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ABSTRACT

My research focuses on advanced reasoning about dynamgzal s
tems. We propose a modified fragment of the situation cadculu
that can assure decidable reasoning and has potentiataiqis

to Semantic Web services. Recently, we also develop a frankew
to handle large taxonomies of actions compactly, whichvalls

to gain computational advantages. Now, we consider andther
provement to the situation calculus using order-sorteitldg the
future, we will further consider their possible applicatsao other

Al research areas.

Categories and Subject Descriptors

H.4 [Information Systems Applicationg: Miscellaneous; D.2.8
[Software Engineering: Metrics—complexity measures, perfor-
mance measures

General Terms
Reasoning about Action and Change

1. INTRODUCTION

One of the most interesting and important problems in theanesh
area of Atrtificial Intelligence (Al) is how to model actionsich
changes in the dynamic world efficiently. For example, peois
involved in robotics, planning problems, software agedtsabase
management and compositions of Web services all can bed:zonsi
ered as events or actions involved in dynamical systems. not
trivial to fully address the problem, as suggested by reseas in
the Al community [11], a comprehensive theory of dynamigats
tems must at least accommodate some of the following aspbets
causal laws relating actions to their effects, the pred@ardi under
which an action can be performed, exogenous and naturatgven
determining what to do and when to do, complex actions and pro
cedures, discrete and continuous time, concurrency, amhipig a
course of actions, etc.

During the past two decades, a number of researchers in &ldev
veloping mathematical and computational foundations forash-
ical systems, among which the situation calculus [11] isgackal
approach to provide designers a way to model and reason about
dynamical systems with the high-level knowledge represtants.

It was first proposed by John McCarthy in 1963 [9], and lates wa
evolved over a number of years in response to the needs ofrtihe U
versity of Toronto Cognitive Robotics Project [11]. It pides a
theoretical and implementation framework for autonomalmtic

or software that reason, act and perceive in changing envieots.

It also serves as a foundation for many research projeciffénaht
areas. For instance, it is used to provide a well-defined sgosa
for Web services [10, 2] and a foundation for a high-levelgpaon-
ming language Golog [7].

My current research focuses primarily on the following asp®f
advanced reasoning in the situation calculus. First, wpgsed a
modified fragment of the situation calculus that can assenided
able reasoning and has potential applications to the Sér&Bbs.
This work has been published in [5] and some other procesdihg
workshops. Recently, we developed a framework to handgelar
taxonomies of actions in a more compact way comparing to Re-
iter’s situation calculus. It allows us to gain computatibadvan-
tages. The overall accomplishment will appear in [6], a majo
conference this year. Currently, we consider another irgrent
to the situation calculus by using order-sorted logic, s te can
make the reasoning mechanism in the situation calculus efere
ficient. Other future work will also consider the combinasoof
the above techniques and their possible applications &r dthre-
search areas.

2. BACKGROUND: THE SITUATION CAL-
CULUS

The situation calculus is a first-order logic language fasmning
about dynamical systems [11]. All dialects of the situatiaitulus
include three disjoint sort@¢tions situationsandobjects.

Actions are first-order terms consisting of an action function sym-
bol and its arguments. Actions change the world. For exanagte
tion functionpickUp(x) represent an action of picking up object
Situations are first-order terms which denote possible world histo-
ries. A distinguished constast is used to denote thaitial situa-
tion, and functiondo(a, s) denotes the situation that results from
performing actiona in situations. Every situation corresponds



uniquely to a sequence of actions. For exam@épickUp(Bo), So)
denotes the situation that results from picking up Baxin the sit-
uationSp. Objects are first-order terms other than actions and sit-
uations that depend on the domain of an application. Foantst,

By is an object.

Fluentsare relations or functions whose values may vary from one
situation to the next. Normally, a fluent is denoted by a prai or
function symbol whose last argument has the sort situakonex-
ample, holding(z, do(pickUp(z), So)) represents that the agent
is holdingz from execution of actiongickUp(z) in So.

A basic action theoryBAT) D in the situation calculus is a set of
axioms written inC,. with the following five classes of axioms to
model actions and their effects [11].

Action precondition axioms D,,,: The situation calculus includes
the distinguished predicatPoss(a, s) to characterize actions
that are possible to execute én For each action functiorl(z),
there is one axiom of the forfRoss(A(Z), s) = I1a(Z, s). For ex-
ample, Poss(pickUp(z),s) = —3Jyholding(y, s), which means
that it is possible to pick up objectin any situations iff the agent
is not holding anything in situation

Successor state axiom®,,: For each relational fluenk'(Z, s),
there is one axiom that completely characterizes the traitievof
F in the next situationlo(a, s) in terms of values that fluents have
in the current situatios. For examplejolding(z,do(a,s)) =

a = pickUp(x) V holding(z,s) A a # putDown(zx), which
means that the agent holdsafter doing actioru in situations iff
eithera is actionpickUp(x) or it holdsz in situations anda is not
actionput Down(x).

