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Publication No.

Jo oh yung Lee, Ph.D.

The Univ ersit y of T exas at Austin, 2005

Sup ervisor: Vladimir Lifsc hitz

The study of reasoning ab out actions is an imp ortan t subarea of the theory

of commonsense reasoning. It is concerned with dev eloping appropriate systems of

logic for describing actions and their e�ects on the w orld. In spite of the fact that this

reasoning is based on common sense and do es not in v olv e an y sp ecialized kno wledge,

attempts to formalize it using classical logic encoun tered serious di�culties, whic h

ha v e led to the emergence of a new �eld, nonmonotonic logics .

In particular, McCain and T urner in tro duced the causal logic in whic h the

notions of \b eing caused" and \b eing true" are distinguished. Based on their logic,

Giunc higlia and Lifsc hitz prop osed a high lev el action language C , whic h is a formal

mo del of parts of natural language that are used for describing prop erties of actions.

The causal logic and C , along with the concept of satis�abilit y planning, pro vided us

with a widely applicable and e�cien t metho d of automated reasoning ab out actions,

whic h led to the creation of the Causal Calculator ( CCalc ).
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In this dissertation, w e ha v e iden ti�ed sev eral essen tial limitations of the

McCain{T urner causal logic and action language C . T o o v ercome these limitations,

w e de�ned an extension of the causal logic to m ulti-v alued form ulas and a new

action language C +. Language C + can represen t non-prop ositional 
uen ts, de�ned


uen ts, additiv e 
uen ts, rigid constan ts, and defeasible causal la ws. Second, w e

ha v e redesigned and reimplemen ted CCalc to accoun t for these extensions, and

tested the new CCalc and the underlying theory b y applying them to sev eral new,

more di�cult examples of commonsense reasoning. The input language of the new

CCalc is more elab oration toleran t than the old v ersion. Last, w e ha v e sho wn ho w

to turn causal logic in to prop ositional logic based on the idea of \lo op form ulas"

that originated from logic programming under the answ er set seman tics.
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Chapter 1

In tro duction

F or a long time h umans ha v e b een extending their abilities via their o wn in v en tions.

Mec hanical devices ha v e b een dev elop ed to ful�ll part of the dream. Ev er since

computers w ere �rst built, the dream has geared its w a y to more in telligen t tasks.

Once a task w as w ell studied to automate, the use of computers b ecame essen tial.

As w e learn ho w to build systems for doing suc h tasks, computers seem

to b ecome more \in telligen t." Ho w ev er, there are man y h uman abilities that still

cannot b e automated using the kno wledge that w e ha v e: ho w can w e build a system

that can understand and sp eak a natural language as w ell as a h uman ( The Natural

Language Problem ), ho w can w e build a system that can see as w ell as a h uman

( The Vision Problem ), to list a few.

The abilit y to reason is also one of them. The in tellectual mec hanisms in-

v olv ed in reasoning are not w ell understo o d, ev en

1

in the cases when reasoning

is based on common sense and do es not in v olv e an y sp ecialized kno wledge. In-

deed, ev eryda y life is full of commonsense problems, but a h uman has no di�-

1

Or one migh t sa y , esp ecially .

1



cult y solving them. Ho w ev er, w e ha v e little idea ho w a h uman's reasoning mec h-

anism w orks, let alone ho w to automate it. Ev en a simple-minded p erson can

easily devise a commonsense problem that w ould b e a considerable c hallenge to

researc hers in this area. F or instances of commonsense problems that ha v e partic-

ularly in terested researc hers, one ma y consult the Common Sense Problem P age

( http://www-formal.stanford .ed u/le ora/ cs ). A monograph b y Da vis [1990]

con tains a surv ey of v arious topics in this area.

F or instance, the follo wing are a few instances of problems w e w an t to solv e

automatically:

� Monk ey and Bananas There is a monk ey in a ro om that con tains a b o x

and a bunc h of bananas hanging from the ceiling. The bananas are b ey ond

his reac h, but if he clim bs on to the b o x, he w ould b e able to grasp it. Ho w

can a monk ey grasp the bananas?

� Missionaries and Cannibals Three missionaries and three cannibals come

to a riv er and �nd a b oat that holds t w o. If the cannibals ev er outn um b er the

missionaries on either bank, the missionaries will b e eaten. Ho w shall they

cross?

� Getting to the Airp ort I am seated at m y desk at home and m y car is at

home also. Ho w can I get to the airp ort

[

McCarth y , 1959

]

?

2

Man y AI researc hers ha v e b een trying to endo w computers with in telligence

through formal logic. Ho w ev er, their �rst attempts w ere not successful b ecause

theories based on classical logic w ere not adequate for solving commonsense prob-

2

This is the oldest planning problem in the AI literature.
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lems. It w as a new c hallenge that logicians had b een ignoran t of, but one that AI

researc hers had to confron t to ful�ll their dream.

One of the most fundamen tal di�culties w as that all systems of logics kno wn

at the time w ere monotonic : if a conclusion is deriv able from a set of axioms, then it

is still deriv able ev en after adding more axioms. W e ma y use the same old deriv ation

whic h do es not include additional axioms. Monotonicit y is natural in usual mathe-

matics. Ho w ev er, it is not desirable in formalizing commonsense reasoning, where a

conclusion ma y no longer b e deriv able when w e add new assumptions. F or instance,

a conclusion that is based on assumptions suc h as \ normally , the car is driv able"

ma y b e retracted later under certain exceptional circumstances suc h as \there is no

gas in the car," and then w e ma y get a totally di�eren t conclusion. This ma y once

again b e retracted if w e are told that \the car is run b y electricit y , and it has enough

of it." Still the new conclusion can b e retracted once again if w e are told that \it is

a to y car." It app ears that one can con tin ue to build an arbitrarily long sequence

of exceptions to an y commonsense conclusion.

Despite this fact, h umans ha v e no di�cult y dra wing a conclusion. In a

sense, h umans' reasoning ma y in v olv e jumping to a conclusion. F or instance, when

w e hear that there is a car in the garage, w e jump to a conclusion that the car can

b e used to driv e. Suc h a conclusion can b e retracted in the presence of additional

information that defeats the assumptions on whic h the conclusion w as based. Logics

that ha v e this prop ert y are called nonmonotonic lo gics and they w ere prop osed b y

AI researc hers in the early 1980's. The formalism w e prop ose in this dissertation is

also nonmonotonic.

