent in�niteintervals. One possible solution would be to expand FST to in
lude ω-regularlanguages. ω-regular languages are a generalisation of regular languages whi
hin
lude in�nite strings [Muk℄. They are des
ribed by Bu
hi automata. A Bu
hiautomaton is similar to a �nite state ma
hine, ex
ept that instead of having aset of a

epting Final states, a string is a

epted if it 
auses the automaton togo into a Good state. Entering a Good state need not 
oin
ide with the end ofthe string, as in �nite state ma
hines.Similarly, FST 
annot represent intervals over real numbers, whi
h EventLogi
 is potentially able to.In real systems neither of these issues arise as they only produ
e a �nite setof observations, and with a 
ertain granularity.3.6 Con
lusionThis 
hapter has shown a means of representing Event Logi
 formulae in FST. Ithas been demonstrated how to en
ode the Allen relations as regular languages.A method for representing ea
h of the Event Logi
 operators as an FST oper-ation on regular languages has been shown. Problems with the representationof the tense operator were des
ribed as well as potential solutions. Some of thedrawba
ks of the FST method and interesting areas for future resear
h havebeen shown.
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Chapter 4ImplementationA program has been implemented whi
h uses the FST representation of EventLogi
 formulae to perform event re
ognition.It a

epts des
riptions of event types as Event Logi
 formulae along with amodel and outputs whether the event o

urred in the model. This is a
heivedby 
onverting the event formulae to a �nite state representation, followed by
he
king if the �nite state ma
hine 
an subsume the model. If it 
an subsume themodel then the event has o

urred in the model, otherwise it was not observed.The 
onversion of an event formula to a �nite state ma
hine requires a num-ber of di�erent algorithms. The regular expression operators: 
on
atenation,alternation and 
losure, are implemented using Thompson's algorithm. Deter-minisation of ǫNFAs to DFAs is a
heived by the subset 
onstru
tion algorithm.Finite state ma
hines are manipulated using interse
tion, inverse, 
omplementand minimisation. These algorithms are all 
learly des
ribed throughout theregular language literature as they are the foundations of the te
hniques used,they are implemented in this program as in [ASU86℄ and [SIP96℄. The formeris a more 
on
rete implementation-driven exposition whereas the latter spendsspends mu
h of the book detailing the proofs of regular languages.The program fully implements the method of produ
ing a �nite state ma-
hine from an Event Logi
 expression des
ribed in 3.3 on page 15. The inferen
emethod used to tell if an event holds in a model has also been implemented.The program is implemented in S
heme using the Bigloo S
heme 
ompilerand standard libraries. State diagrams of the �nite state ma
hines are produ
edusing the Graphviz pa
kage.4.1 Event Logi
 syntaxHere we present the grammar for Event Logi
 formulae that is implementedin the program. They are represented as symboli
 expressions, whi
h is very
onvenient sin
e S
heme is able to parse symboli
 expressions, thus avoiding theneed to write a parser. 20



Figure 4.1: Program Overview
Figure 4.2: Grammar for Event Logi
 formulae
〈exp〉 → (not 〈exp〉)

| (or 〈exp〉 〈exp〉)

| (and 〈exp〉 〈exp〉)

| (and 〈exp〉 〈exp〉 〈relations〉)

| (tense 〈exp〉)

| (tense 〈exp〉 〈relations〉)

| fluent

〈relations〉 → (〈allen〉 〈allenlist〉)

〈allenlist〉 → 〈allen〉 〈allenlist〉

| ǫ

〈allen〉 → equals | before | after | meets | met− by

| overlaps | overlapped− by | contains

| during | starts | started− by | ends

| end− by4.2 Building the Finite State RepresentationThe event formula is 
onverted to a �nite state ma
hine by implementing themethods des
ribed in 3.3 on page 15. The program performs a post-order traver-sal of the event formula expression, at ea
h node using the methods des
ribedin 3.3 on page 15 to produ
e an ǫNFA. The alphabet for the ǫNFA 
an be givenbeforehand or it 
an be taken to be the set of �uents used in the event formula.This ǫNFA is then determinised to produ
e a DFA. The DFA is minimised,�rst by removing states that are not a path to an a

epting state, this in
ludesunrea
hable-states, by removing dupli
ate edges and then by 
oales
ing equiva-lent states. Two states in DFA are equivalent if for all symbols in the alphabetthere is a transition from those states to the same state.21