Initial theory Ds,: A set of first-order formulas whose only situ-
ation term isSy. It specifies the values of all fluents in the initial
state. It also describes all the facts that are not changédsbhny
actions in the domain. For exampley.—holding(y, So) repre-
sents that initially the agent does not holding anything.

Unique name axioms for actionsD.,,..: Includes axioms specify-
ing that two actions are different if their action names affexént,
and that identical actions have identical arguments.

Foundational axioms for situationsX:: The axioms for situations
which characterize the basic properties of situations s&laioms
are domain independent. They are included in the axiontatizaf
any dynamical system in the situation calculus (see [11dédails).

One of the most important reasoning tasks in the situatitmultes

is the projection problem, that is, to determine whetherarggoal

can be hold after executing a sequence of actions starting tine
initial situation. Another basic reasoning task is the exelbility
problem, that is, to determine whether or not a sequence -of ac
tions is executable starting from the initial situationafting and
high-level program execution are two important settingengtthe
executability and projection problems arise naturally.

Regressions a central computational mechanism that forms the

basis for automated reasoning in the situation calculud [1A
recursive definition of the regression operaforon anyregress-
able formulag is given in [11]. We use notatioR [¢] to denote
the formula that results from eliminatinGoss atoms in favor of
their definitions as given by action precondition axioms aed
placing fluent atoms abodb(«, s) by logically equivalent expres-
sions abouts as given by sussessor state axioms repeatedly un-
til it cannot make such replacements any further. For i&an
to determine whethekolding(O, do(A, So)) for some objecO
and ground actiord is the same as to determine whethér=
pickUp(O) V holding(O, So) A A # putDown(O) by using the
successor state axiom.

The regression theorem [11] shows that one can reduce the eva
ation of a regressable formul& to a first-order theorem proving
task in the initial theory together with uniqgue name axiowrsatc-
tions. This fact is the key result in the situation calcullaslemon-
strates that an executability or a projection task can beaed to

a theorem proving task that does not use precondition, ssoce
state, and foundational axioms. This is one of the reasonstieéh
situation calculus provides a natural and easy way to reptesd
reason about dynamical systems.

3. DECIDABLE REASONING IN A MODI-

FIED SITUATION CALCULUS
3.1 Motivation
The motivation of this part includes two aspects. Firstig situa-
tion calculus is formulated in a general first-order logherefore
the reasoning about effects of sequences of actions isajgnen-
decidable under the open world assumption (OWA). We propmse
useC?, a fragment of first-order logic, as a foundation for a mod-
ified situation calculus so that the reasoning about theutabi-
ity and the projection problem (under the OWA) will be dedilda
in such language. Secondly, such modified language has a nat-
ural connection with description logics (DLs), which haveeh
mostly used to describe static knowledge bases (KBs) in e S
mantic Web. We use such modified language to formalize Sémant
Web services.

C? is the two-variable first-order logi£’O? extended with count-
ing quantifiers3=™ and3=" for any natural numben > 1. FO?

is the fragment of the ordinary first-order logic (with edtygl in
which function symbols are not allowed and the formulas asy
no more than two variables andy (free and bound). The satis-
fiability problem forC? is decidable and recently Pratt-Hartmann
proves that this problem is in N®TIME even when counting quan-
tifiers are coded succinctly.

Description Logics (DLs) [1] are a well-known family of knbw
edge representation formalisms, which play an importalet iro
providing the formal foundations of several widely used Véeb
tology languages including OWL in the area of the Semantib.We
However, DLs are mostly used to describe static KBs. Thearebe
of formalizing and reasoning about web services (which can b
considered as actions) in the Semantic Web environmeniliatst
the beginning stage (e.g., [10]).

3.2 Our approach



Based on the above observation, we propose the followingetnod
ing and reasoning approach.

Formalizing a modified situation calculus£2F In[5], we restrict
the syntax of the object terms used in the situation caldalus
be either variabler, variabley or constants. All fluents and

(classically) completei.e., any model of the modified pro-
gression of the current KB is a model of the classical pro-
gression of the current KB.