Although signi�can t progress has b een made in the last decade, the theory

3



of commonsense reasoning is still far from b eing complete. In this dissertation, w e

fo cus on the subarea called reasoning ab out actions , in whic h w e are concerned with

the formalization and automation of reasoning ab out the e�ects of actions. By an

action w e mean an ything that can b e executed, and then ma y a�ect the state of

the w orld. In fact, one can see that all three examples ab o v e in v olv e actions. These

actions are

� w alking, pushing the b o x, clim bing on to the b o x, and grasping the bananas

� crossing the riv er

� w alking and driving

resp ectiv ely . W alking c hanges the lo cation of the monk ey; clim bing on to the b o x

c hanges the status of b eing on the b o x; crossing the riv er a�ects the n um b er of

p eople on eac h bank, etc.

The automation of commonsense reasoning ab out actions is the sub ject of

this dissertation. Our w ork is based on a few successes in the last decade. In par-

ticular, McCain and T urner in tro duced a nonmonotonic causal logic

[

McCain and

T urner, 1997

]

, in whic h the notions of \b eing caused" and \b eing true" are distin-

guished. Based on it, Giunc higlia and Lifsc hitz prop osed a high lev el action language

C , whic h is a formal mo del of parts of natural language that are used for describing

prop erties of actions. The causal logic and C , along with the concept of satis�abilit y

planning, pro vided a widely applicable and e�cien t metho d of automated reasoning

ab out actions, whic h led to the creation of the Causal Calculator ( CCalc ).

In this dissertation, w e ha v e iden ti�ed sev eral essen tial limitations of the

McCain{T urner causal logic and action language C . T o o v ercome these limitations,
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w e de�ned an extension of the causal logic to m ulti-v alued form ulas and a new

action language C +. Language C + can represen t non-prop ositional 
uen ts, de�ned


uen ts, additiv e 
uen ts, rigid constan ts, and defeasible causal la ws. Second, w e

ha v e redesigned and reimplemen ted CCalc to accoun t for these extensions, and

tested the new CCalc and the underlying theory b y applying them to sev eral new,

more di�cult examples of commonsense reasoning. Last, w e ha v e sho wn ho w to

turn causal logic in to prop ositional logic based on the idea of \lo op form ulas" that

originated from logic programming under the answ er set seman tics.

After reviewing earlier w ork on the formalization and automation of reason-

ing ab out actions in Chapters 2{4, w e discuss the need to extend the McCain{T urner

causal logic, language C and an early v ersion of CCalc in Chapter 5. In Chapter 6

w e presen t an extension of the McCain{T urner causal logic called m ulti-v alued causal

logic, a new action language C +, and the new v ersion of CCalc that o v ercome the

limitations, and relate C + to the language ADL from

[

P ednault, 1994

]

. In Chapter 7

w e test expressiv e p ossibilities of C + and CCalc b y formalizing an action domain

of non trivial size. W e iden tify a class of 
uen ts that w e call additiv e and sho w ho w

C + can b e used to talk ab out the e�ects of actions on suc h 
uen ts in Chapter 8. In

Chapter 9 w e formalize McCarth y's elab orations of the Missionaries and Cannibals

Puzzle in the language of the new CCalc . W e sho w ho w to turn causal logic in to

prop ositional logic using the idea of lo op form ulas in Chapter 10, and apply lo op

form ulas to the problem of splitting a causal theory in Chapter 11.
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Chapter 2

Bac kground

In his classic pap er

[

McCarth y , 1959

]

, McCarth y prop osed to create a soft w are

system that he called the advice tak er . The system is supp osed to dra w relev an t

conclusions from the set of premises, mainly in the form of declarativ e sen tences, de-

scribing a domain of consideration. If the information stored in the system needs to

b e c hanged, extended or deleted, that should b e done b y just up dating the premises,

rather than b y rewriting the system's in ternal co de. Moreo v er, heuristics should also

b e in tro duced b y declarativ e sen tences. The airp ort problem men tioned in Chap-

ter 1 w as the example used in the pap er to explain this idea. The system is exp ected

to generate the plan of getting to the airp ort giv en a declarativ e description of the

problem.

The idea of the advice tak er w as new, and there w ere man y details to b e

clari�ed; man y serious di�culties w ere iden ti�ed later. In the course of discussion,

Bar-Hillel commen ted, \Dr. McCarth y's pap er b elongs in the Journal of Half-Bak ed

Ideas." Ev en no w, more than 40 y ears later, the idea is still b eing bak ed. Ho w ev er,
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w e ha v e seen m uc h progress. Recen tly , CCalc w as applied to solving the airp ort

problem

[

Lifsc hitz et al. , 2000

]

. In this c hapter, w e presen t ho w the researc h in this

area has ev olv ed.

2.1 Problems in F ormal Reasoning ab out Actions

It seems natural to c ho ose formal logic as a v ehicle for represen ting commonsense

kno wledge due to its precise and declarativ e seman tics. Ha y es [1977] p oin ted out

that a logical mo del theory pro vides accoun ts for the meaning of a represen ta-

tion or represen tational language and helps us compare di�eren t represen tations or

languages. Researc hers hop ed that a computer w ould b e able to deriv e relev an t

conclusion from prop erly axiomatized kno wledge.

But so on serious di�culties with formal logic w ere recognized. Some of the

problems w ere due to the implausible n um b er of axioms that w ere required. The

most imp ortan t one is the frame problem , whic h w as �rst iden ti�ed in

[

McCarth y

and Ha y es, 1969

]

. The problem is ho w to represen t what remains unc hanged after

executing an action. Axiomatizers ha v e to describ e not only the things that c hange,

but also the things that do not c hange; without that, one w ould not b e able to dra w

man y useful conclusions. The di�cult y is that, in commonsense domains, there

are to o man y things that do not c hange, and en umerating all of them w ould not

b e feasible (it lo oks also non-commonsensical to ha v e to en umerate them all). F or

instance, when w e describ e an action of w alking to the car, w e also need to list all

things that do not mo v e: the desk, the car, the airp ort, the house and so on.

The frame problem b ecomes more di�cult in the presence of indirect e�ects

of an action. The problem of describing indirect e�ects of an action is called the
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rami�cation problem

[

Finger, 1986

]

. F or instance, if I driv e to the airp ort, not only

m y lo cation and the lo cation of the car c hange, but also the lo cations of things in

m y p o c k et and the trunk c hange. En umerating all indirect e�ects is also tedious.

2.2 Nonmonotonic Reasoning

It w as observ ed that the di�culties with formal logic describ ed ab o v e are related to

the fact that classical logic is monotonic : for an y sets of premises A and B suc h that

A � B , if a sen tence F follo ws from A , then F follo ws from B also. In other w ords,

ev ery conclusion that can b e deriv ed from A is also deriv able from B . This is not de-

sirable in commonsense reasoning: as discussed in the in tro duction, when additional

assumptions are made, some of the conclusions ma y need to b e retracted. This w as

a c hallenge to AI researc hers, and sev eral systems of nonmonotonic reasoning w ere

in v en ted in resp onse.