4.3 FST Algorithms4.3.1 SuperpositionThe superposition of two state ma
hines is implemented as des
ribed in [Fer04℄.The method takes two DFAs, D1 and D2, and produ
es a DFA, D3, that is theirsuperposition. The states of D3 will be pair of states from D1 and D2. Theintuition behind this is that D3 is the result of running D1 and D2in parallel,it a

epts symbols whi
h are the union of the symbols a

epted by D1 and D2.The starting state of D3 will be (q00, q01), where q00 and q01 are the startstates of D1 and D2 respe
tively.The �nal states of D3 will be the pairs whi
h are made up of �nal statesfrom D1and D2 This 
orresponds to QFinal1 × QFinal2 where QFinal1 and
QFinal2 are the �nal states of D1 and D2 respe
tively.The transitions of D3 will be the set of transitions:

(q1, q2)s1 ∪ s2−−−−→
(r1, r2)for all the transitions q1 s1−→ r1 and q2 s2−→ r2 of D1 and D2 respe
tively.One note about this implementation of superposition, it will produ
e a statema
hine with a set of states Q1 × Q2, where Q1 and Q2 are the set of statesof D1 and D2 respe
tively. However, a large number of these states will beunrea
hable. This happens be
ause building the transitions of D3 do not takeinto a

ount whether it is a
tually possible for both D1 and D2 to enter thosestates at the same time. These unrea
hable states 
an be removed by repeatedlyremoving the states that are not the destination any of transition, until no morestates 
an be removed.4.3.2 SubsumptionThe subsumptive 
losure is used to 
he
k if a model subsumes an event. It isde�ned, as follows, in terms of superposition with the universal language:

LD = L&P(Φ)∗It is only ne
essary to 
he
k if the model is a member of the subsumptive
losure of the event, sin
e the subsumptive 
losure of a language will give all thestrings that subsume it. As the model is just a string and not a language, this
an be implemented by running the DFA of the event with the model as input.4.4 Examples of useThis se
tion will show the state diagrams of the state ma
hines produ
ed for var-ious event formulae. The �nite state ma
hines presented here have the minimumset of �uents that must hold for an event to have o

urred, their subsumptive
losure will be used when a

epting input; although for 
larity we omit thelatter, it does not add information and makes the ma
hines signi�
antly more
ompli
ated. 22



Using the set of �uents from 2.1.2 on page 5:
Φ = {Eating, Sleeping,WatchingTV,WashingUp, Vacuuming}The event formula for a Cleaning event would be:

Cleaning = (or WashingUp V acuuming)The state ma
hine 
an be seen in 4.3.Figure 4.3: Example 1: Cleaning

We 
an now see a more interesting example from 3.1 on page 13:
MakingTea = (andBoilKettle (andPourWater (andAddTea (or AddMilkAddSugar))))The state ma
hine is illustrated in 4.4.Figure 4.4: Example 2: MakingTeaCleaning

(and BoilKettle (and PourWater (and AddTea (or AddMilk AddSugar) (meets)) (meets)) (meets))

q1164

q1173

(AddSugar)

q1171

(AddMilk)
q1169

(AddSugar)

(AddMilk)

(AddTea)

q1167
(AddTea)

(PourWater)

q1165
(PourWater)

(BoilKettle)

(BoilKettle)

A more 
omplex example whi
h 
ould represent the normal evening a
tivitiesof our 
hara
ter Bob, who wat
hes TV while eating dinner and some time afterthat goes to sleep. 23



Evening = (and (and Eating WatchingTV (during)) Sleeping (before meets))The state ma
hine 
an be seen in 4.5.Figure 4.5: Example 3: Evening
(and (and Eating WatchingTV (during)) Sleeping (before meets))

q1281

q1290

(Sleeping)

q1287

(Sleeping)

q1282
(WatchingTV)

(WatchingTV)

q1283
(Eating WatchingTV)

(Eating WatchingTV)

q1285
(WatchingTV)

(Sleeping)

(WatchingTV)

q1289

()

(Sleeping)

()