3.3 Possible Future Directions
In the future, we will try to identify whether the modified pnes-
sion of the current CNF-based KB (wrt a given BAT) can be (clas

action functions considered in the modified language have no sically) complete with some additional conditions, for exae, the

more than two object arguments. We require that the syntax
of the axioms in a basic action theory (BAT) should follow
certain restrictions. For example, the right hand-sidenfda

for each precondition axiom is@? formula if the situation

context-complete KBs defined in [8]. We will also try to deténe
whether the progression offmite theory in£2% is first-order de-
finable or not.

argument is suppressed and each sentence in the initial the-4.  MODULAR BASIC ACTION THEORIES

ory should be a2 formula. We also introduce new classes
of axioms similar to TBox and ABox in DLs to achieve inte-
gration of taxonomic reasoning and reasoning about actions

A modified regression operator Based on the above modified for-
malization of the situation calculus, a modified regression
operatorR is defined (see [5]) iC2E. Itis defined recur-
sively to (1) allowdynamicTBox axioms are expanded dur-
ing regression usintazy unfolding techniqufl] and (2) as-
sure the regression result of a regressatidormula (whose
situation term is ground) is@? formula uniform inSo. Sim-
ilar to the regression theorem in [11], given a BAT and
a regressable formuld in £L2F, we prove thatD = W
iff the initial theory Dg, entails the regression result @f
using the modified regression. We therefore prove that the
projection problem and the executability problem (under th
OWA) in L2 is decidable. (Details are provided in [4, 5].)
We also give some simple examples to illustrate the repre-
sentation power of 2L and the modified regression.

Progression problem in the language2! After doing longer and
longer sequences of actions, solving projection problemsoa
executability problems becomes increasingly more dificul
Hence, itis beneficial to progress the initial incompletewh
edge base (KB) to represent the current state of the world.

4.1 Motivation

The second part of my research is to propose a possibly mate co
pact representation of BATs. The motivation is twofold. Tinst
comes from the intention to design a representation thatvall
writing more compact and modular BAT than it is currently pos
sible, and also BAT that will be easier to elaborate and estgan
new domains. BAT have not been designed to support otheisform
of reasoning, e.g., taxonomic reasoning about objects etioha.
Essentially, these theories are “flat” and do not provideesgnta-
tion for hierarchies of actions or objects. This can leaddtep-

tial difficulties if one intends to use BAT for the purposedafye
scale formalization of reasoning about actions on the commo
sense level, when potentially arbitrary actions and objbetve to
be represented. Intuitively, many events and actions hiffezent
degrees of generality: the action of driving a car from homan
office is specialization of the action of transportatiomgsa vehi-
cle, that is in its turn specialization of the action of mayimthing
from one location to another. We intend to represent hibrasc
among actions and use them in new hierarchical BAT. Our skcon
motivation comes from OpenCyc [3]: the open source versfon o
the Cyc technology, the world’s largest general knowledgseb
and common-sense reasoning engine. OpenCyc has exteasive t
onomies for things, and elaborated, but unsystematic tzms
for events and actions. However, there is no formal senmiffic

Then, the subsequent projection problems can be solved with solving the frame problem in OpenCyc using BATSs, for solving

respect to a new progressed KB. The task of computing a
progressed KB is called the progression problem. Thergfore
we are also interested in studying the progression proltem i
LbE

In [5], given alocal-effectBAT! in £2F, we consider the
progression of a certain type of incomplete KB, which is
called asCNF-based KBand is defined as a set of disjunc-
tion of equality-based formulds We provide a progression
algorithm (callednodified progression beldvand show that
the resulting KB is still CNF-based, and it {slassically)
sound i.e., any model of thelassical progressiorfdefined

in [11]) of the current KB is a model of the modified progres-
sion of the current KB. In general, the modified progression
of a CNF-based KB irc2.” (wrt a local-effect BAT) is not

1The detailed definition of a local-effect BAT can be found 11|
8, 5].

2An equality-based formula is a formula of the fon e(Z) D
I(Z,S) wheree(Z) is a quantifier-free boolean formula with in-
equality and equality only anldz, S) is a fluent literal [8].

executability and projection problems using regression, ta the
best of our knowledge, there is no formal specification foplen
menting reasoning about actions in OpenCyc. Hence, we want t
provide a possible formal semantics for reasoning aboidractn
OpenCyc by using Reiter’s BAT.

4.2 Our Approach
The proposed research includes the following aspects, afailsi
can be found in [6].

Representing actions hierarchically We propose to classify events
and actions hierarchically similar to the representations
Cyc. We introduce a finite set of axioms using a newly in-
troduced predicatepeci fication (a1, az) which represents
that actiona; is adirect specializatiorof actiona, (action
as is adirect generalizatiorof a,). Such relationships be-
tween actions specified by the axioms can be illustrated us-
ing an acyclic digraph, hence the set of axioms represents an
action hierarchy. We consider an acyclic diagraph instéad o



a tree, because we want to allow multiple inheritances be- classes of objects, and the agents should be able to perfason-

tween actions in a general case. Tlestant) specification
isA(a1, a2) is a reflexive-transitive closure epeci fication,
which can be illustrated by a path frawma to a; in the action
hierarchy digraph. For any action teomVa.isA(a, o) gen-

erally represents a group of actions which are specification

of a.