A 1980 issue of the journal of Arti�cial In telligence presen ted three forms

of nonmonotonic reasoning: circumscription b y McCarth y [1980], default logic b y

Reiter [1980], and a nonmonotonic logic b y McDermott and Do yle [1980]. The con-

cept of circumscription w as extended in

[

McCarth y , 1986

]

, and an in
uen tial mo dal

nonmonotonic logic called auto epistemic logic w as in tro duced b y Mo ore [1985].

Ev ery system of nonmonotonic reasoning pro vides a metho d for represen ting

\defaults." One particularly imp ortan t default is the commonsense la w of inertia ,

whic h sa ys that ev erything tends to remain as it w as. F ormalizing this idea w as

recognized as a k ey to solving the frame problem.

While the earlier forms of nonmonotonic reasoning w ere going through re-

�nemen ts and impro v emen ts, in 1987, Hanks and McDermott c hallenged the re-
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searc h comm unit y b y arguing that formal logic is no go o d for represen ting com-

monsense kno wledge. As an example, they presen ted the so-called \Y ale sho oting

problem"

[

Hanks and McDermott, 1987

]

, where McCarth y's revised form of circum-

scription

[

McCarth y , 1986

]

could not accoun t for a simple fact.

There is a gun and a p erson (in some v ersions, a turk ey) whose name

is F red. If the gun is loaded, sho oting it kills F red. No w consider the

follo wing scenario. Initially F red w as aliv e, and the gun w as not loaded.

Next the gun is loaded, and after w aiting, the gun is shot. Is F red dead?

In tuitiv ely , the answ er should b e y es. Ho w ev er, McCarth y's 1986 prop osal

could not justify this. It left op en the p ossibilit y that the gun gets unloaded b y

itself during the execution of the w ait action.

The failure discouraged some AI researc hers and made them abandon the

logicist approac h to commonsense reasoning. But others con tin ued to extend the

systems of logic and came up with v arious solutions in resp onse to the c hallenge.

Some of them are

[

Lifsc hitz, 1987

]

,

[

Morris, 1988

]

,

[

Gelfond, 1989

]

,

[

Bak er, 1991

]

and

[

Lifsc hitz, 1991

]

.

Logic programming b ecame a mem b er of the family of nonmonotonic rea-

soning systems once the seman tics of \negation as failure" w as clari�ed. Among the

seman tics, in
uen tial are the completion seman tics

[

Clark, 1978

]

, the w ell-founded

seman tics

[

V an Gelder et al. , 1991

]

, and the stable mo del or the answ er set seman-

tics

[

Gelfond and Lifsc hitz, 1988

]

. Gelfond [1987] sho w ed ho w to translate logic

programs in to auto epistemic logic. Solutions to the Y ale Sho oting problem using

logic programs are describ ed in

[

Eshghi and Ko w alski, 1989

]

,

[

Ev ans, 1989

]

,

[

Apt

and Bezem, 1990

]

.
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2.3 Nonmonotonic Theories of Causalit y

Causalit y has b een a ma jor sub ject of study b y philosophers from the ancien t times

1

,

and no w it is studied in AI as w ell.

In the natural sciences, the distinction b et w een a material implication (\If

A holds, then B holds") and a causal relation (\ A causes B ") is commonly disre-

garded. Suc h distinction, ho w ev er, turned out to b e quite useful in commonsense

reasoning. As a result, nonmonotonic theories based on causalit y receiv ed consider-

able atten tion.

P earl [1988] in v estigated the distinction b et w een causal and non-causal grounds

in general default reasoning. Ge�ner [1990] in tro duced a mo dal op erator for rep-

resen ting causalit y . Lin [1995] in tro duced the predicate Cause d ; his prop osal made

it p ossible to con v enien tly express the indirect e�ects of an action, as w ell as the

direct e�ects, using circumscription.

Later, McCain and T urner [1997] in tro duced a causal logic in whic h the

notions of \b eing caused" and \b eing true" are distinguished using expressions of

the form

F ( G (2.1)

where F and G are prop ositional form ulas. In tuitiv ely (2.1) is understo o d as the

assertion that F is caused if G holds. The seman tics of the causal logic is based

on \the principle of univ ersal causation," whic h sa ys that ev ery fact that obtains

is caused. This strong philosophical commitmen t is rew arded b y the mathematical

simplicit y in the seman tics. Univ ersal Causal Logic (UCL)

[

T urner, 1999

]

extends

1

Aristotle en umerated four kinds of causes: the material, the formal, the e�cien t, and the

�nal. Rene Descartes, Da vid Hume, Imman uel Kan t, and John Stuart Mill w ere also among the

philosophers who studied causalit y .
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the language of causal theories to a mo dal framew ork. Although the syn tax of

Ge�ner's theory and UCL are similar, their seman tics are not, and there seems to

b e no precise relationship b et w een them. The seman tics of McCain and T urner's

causal logic is closely related to that of logic programming under the answ er set

seman tics.

The systems prop osed b y Ge�ner, Lin, McCain and T urner allo w us to ex-

press \static causal la ws"|causal dep endencies b et w een 
uen ts. This is essen tial

for solving the rami�cation problem.

2.4 Action Languages

Action languages

[

Gelfond and Lifsc hitz, 1998

]

are formal mo dels of parts of natural

language that are used for describing the e�ects of actions. They de�ne \transition

systems"|directed graphs whose v ertices corresp ond to states and whose edges are

lab eled b y actions. Originally , action languages w ere dev elop ed to represen t the

prop erties of actions in a high lev el notation. Their simple but concise syn tax helps

us compare them and impro v e our understanding of reasoning ab out actions.

The STRIPS language

[

Fik es and Nilsson, 1971

]

is not an action language

in the sense of

[

Gelfond and Lifsc hitz, 1998

]

, but is closely related. Despite its

limited expressivit y and seman tic pitfalls

[

Lifsc hitz, 1987

]

, STRIPS's in
uence has

b een signi�can t for t w o reasons: the language pro vides a built-in solution to the

frame problem; e�cien t computation can b e carried out b y emplo ying a resolution

theorem pro v er in �nding a sequence of STRIPS op erators that leads to a w orld

mo del in whic h a giv en goal form ula is true.