An example whi
h makes use of negation, as follows:
Leisure = (and (or Sport Watching) (not (or V acuuming Washing)))
an be seen in 4.6 on the next page.4.5 Analysis of ImplementationThe implementation is able to 
orre
tly 
onvert Event Logi
 formulae into �nitestate ma
hines, with the ex
eption of 
ertain uses of the tense operator des
ribedin 3.3.5 on page 17, it is able to use the �nite state representation to re
ogniseevent o

urren
es.However, one part of the program whi
h is unimplemented is the inferen
emethod, E(M,Φ), whi
h will give all the intervals in whi
h an event o

urred.The program 
urrently only gives the �rst o

urren
e of an event, or false ifthe event did not o

ur. This was due to a shortage of time. The programrequired a large amount of implementation work, and to 
ompletely �nish itwould require several more weeks. If further time were available it would bedesirable to implement E(M,Φ), in addition to a method of emitting labels foro

urren
es of event types. This 
ould be implemented by taking the �nite statema
hine representing all the o

urren
es of the event in the model and usingthat to 
reate a �nite state transdu
er. The input language of the transdu
erwould be the event o

urren
es, and the output language would labels for thebeginning and end of events.
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Figure 4.6: Example 4: Leisure
(and (or Sport WatchTV) (not (or Vacuuming Washing)))

q1707

q1728

(Sport WatchTV ~Vacuuming ~Washing ~WatchTV)
(Sport WatchTV ~Vacuuming ~Washing)

(WatchTV ~Sport ~Vacuuming ~Washing ~WatchTV)
(WatchTV ~Sport ~Vacuuming ~Washing)

q1725

(Sport WatchTV ~Sport ~Vacuuming ~Washing)
(Sport WatchTV ~Vacuuming ~Washing)

(Sport ~Sport ~Vacuuming ~Washing ~WatchTV)
(Sport ~Vacuuming ~Washing ~WatchTV)

q1719

(WatchTV ~Sport ~Vacuuming ~Washing ~WatchTV)

(WatchTV ~Sport ~Vacuuming ~Washing)

(Sport WatchTV ~Vacuuming ~Washing ~WatchTV)

(Sport ~Sport ~Vacuuming ~Washing ~WatchTV)

(Sport ~Vacuuming ~Washing ~WatchTV)

(Sport WatchTV ~Sport ~Vacuuming ~Washing)

(Sport WatchTV ~Vacuuming ~Washing)

(Sport WatchTV ~Vacuuming ~Washing ~WatchTV)

(WatchTV ~Sport ~Vacuuming ~Washing ~WatchTV)

(WatchTV ~Sport ~Vacuuming ~Washing)

(Sport WatchTV ~Sport ~Vacuuming ~Washing)

(Sport ~Sport ~Vacuuming ~Washing ~WatchTV)

(Sport ~Vacuuming ~Washing ~WatchTV)

(Sport WatchTV ~Vacuuming ~Washing)
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4.5.1 Comparison to LeonardThis se
tion will 
ompare the FST implementation to the original implementa-tion of Event Logi
 in Leonard whi
h was based on spanning intervals, 2.2.1on page 9.The FST implementation has an advantage over the Event Logi
 inferen
eme
hanism implemented in Leonard. In FST the bulk of the 
omputation isdone when the event formula is 
ompiled into a �nite state ma
hine, instead ofat query time when it is 
ompared to the model, as in Leonard. This would beadvantageous for a system where the same event de�nitions are reused multipletimes, or a system where run time performan
e was a high priority and �nitestate ma
hines 
ould be pre-
ompiled beforehand.One of problems that the implementation runs into is that the size of thealphabet for the state ma
hines is exponential, 22|Φ|, where Φ is the set of �uents.It is twi
e the size of Φ be
ause every �uent must have a 
orresponding negation.This 
an lead to huge state ma
hines for 
omplex event formulae. Combinedwith the fa
t that some of the �nite state algorithms su
h as determinisationhave quadrati
 