A more compact modular representation of BATs Based on the

ning about actions and their effects given such addtiorfatima-
tion.

Moreover, studies show that the extension of first-ordeiclogth
sorts has several advantages over the standard first-ogier For
instance, it supports typed computation, allows for monagact
and more natural formalizations of Al problems, and the exp!
tion of the sort information by sorted unifcation can resutirastic

specified action hierarchy, we modify the syntax of BATs so search space reductions [12, 13].

that we can possibly represent dynamical systems in a more

compact way. For instance, instead of giving one precon- 5.2 Qur Approach

dition axiom for each action function, we specify the pre-

predicateisA. When writing the successor state axiom for
each fluent, instead of specifying positive or negative con-
ditions for each action individually, we provide positive o
negative conditions for each group of actions classifiedgsi
predicateisA.

Correctness and advantages of the new representatioi/e show
that our new modular BATs can be potentially expanded into
“flat” Reiter's BATs; consequently, they are conservatixe e
tensions of Reiter's BATs: every entailment from Reiter’s
BAT remains entailment in hierarchical BAT. Moreover, we
show that our axioms can be more succinct, but an extended
Reiter’s regression operator can still be used to solverthie p
jection problem. We also show that our representation has
significant computational advantages. For taxonomies-of ac
tions that can be represented as finitely branching trees, th
regression operator can sometimes work exponentiallgrfast
with our theories than it works with Reiter’s BATSs.

Finally, we propose general guidelines on how a taxonomy of
actions can be constructed from the given set of effect axiom
if these axioms characterize completely properties obasti

in a domain.

4.3 Possible Future Directions

We may consider if itis possible to reuse the modular BAT fdya
namical system in constructing the BAT for another systérhd
former one is a sub-system of the later one. We will explogg-lo
cal conditions that make this transfer from one domain tateero
possible.

5. AN ORDER-SORTED SITUATION CAL-
CULUS

' _ ) y < Our general idea is to extend Reiter’s situation calculuh wie
condition axiom for each group of actions classified using rger-sorted logic In particular, we propose the following work.

A basic action theory with sort theory First, we distinct objects

as different classes, callsdrts For each dynamical system,
we axiomatize a basic action theory based on order-sorted
logic. Such basic action theory includes a sort theory that
has subsort declarations and term declarations, pantigula
for action functions and fluents. For example, the arguraent
of an action functioickUp(z) should be a class of objects
that are movable, sorban needs to be declared as a subsort
of human if the considered dynamical system involves both
sorts. The first argument and the second argument of fluent
cooked(zx, s) should be of sorffood andsituation. More-
over, the precondition axioms and the successor state axiom
in the basic action theory are specfied for actions and fluents
with suitable sorts using well-sorted formulas.

A modified regression operator Second, we define investigate what

6.

is a regressable formula under such framework. We consider
extending the current regression operator with well-s@$n
checking and unification techniques. With the modified re-
gression operator, we expect to gain computational effigien
by terminating the regression earlier when reasoning about
actions or effects for unreasonable sorts. For instancenwh
asking whether or not a fork is cooked after executing a long
sequence of actions, agents will answgul'se" and termi-
nate the reasoning in the first step of regression by using our
regression operator because of the unsuitable sort. Howeve
with Reiter’s regression operator, the regression will-con
tinue step by step for the sequence of actions until reaching
the initial situation, and then perform reasoning on the re-
gressed formula using the initial theory and give the answer

OTHER RESEARCH DIRECTIONS

5.1 Motivation

My current ongoing research involves considering furtheggriove-
ment of the efficiency of the regression, the central reagpmiech-
anism in the situation calculus. The current situation Wak is
based on a many-sorted logic with only three disjoint savtsich

does not consider the distinction and taxonomic reasonfmyta

objects. However, in reality, autonomous agents need tiommer
actions based on suitable objects. For example, it is inilplest

fry fish in a paper cup. Hence, the dynamical systems need to in

clude taxonomical information and assertional infornmatabout

Building on our current work, many other future researckctions
can be explored. Depending on considerations of differessip
ble application areas, such as web service compositioitslarge
taxonomies of actions, planning recognitions, and comsense

taxonomic reasoning about objects and events, we may @nsid

the possibilities of combining either two or three themeghef
decidable fragment of the situation calculus, the hieliaethrep-
resentation of actions and the order-sorted situatiorutizdc An-
other future research direction is the efficient implemtgaoiteof our
work in practical scenarios. For instance, it would be ie$éng to



see how our modified situation calculus can be used in redicapp
tions along the lines of SNAP, an e-commerce ontology d@eslo

in IBM for an automated system for recommending products and
services in the domains of banking, insurance and telephony
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