Man y extensions that impro v e the expressiv e p o w er of STRIPS w ere pro-
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p osed. P ednault's ADL

[

P ednault, 1994

]

extended STRIPS b y allo wing sym b ols

for non-prop ositional 
uen ts and conditional e�ects of actions. Gelfond and Lif-

sc hitz

[

1993

]

in tro duced language A (whic h is essen tially the prop ositional fragmen t

of ADL ) and related it to logic programming. Similar results for a language that

p ermits the concurren t execution of actions w ere pro v ed in

[

Baral and Gelfond,

1997

]

, and for a language with static causal la ws in

[

T urner, 1997

]

. That w ork,

along with the theory of nonmonotonic causal reasoning presen ted in

[

McCain and

T urner, 1997

]

, has led to the design of language C

[

Giunc higlia and Lifsc hitz, 1998

]

,

whic h is a basis of the action language C + that w e presen t in this dissertation.

2.5 Elab oration T olerance

McCarth y

[

1998

]

expressed the view that h uman-lev el AI w ould require what he

called elab oration tolerance:

A formalism is elab oration toleran t to the exten t that it is con v enien t

to mo dify a set of facts expressed in the formalism to tak e in to accoun t

new phenomena or c hanged circumstances. Represen tations of infor-

mation in natural language ha v e go o d elab oration tolerance when used

with h uman bac kground kno wledge. Human-lev el AI will require rep-

resen tations with m uc h more elab oration tolerance than those used b y

presen t AI programs, b ecause h uman-lev el AI needs to b e able to tak e

new phenomena in to accoun t.

The simplest kind of elab oration is the addition of new form ulas. Next

comes c hanging the v alues of parameters. Adding new argumen ts to
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functions and predicates represen ts more of a c hange.

In the pap er McCarth y illustrated the idea b y de�ning 19 v arian ts of the

Missionaries and Cannibals Puzzle (MCP). Here are some of his elab orations:

� The b oat can carry three.

� There is an oar on eac h bank.

� Only one missionary and one cannibal can ro w.

� The biggest cannibal cannot �t in the b oat with another p erson.

� If the biggest cannibal is isolated with the smallest missionary , the latter will

b e eaten.

� Three missionaries along with a cannibal can con v ert him in to a missionary .

� There is a bridge.

� The b oat leaks and m ust b e bailed concurren tly with ro wing.

� There is an island.

� There are four cannibals and four missionaries, but if the strongest of the

missionaries ro ws fast enough, the cannibals w on't ha v e gotten so h ungry that

they will eat the missionaries.

When h umans are told ab out the elab orations ab o v e, they understand the

c hanges using their bac kground kno wledge expressed in natural language without

ha ving to start from scratc h.
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Lifsc hitz

[

2000

]

sho w ed ho w to formalize the ten elab orations of MCP ab o v e

in the language of CCalc . Instead of formalizing eac h elab oration from scratc h,

he \factored out" their common part; eac h formalization of an elab oration do es not

mo dify the common part, but just adds to it a few prop ositions that express the

c hange. This is the simplest kind of elab oration that McCarth y discussed. CCalc

has determined the shortest n um b er of steps to solv e eac h elab oration and sho w ed

the solution.

2.6 SA T solv ers

SA TISFIABILITY (or SA T for short) is the problem of determining whether a

giv en Bo olean expression in conjunctiv e normal form is satis�able. This is the �rst

problem pro v en to b e NP-complete

[

Co ok, 1971

]

.

Systems that solv e instances of this problem are called SA T solv ers. Man y

of them are based on an algorithm due to Da vis, Logemann and Lo v eland [1962].

V arious tec hniques suc h as in telligen t bac ktrac king, learning, bac kjumping and a

rapid restart strategy ha v e b een used to impro v e the e�ciency of SA T solv ers. A t

the time of this writing, h undreds of thousands of atoms, and millions of clauses can

b e handled reasonably w ell in man y cases.

Since v arious problems can b e cast as prop ositional theories, SA T solv ers

are widely applied. In \satis�abilit y planning"

[

Kautz and Selman, 1992

]

a plan-

ning problem is enco ded as a prop ositional theory so that a mo del of the theory

corresp onds to a plan|a sequence of actions|that leads to a goal state from an

initial state. The plan can b e found b y running a SA T solv er. Blac kb o x

2

is a

2

http://www.cs.washington.edu /hom es/ka utz/ black box .
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planning system that con v erts a STRIPS formalization of a planning problem in to

a prop ositional theory , and then �nds its mo dels using SA T solv ers.

SA T solv ers ha v e man y applications to areas other than reasoning ab out ac-

tion. F or instance, they ha v e b een applied to the formal v eri�cation of hardw are

systems with emphasis in Bounded Mo del Chec king: NuSMV2

3

is a SA T-based sym-

b olic mo del c hec k er that turned out to b e more e�cien t than BDD-based NuSMV;

GrAnDe

4

is a theorem pro v er based on SA T solv ers; SA T solv ers ha v e b een also

used for �nding attac ks to a set of w ell-kno wn authen tication proto cols

[

Armando

and Compagna, 2002

]

.

Some SA T solv ers are complete, that is, they �nd a mo del if there exists

one, and answ er \no" if there is none. Others sacri�ce completeness in return for

e�ciency . Most SA T solv ers to da y accept the DIMA CS input format. This simpli�es

the e�orts required to test and compare the solv ers. Also systems emplo ying SA T

solv ers as their searc h engines ha v e the 
exibilit y of c ho osing di�eren t solv ers. F or

instance, one can run an incomplete solv er �rst, and if it do es not terminate after

certain time, run a complete solv er. Comp etitions for SA T solv ers are held frequen tly

to encourage the creation of more e�cien t systems.

5

Carefully engineered solv ers ha v e sho wn signi�can t sp eed-up. Cha�

[

Mosk ewicz

et al. , 2001; Zhang et al. , 2001

]

w as designed from the b eginning to handle large

form ulas from a v ery sp eci�c area (mostly Bounded Mo del Chec king) using \lazy"

data structures, and also in tegrated a new form of learning, taking adv an tage of

the o v erall lazy data structures used. Cha� outp erforms existing SA T solv ers on a

3

http://nusmv.irst.itc.it/ .

4

http://www.cs.miami.edu/~tpt p/AT PSyst ems/ GrAnD e/ .

5

F or a recen t rep ort, consult http://www.satisfiability.org/S AT04 / .
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large set of \structured" (as opp osed to random) instances. This e�ciency b o ost is

exp ected to mak e SA T solv ers more widely applicable.
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Chapter 3

Logic Programs and the

McCain{T urner Causal Logic

The underlying nonmonotonic formalism w e c ho ose for formalizing the prop erties of

actions is causal logic. It is closely related to the answ er set seman tics (also kno wn

as the stable mo del seman tics) of logic programs b y Gelfond and Lifsc hitz [1988],

whic h has led to a new declarativ e programming paradigm called answ er set pro-

gramming

[

Lifsc hitz, 1999; Marek and T ruszczy � nski, 1999; Niemel• a, 1999

]

.