omplexity, this 
an lead to problems su
h as una

eptable runtimes and sta
k over�ow.There are several approa
hes that 
ould be taken to alleviate this problem.One possibility is to work throughout the program with ǫNFAs. At severalpoints in the program the ǫNFAs are 
onverted DFAs be
ause the algorithm forsuperposition has only been des
ribed for DFAs, another interesting future re-sear
h topi
. Converting from an ǫNFA to a DFA 
an exponentially in
rease thenumber of states [ASU86℄. So working only with ǫNFAs 
ould potentially 
ausea huge de
rease the size of the state ma
hines. Another possibility would be touse a generalised NFA, GNFA. A GNFA is similar to a ǫNFA ex
ept that transi-tions are labeled with regular expressions instead of symbols [SIP96℄1. If GNFAswere used to label the transitions with simple regular expressions representingsets of symbols it 
ould greatly redu
e the number of transitions. Redu
ingthe number of transitions is a parti
ularly pertinent problem for state ma
hineswith large alphabets, as the 
omplete state ma
hine will have a transition forea
h symbol in the alphabet.4.6 Tools4.6.1 Bigloo S
hemeThe program is implemented in S
heme using the Bigloo S
heme 
ompiler.S
heme is a fun
tional programming language. It is a diale
t of lisp widelyused in a
ademia and tea
hing. The main properties of s
heme are tail re
ur-sion, lexi
al s
oping, lexi
al 
losures and 
ontinuations as �rst 
lass obje
ts.The 
urrent S
heme standard is R5RS [KCE98℄, with R6RS on the way.1This is equivalent to using predi
ate labeled transitions, where predi
ates test membershipof a set of symbols. 26



Bigloo is an implementation of S
heme written by Manuel Serrano at INRIA[SW95℄. Bigloo was originally designed to have fronts ends for both S
heme andML. It has ba
kends whi
h 
ompile to C, JVM, and .NET byte
ode whi
h makesit highly portable and allows easy a

ess to the Java and .NET libraries.S
heme was ultimately 
hosen as the implementation language be
ause fun
-tional programming is a mu
h more 
onvenient expression of algorithms thanimperative programming. Allowing 
omposition of fun
tions seemed naturaland the author is sure she saved a lot of time by using it. Logi
 programmingwas 
onsidered but reje
ted be
ause some 
on
epts did not map well onto it.S
heme was the fun
tional language 
hosen over others like Haskell or ML dueto the authors knowledge of it and be
ause it has numerous implementations onall modern platforms.4.6.2 GraphvizGraphviz2 is used to produ
e the state diagrams of �nite state ma
hines seenin 4.4 on page 22. It is a software pa
kage for produ
ing visualisations of dire
tedgraphs. It takes in graph des
riptions in a simple text format and produ
es im-ages in a variety of di�erent formats. The dot program from the Graphviz pa
k-age whi
h was used in the implementation to produ
e state transition graphs.Dot produ
es hierar
hi
al dire
ted graphs with the minimum number of edge
rossings, and shortest edge lengths.4.6.3 Other Finite State LibrariesThe possibility of using a third party library for �nite state operations was
onsidered, however there are no �nite state libraries for S
heme with the samepower and �exibility as the FSA toolkit for Prolog[vN96℄, or the Grail library3for C++. There are some options, for example the LAML proje
t 4 in
ludes alibrary for �nite state operations; as well as several regular expression libraries,for example pregexp5. However, the LAML library does not support a largeset of �nite state operations, it is intended primarily for building lexers anddoes not implement all the required �nite state operations su
h as interse
tion,
omplement, et
. While the regular expression libraries support a greater set ofoperations, they are not intended to work outside the domain of text pro
essing,and hen
e do not work well over arbitrary alphabets.
2Graphviz homepage: http://www.graphviz.org/3Grail homepage: http://www.
sd.uwo.
a/Resear
h/grail/grail.html4Lisp Abstra
ted Markup Language, LAML, homepage:http://www.
s.au
.dk/~normark/s
heme/5Portable Regular Expressions for S
heme and Common Lisp, pregexp, homepage:http://www.

s.neu.edu/home/dorai/pregexp/pregexp.html27



Chapter 5Con
lusionA method of expressing Event Logi
 formulae in terms of FST has been given,barring 
ertain 
ases of the tense operator des
ribed in 3.3.5 on page 17. Inaddition, a de�nition of the inferen
e method for the FST representation isgiven.A program has been implemented whi
h 
an build �nite state ma
hines fromevent formulae, whi
h in turn 
an be used to re
ognise event o

urren
es. Thisprogram was then 
ompared to Leonard, another implementation of EventLogi
. This lead to the fa
t that the FST representation of Event Logi
 movedthe bulk of the work to 
ompile time of event re
ognition through the use of�nite state ma
hines. However, the FST representation fa
es the problem of analphabet of exponential size. Some possible solutions to this, su
h as workingwith ǫNFAs or GNFAs are dis
ussed.This report has shown how Event Logi
 
an be
ome more powerful by ex-pressing it in FST. FST o�ers the bene�ts of model independen
e, in additionto allowing all the existing knowledge about regular languages to be applied toEvent Logi
 expressions. Representing Event Logi
 in FST is a step towardsthe ultimate aim of [Sis01℄, �nding a 
on
rete and testable representation of thesemanti
s of verbs. Using regular languages to de�ne verbs opens them up themup potentially deeper examination, by allowing all methods that may be usedto reason about regular languages to be applied to them.