A sp ecial case of the answ er set seman tics is closely related to a simple

nonmonotonic formalism called Clark's completion

[

Clark, 1978

]

. Completion is at-

tractiv e b ecause it is de�ned as a transformation of logic programs to classical logic,

but it sometimes giv es unin tuitiv e results

[

Przym usinski, 1989, Section 4.1

]

. The

concept of completion w as extended to causal logic b y McCain and T urner [1997],

and the relationship b et w een the seman tics of causal logic and completion turned

out to b e more immediate than the relationship b et w een the answ er set seman tics
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and completion. This idea has led to an e�cien t implemen tation of automated

reasoning ab out actions.

In this c hapter w e review the answ er set seman tics and the seman tics of

causal logic, and their relationships with completion.

3.1 Answ er Set Seman tics for Normal Programs

W e review the answ er set seman tics for normal programs

[

Gelfond and Lifsc hitz,

1988

]

. The w ord atom is understo o d here as in prop ositional logic.

A (normal) rule is an expression of the form

p

1

 p

2

; : : : ; p

m

; not p

m +1

; : : : ; not p

n

(3.1)

(1 � m � n ) where all p

i

are atoms. A tom p

1

is called the head , and the part

p

2

; : : : ; p

m

; not p

m +1

; : : : ; not p

n

is called the b o dy of the rule. W e will often write (3.1) in the form

p

1

 B ; F (3.2)

where B is p

2

; : : : ; p

m

, and F is not p

m +1

; : : : ; not p

n

, and w e will sometimes iden-

tify B with the set f p

2

; : : : ; p

m

g . If the b o dy is empt y , then  can b e dropp ed.

A (normal logic) program is a �nite set of rules of form (3.1).

1

W e sa y that a set X of atoms satis�es the b o dy B ; F of rule (3.2) (sym b oli-

cally , X j = B ; F ) if p

2

; : : : ; p

m

2 X and p

m +1

; : : : ; p

n

=2 X . W e sa y that X satis�es

a normal program � (sym b olically , X j = �) if, for ev ery rule (3.2) of that program,

p

1

2 X whenev er X satis�es B ; F .

1

In the literature, programs are allo w ed to con tain in�nitely man y rules, but in this dissertation,

for simplicit y , w e restrict atten tion to �nite programs only .
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Answ er sets are de�ned b y a �xp oin t de�nition. The r e duct �

X

of a normal

program � with resp ect to a set X of atoms is obtained from � b y

� deleting eac h rule (3.2) suc h that X 6j = F , and

� replacing eac h remaining rule (3.2) b y p

1

 B .

A set X of atoms is an answ er set of � if X is minimal among the sets of atoms

that satisfy �

X

.

F or example, consider the follo wing program �

1

:

p  not q

q  not p

Consider, one b y one, all sets formed from the atoms p and q :

� X

1

= ; . The reduct �

X

1

1

is f p; q g , whic h X

1

do es not satisfy . Consequen tly ,

X

1

is not an answ er set of �

1

.

� X

2

= f p g . The reduct �

X

2

1

is f p g . Since X

2

is minimal among the sets of

atoms that satisfy the reduct, X

2

is an answ er set of �

1

.

� X

3

= f q g . Similarly to the ab o v e, the reduct �

X

3

1

is f q g . Since X

3

is minimal

among the sets of atoms that satisfy �

X

3

1

, X

3

is an answ er set of �

1

.

� X

4

= f p; q g . The reduct �

X

4

1

is ; , whic h X

4

satis�es, but it is not minimal

among the sets of atoms that satisfy the reduct. Consequen tly , X

4

is not an

answ er set of �

1

.

Th us w e see that X

2

and X

3

are the only answ er sets of �

1

.
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3.2 Completion

Let � b e a program whose rules ha v e the form (3.2). The completion of �, Comp (�),

consists of the equiv alences

p

1

�

_

p

1

 B ;F 2 �

B ^ F (3.3)

for all atoms p

1

that o ccur in �.

2

F or example, Comp (�

1

) is

p � : q

q � : p;

whose mo dels are f p g , f q g , whic h are the same as the answ er sets of �

1

.

Prop osition

[

Erdem and Lifsc hitz, 2003, Prop osition 1

]

F or any pr o gr am � and

any set X of atoms, if X is an answer set of � then X is a mo del of Comp (�) .

It is w ell kno wn that the con v erse of this prop osition do es not hold. The one-

rule program p  p is a standard coun terexample; b oth ; and f p g are the mo dels

of Comp (�), but only ; is the answ er set of �.

F ages [1994] sho w ed that if a program is \tigh t," then the con v erse of the

prop osition holds as w ell. Erdem and Lifsc hitz [2003] generalized F ages' theorem

and extended it to a more general class of programs.

3.3 The McCain{T urner Causal Logic

Lik e logic programs, causal theories consist of rules, but they are di�eren t in that

heads and b o dies are arbitrary form ulas in prop ositional logic. In this sense they are

2

Completion de�ned here can easily b e extended to the case where rules are allo w ed to ha v e

empt y heads, whic h is omitted here for simplicit y .
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more \prop ositional logic friendly" than logic programs. In this section w e review

the seman tics of causal logic.

A prop ositional signature is a set of sym b ols of prop ositional atoms. A

form ula is a prop ositional com bination of atoms as in prop ositional logic. An in ter-

pretation of � is a function that maps eac h elemen t of � to the truth v alues.

By a (causal) rule w e mean an expression of the form

F ( G

(\ F is caused if G holds"), where F , G are form ulas in prop ositional logic of the

signature � . F orm ula F is called the head and G is called the b o dy of the rule.

Rules with the head ? are called constrain ts .

A causal theory is a �nite set of causal rules.

Lik e the seman tics of a logic program, the seman tics of a causal theory is

giv en b y a �xp oin t de�nition. Let T b e a causal theory , and I an in terpretation of

its signature. The reduct T

I

of T relativ e to I is the set of the heads of all rules

in T whose b o dies are satis�ed b y I . W e sa y that I is a mo del of T if I is the unique

mo del of T

I

.

In tuitiv ely , T

I

is the set of form ulas that are caused, according to the rules

of T , under in terpretation I . If this set has no mo dels or more than one mo del,

then, according to the de�nition ab o v e, I is not considered a mo del of T . If T

I

has

exactly one mo del, but that mo del is di�eren t from I , then I is not a mo del of T

either. The only case when I is a mo del of T is when I satis�es ev ery form ula in

the reduct, and no other in terpretation do es.

If a causal theory T has a mo del, w e sa y that it is consisten t , or satis�able .

If ev ery mo del of T satis�es a form ula F then w e sa y that T en tails F and write

21



T j = F .

As an example, tak e the follo wing causal theory T

1

whose signature is f p; q g :

p ( q

q ( q

: q ( : q :

(3.4)

Consider, one b y one, all in terpretations of that signature (w e iden tify an

in terpretation with the set of literals that are true in it):

� I

1

= f p; q g . The reduct consists of the heads of the �rst t w o rules of T

1

:

T

I

1

1

= f p; q g . Since I

1

is the unique mo del of T

I

1

1

, it is a mo del of T

1

.

� I

2

= f: p; q g . The reduct is the same as ab o v e, and I

2

is not a mo del of the

reduct. Consequen tly , I

2

is not a mo del of T

1

.

� I

3

= f p; : q g . The only elemen t of the reduct is the head of the third rule

of T

1

: T

I

3

1

= f: q g . It has t w o mo dels. Consequen tly , I

3

is not a mo del of T

1

.

� I

4

= f: p; : q g . The reduct is the same as ab o v e, so that I

4

is not a mo del

of T

1

either.

Th us w e see that I

1

is the only mo del of T

1

.

Consider another example T

2

whose signature is again f p; q g :

p _ : q ( >

: p _ q ( > :

The reduct T

I

2

is equal to the set of the heads of the rules in T

2

regardless of the

in terpretation I , so that it has t w o mo dels, f p; q g and f: p; : q g . Therefore, T

2

has

no mo dels.
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T

3

is the follo wing theory of the same signature that adds one rule to T

2

:

p _ : q ( >

: p _ q ( >

p _ q ( > :

Similarly to the previous example, T

I

3

is equal to the set of the heads of the rules

in T

3

regardless of the in terpretation I . No w f: p; : q g is not a mo del of T

I

3

, so that

T

3

has one mo del: f p; q g .

Theories T

2

and T

3

illustrate the nonmonotonicit y of causal logic: w e ma y

get a new mo del b y adding more rules.

3.4 Literal Completion

A causal theory is called de�nite if the head of ev ery rule in it is either a literal or ? .

F or a de�nite theory , w e can describ e its mo dels in terms of \literal completion"

[

McCain and T urner, 1997

]

, whic h is similar to Clark's completion for normal logic

programs.

Consider a de�nite causal theory T of a signature � . F or eac h literal l , the

literal completion form ula for l is the form ula

l � G

1

_ � � � _ G

n

where G

1

; : : : ; G

n

( n � 0) are the b o dies of the rules of T with head l . The (literal)

completion of T is obtained b y taking the completion form ulas for ev ery literal of � ,

along with the form ula : F for eac h constrain t ? ( F in T .
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F or example, the completion of T

1

is

p � q

: p � ?

q � q

: q � : q ;

(3.5)

and its only mo del is f p; q g , whic h is exactly the mo del found ab o v e using the

de�nition of causal logic.

The relationship b et w een causal logic and completion is more immediate than

the relationship b et w een logic programs and completion describ ed in Prop osition 1

from

[

Erdem and Lifsc hitz, 2003

]

(Section 3.2):

Prop osition

[

McCain and T urner, 1997

]

The mo dels of a de�nite c ausal the ory

ar e pr e cisely the mo dels of its c ompletion.

Ho w ev er, the metho d of completion is not applicable to nonde�nite theories,

suc h as T

2

and T

3

.

Here are t w o more examples of the use of completion. First, w e will sho w

ho w to turn an y set � of form ulas in to a causal theory that has the same mo dels

as �. The rules of this theory are

� l ( l for ev ery literal l of � , and

� the constrain ts ? ( : F for ev ery F 2 �.

The completion of this theory consists of the form ulas l � l for all literals l and the

form ulas :: F for all F 2 �. Clearly , the completion is equiv alen t to �.
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Second, de�nite theories can b e used to express the \closed-w orld assump-

tion,"

[

Reiter, 1978

]

as follo ws. T ak e a signature � . The assumption that the

elemen ts of � are false b y default can b e expressed b y the rules

: a ( : a ( a 2 � ) (3.6)

(if a is false then there is a cause for this). If, for some subset S of � , w e com bine (3.6)

with the rules

a ( > ( a 2 S ) ;

w e will get a causal theory whose only mo del is the in terpretation I that assigns t

to the atoms in S and f to all other atoms. Indeed, the completion of this theory

consists of the form ulas

a � > ( a 2 S ) ;

a � ? ( a 2 � n S ) ;

: a � : a ( a 2 � ) ;

and I is the only mo del of these form ulas.

The prop osition ab o v e sho ws that the satis�abilit y problem for de�nite causal

theories b elongs to class NP . It is clearly NP-complete.

3.5 The Causal Calculator ( CCalc )

The prop osition from Section 3.4 tells us that the mo dels of de�nite theories can

b e computed b y SA T solv ers. This idea led McCain to design the Causal Calcu-

lator ( CCalc )

3

|an implemen tation of de�nite causal theories. Computationally ,

CCalc turns a de�nite theory in to a prop ositional theory b y literal completion,

3

http://www.cs.utexas.edu/use rs/t ag/cc .
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and then calls SA T solv ers to �nd the mo dels of the prop ositional theory , whic h, in

turn, corresp ond to the mo dels of the causal theory .

The original v ersion of CCalc w as implemen ted in Prolog as part of Mc-

Cain's dissertation

[

McCain, 1997

]

. The idea is similar to satis�abilit y planning

[

Kautz

and Selman, 1992

]

but the formalism of CCalc is m uc h more expressiv e than the

STRIPS based formalisms

[

McCain and T urner, 1998

]

. An early v ersion of CCalc

w as applied to formalizing sev eral c hallenge problems in the theory of common-

sense kno wledge, including McCarth y's airp ort example

[

Lifsc hitz et al. , 2000

]

and

elab orations of the Missionaries and Cannibals Puzzle

[

Lifsc hitz, 2000

]

.

W e will talk ab out CCalc in more detail in the follo wing c hapter.
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Chapter 4

Action Language C and the

Causal Calculator

4.1 Language C

The review of C in this section follo ws

[

Giunc higlia and Lifsc hitz, 1998

]

.

4.1.1 Syn tax

In C , a signature � is partitioned in to t w o groups of sym b ols: 
uen t sym b ols �

f l

and action sym b ols �

act

. A 
uen t form ula is a form ula that do es not con tain action

sym b ols.