28



Bibliography[All83℄ James F. Allen. Maintaining knowledge about temporal intervals.CACM, November 1983. Also in "Readings in knowledge represen-tation", ed. Ronald J. Bra
hman and He
tor J. Levesque, MorganKaufman, 1985, 26(11):832�843, 1983.[All84℄ James F. Allen. Towards a general theory of a
tion and time. Artif.Intell., 23(2):123�154, 1984.[ASU86℄ Alfred V. Aho, Ravi Sethi, and Je�rey D. Ullman. Compilers,Prin
iples, Te
hniques, and Tools. Addison-Wesley, 1986.[BK03℄ Kenneth R. Beesley and Lauri Karttunen. Finite State Morphology.CSLI Publi
ations, Stanford, California, 2003.[Eil74℄ Samuel Eilenberg. Automata, Languages, and Ma
hines. A
ademi
Press, In
., Orlando, FL, USA, 1974.[Fer04℄ Tim Fernando. A �nite-state approa
h to events in natural lan-guage semanti
s. Journal of Logi
 and Computation, 14(1):79�92,2004.[Fer06℄ Tim Fernando. Finite-state temporal proje
tion. In CIAA, pages230�241, 2006.[FGS02℄ Alan Fern, Robert Givan, and Je�rey Mark Siskind. Spe
i�
-to-general learning for temporal events. In Eighteenth national 
on-feren
e on Arti�
ial intelligen
e, pages 152�158, Menlo Park, CA,USA, 2002. Ameri
an Asso
iation for Arti�
ial Intelligen
e.[KCE98℄ Ri
hard Kelsey, William Clinger, and Jonathan Rees (Editors).Revised5 report on the algorithmi
 language S
heme. ACM SIG-PLAN Noti
es, 33(9):26�76, 1998.[KHMW99℄ Jörg Kahl, Lothar Hotz, Heiko Milde, and Stephanie Wessel. Amore e�
ient knowledge representation for allen's algebra andpoint algebra. In IEA/AIE, pages 747�752, 1999.[KK94℄ Ronald M. Kaplan and Martin Kay. Regular models of phonologi
alrule systems. Comput. Linguist., 20(3):331�378, 1994.29



[Muk℄ Madhavan Mukund. Finite-state automata on in�nite inputs.[Sho87℄ Yoav Shoham. Temporal logi
s in ai: Semanti
al and ontologi
al
onsiderations. Artif. Intell., 33(1):89�104, 1987.[SIP96℄ M. SIPSER. Introdu
tion to the Theory of Computation. PWS,Boston, MA, 1996.[Sis01℄ Je�rey Mark Siskind. Grounding the lexi
al semanti
s of verbs invisual per
eption using for
e dynami
s and event logi
. J. Artif.Intell. Res. (JAIR), 15:31�90, 2001.[SM96℄ Je�rey Mark Siskind and Quaid Morris. A maximum-likelihoodapproa
h to visual event 
lassi�
ation. In ECCV '96: Pro
eedingsof the 4th European Conferen
e on Computer Vision-Volume II,pages 347�360, London, UK, 1996. Springer-Verlag.[SW95℄ Manuel Serrano and Pierre Weis. Bigloo: A portable and opti-mizing 
ompiler for stri
t fun
tional languages. In Stati
 AnalysisSymposium, pages 366�381, 1995.[Tal88℄ Leonard Talmy. For
e dynami
s in language and 
ognition. Cogni-tive S
ien
e, 12:49�100, 1988.[vN96℄ Gertjan van Noord. FSA utilities: A toolbox to manipulate �nite-state automata. In Workshop on Implementing Automata, pages87�108, 1996.[Wei05℄ Nikolai Weibull. Theoreti
al foundation of regular expressions andtext editors. Master's thesis, Gothenburg University, July 2005.

30