Consider the monk ey and bananas problem describ ed in Chapter 1. T o for-

malize the problem in a declarativ e language, one needs to b e able to describ e

� the lo cations of the monk ey , the bananas, and the b o x,

� whether the monk ey is on the b o x, and
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� whether the monk ey has the bananas.

Assuming that the p ossible lo cations of the monk ey , the bananas, and the

b o x are L

1

; L

2

; L

3

, a signature that w ould allo w us to talk ab out the states consists

of sym b ols:

A t ( x; l ) ( x 2 f Monkey ; Bananas ; Box g ; l 2 f L

1

; L

2

; L

3

g ) ;

HasBananas ; OnBox :

(4.1)

Actions in the domain can b e denoted b y sym b ols:

Walk ( l ) ; PushBox ( l ) ; ClimbOn ; ClimbO� ; Gr aspBananas :

(4.2)

There are t w o kinds of prop ositions, called \causal la ws," in C . A static la w

is an expression of the form

caused F if G (4.3)

where F and G are 
uen t form ulas. F or instance,

caused A t ( Bananas ; l ) if A t ( Monkey ; l ) ^ HasBananas (4.4)

is a static la w. The in tuitiv e meaning of the prop osition is that the lo cation of the

bananas is determined b y the lo cation of the monk ey if it has the bananas. The

c hange of the lo cation of the bananas is an indirect e�ect of an y action that a�ects

the lo cation of the monk ey .

A dynamic la w is an expression of the form

caused F if G after H (4.5)

where F and G are 
uen t form ulas and H is a form ula. F or instance,

caused A t ( Monkey ; l ) if > after Walk ( l )
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is a dynamic la w describing the e�ect of an action of w alking.

In b oth prop ositions (4.3) and (4.5), the form ula F is called the head . The

part if G can b e dropp ed if G is > .

A causal la w is a static la w or a dynamic la w. An action description is a

�nite set of causal la ws. An action description is de�nite if the head of ev ery causal

la w of it is either a literal or ? .

4.1.2 Seman tics

As in

[

Giunc higlia and Lifsc hitz, 1998

]

, the seman tics of C can b e de�ned in terms

of causal logic. An action description is mapp ed to a causal theory whose mo dels

are in a 1{1 corresp ondence with the paths in the transition system.

More precisely , an y action description can b e view ed as an abbreviation for

a sequence of causal theories. F or an y action description D and an y nonnegativ e

in teger m , the causal theory D

m

is de�ned as follo ws. The signature of D

m

consists

of the pairs i : c suc h that

� i 2 f 0 ; : : : ; m g and c is a 
uen t constan t of D , or

� i 2 f 0 ; : : : ; m � 1 g and c is an action constan t of D .

If c is a 
uen t, then i : c means that c holds at step i , and if c is an action, then i : c

means that c o ccurs b et w een steps i and i + 1.

In the description of the rules of D

m

b elo w, the follo wing con v en tion is used:

for an y form ula F of the signature of D , i : F stands for the result of pre�xing all


uen t sym b ols and action sym b ols in F with i : . The rules of D

m

are

i : F ( i : G (4.6)
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for ev ery static la w (4.3) in D and ev ery i 2 f 0 ; : : : ; m g ;

i + 1 : F ( i + 1 : G ^ i : H (4.7)

for ev ery dynamic la w (4.5) in D and ev ery i 2 f 0 ; : : : ; m � 1 g ;

0 : c ( 0 : c

0 : : c ( 0 : : c

(4.8)

for ev ery 
uen t sym b ol c ;

i : c ( i : c

i : : c ( i : : c

(4.9)

for ev ery action sym b ol c , and ev ery i 2 f 0 ; : : : ; m � 1 g .

Rules (4.8) express that the initial v alues of all 
uen ts are \exogenous": they

can b e c hosen arbitrarily . Rules (4.9) express that all actions are exogenous: whether

or not an action is executed can b e decided arbitrarily .

F or instance, consider the follo wing simple action description SD where there

are only one 
uen t sym b ol P and only one action sym b ol A :

caused P if > after A

caused P if P after P

caused : P if : P after : P :

The �rst line expresses that if the action A is executed, then the v alue of P will b e

caused to b e true; the next t w o lines express the commonsense la w of inertia: in the

absence of an y evidence to the con trary , the v alue of P after an ev en t is assumed to

b e the same as the v alue b efore the ev en t. This is ho w C solv es the frame problem.
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The causal theory SD

m

for action description SD consists of

i + 1 : P ( i : A

i + 1 : P ( i + 1 : P ^ i : P

i + 1 : : P ( i + 1 : : P ^ i : : P

for ev ery i 2 f 0 ; : : : ; m � 1 g according to (4.7);

0 : P ( 0 : P

0 : : P ( 0 : : P

according to (4.8);

i : A ( i : A

i : : A ( i : : A

for ev ery i 2 f 0 ; : : : ; m � 1 g according to (4.9).

It is easy to c hec k that the mo dels of the completion of SD

m

can b e written

as m equiv alences

i + 1 : P � i : A _ i : P (0 � i < m ) :

SD

m

has 2

m +1

mo dels, eac h c haracterized b y the truth v alues assigned to the con-

stan ts 0 : P and i : A ( i = 0 ; : : : ; m � 1). F or instance, one of the mo dels of SD

2

is

f: 0 : P ; : 0 : A; : 1 : P ; 1 : A; 2 : P g : (4.10)

In tuitiv ely , it means that P is false in the b eginning, and remains false when action

A is not executed. Then the action is executed, whic h will mak e P true.

Certain abbreviations are useful. If a is an action constan t and F , G are


uen t form ulas, then

a causes F if G (4.11)
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P

f A g

f A g

f: A g f: A g

: P

Figure 4.1: The transition system describ ed b y SD

stands for the dynamic la w

caused F if > after a ^ G:

The rule (4.11) can b e used for describing a conditional e�ect of an action, i.e., for

expressing that executing action a causes F to b e true if G holds in the curren t

state. The part if G can b e dropp ed if G is > . So the �rst line of SD can b e

abbreviated as

A causes P :

There is also an abbreviation for the last t w o lines of SD :

inertial P : (4.12)

4.1.3 States and T ransitions

The mo dels of SD

m

can b e visualized as paths in a \transition system"|the graph

sho wn in Figure 4.1. The t w o v ertices of the graph represen t states; in one state,

the v alue of the 
uen t P is f , in the other it is t . The edges represen t transitions

b et w een states; the action a is executed in t w o transitions, and it is not executed in

the other t w o.
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There is a simple 1{1 corresp ondence b et w een the mo dels of SD

m

and the

paths of length m in this transition system. F or instance, the mo del of SD

2

in (4.10)

corresp onds to the path

h: P ; : A; : P ; A; P i :

Indeed, an y action description describ es a transition system. Consider an

action description D with a set �

f l

of 
uen t sym b ols and a set �

act

of action sym b ols.

The transition system represen ted b y D is de�ned b y D

0

and D

1

as w e will see so on.

W e can represen t an y in terpretation of the signature of D

m

in the form

(0 : s

0

) [ (0 : e

0

) [ (1 : s

1

) [ (1 : e

1

) [ � � � [ ( m : s

m

) (4.13)

where s

0

; : : : ; s

m

are in terpretations of �

f l

, and e

0

; : : : ; e

m � 1

are in terpretations

of �

act

.

A state is an in terpretation s of �

f l

suc h that 0 : s is a mo del of D

0

. States

are the v ertices of the transition system represen ted b y D . A tr ansition is a triple

h s; e; s

0

i , where s and s

0

are in terpretations of �

f l

and e is an in terpretation of �

act

,

suc h that 0 : s [ 0 : e [ 1 : s

0

is a mo del of D

1

. T ransitions corresp ond to the edges

of the transition system: for ev ery transition h s; e; s

0

i , it con tains an edge from s to

s

0

lab eled e . These lab els e will b e called ev en ts . One can c hec k that according to

the de�nitions, the graph in Figure 4.1 is indeed the transition system describ ed b y

SD .

A history is a sequence of the form

h s

0

; e

0

; s

1

; e

1

; : : : ; s

m � 1

; e

m � 1

; s

m

i

where eac h h s

0

; e

0

; s

1

i ; h s

1

; e

1

; s

2

i ; � � � ; h s

m � 1

; e

m � 1

; s

m

i is a transition.
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Prop osition

[

Giunc higlia and Lifsc hitz, 1998, Prop osition 2

]

F or any m > 0 , an

interpr etation (4.13) of the signatur e of D

m

is a mo del of D

m

i�

h s

0

; e

0

; s

1

; e

1

; : : : ; s

m � 1

; e

m � 1

; s

m

i

is a history of D .

4.2 Examples

4.2.1 Monk ey and Bananas

W e illustrate the use of C b y formalizing the Monk ey and Bananas domain. The

signature is as giv en in Section 4.1.1. In the follo wing, x ranges o v er Monkey ,

Bananas , Box ; l , l

1

, l

2

range o v er L

1

, L

2

, L

3

.

The �rst p ostulate expresses that there exists a lo cation for eac h ob ject at

ev ery instan t:

constrain t

W

l

A t ( x; l )

(4.14)

The sym b ol

W

l

denotes a m ultiple disjunction o v er lo cations l . F or a 
uen t for-

m ula F ,

constrain t F

stands for the static la w

caused ? if : F :

The prop osition constrains the set of states: if an action description con tains the

prop osition, ev ery state in the corresp onding transition system m ust satisfy F .

The second p ostulate expresses that eac h ob ject b elongs to at most one
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lo cation:

caused : A t ( x; l

1

) if A t ( x; l ) ( l 6= l

1

) :

(4.15)

The fact that an ob ject, when mo v ed to another lo cation, \disapp ears" from its

previous lo cation can b e treated as an indirect e�ect, or \rami�cation," of the

mo ving action. This is represen ted b y (4.15), whic h illustrates ho w C solv es the

rami�cation problem using static la ws. Note that static la ws do not men tion actions,

and w e will so on see wh y the use of static la ws is an attractiv e solution for the

rami�cation problem.

The next group of static la ws further constrains the set of states: if the

monk ey has the bananas, then the bananas are at the lo cation where the monk ey

is; if the monk ey is on the b o x, then the monk ey is at the lo cation where the b o x is.

caused A t ( Bananas ; l ) if A t ( Monkey ; l ) ^ HasBananas

caused A t ( Monkey ; l ) if A t ( Box ; l ) ^ OnBox :

(4.16)

The �rst la w ensures that the c hange in the lo cation of the bananas is an indirect

e�ect of w alking if the monk ey has the bananas. W alking not only a�ects the lo cation

of the monk ey , but also the lo cation of the bananas if the monk ey has them. The

second e�ect can b e describ ed b y

Walk ( l ) causes A t ( Bananas ; l ) if HasBananas :

But this la w is redundan t, b ecause in the presence of the �rst line of (4.16), the

c hange in the lo cation of the bananas is an indirect e�ect of w alking (and of an y other

action that a�ects the lo cation of the monk ey). The p ossibilit y of this simpli�cation

is what mak es the p ostulate (4.16) attractiv e.
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Similarly in view of the second la w, the c hange in the lo cation of the monk ey

is an indirect e�ect of mo ving the b o x.

1

The e�ects and the preconditions of w alking are describ ed as follo ws:

Walk ( l ) causes A t ( Monkey ; l )

nonexecutable Walk ( l ) if A t ( Monkey ; l )

nonexecutable Walk ( l ) if OnBox :

(4.17)

In the last t w o lines

nonexecutable a if G (4.18)

is an abbreviation for (4.11) when F is ? . The prop osition is used to represen t a

quali�cation for executing action a .

Pushing the b o x has t w o e�ects and three preconditions:

PushBox ( l ) causes A t ( Monkey ; l )

PushBox ( l ) causes A t ( Box ; l )

nonexecutable PushBox ( l ) if A t ( Monkey ; l )

nonexecutable PushBox ( l ) if A t ( Monkey ; l

1

) ^ A t ( Box ; l

2

) ( l

1

6= l

2

)

nonexecutable PushBox ( l ) if OnBox :

(4.19)

1

Of course in this domain with only one monk ey , it is not p ossible to mo v e the b o x with the

monk ey on it. But if w e enhance the domain to allo w m ultiple monk eys, then this will b ecome

p ossible.
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The descriptions of the rest of actions ha v e a similar structure:

ClimbOn causes OnBox

nonexecutable ClimbOn if A t ( Monkey ; l ) ^ A t ( Box ; l

1

) ( l 6= l

1

)

nonexecutable ClimbOn if OnBox

ClimbO� causes : OnBox

nonexecutable ClimbO� if : OnBox

Gr aspBananas causes HasBananas

nonexecutable Gr aspBananas if HasBananas

nonexecutable Gr aspBananas if A t ( Monkey ; l ) ^ A t ( Bananas ; l

1

) ( l 6= l

1

)

nonexecutable Gr aspBananas if : OnBox :

(4.20)

Ev ery 
uen t in this domain tends to k eep its previous v alue. The inertia

rules are

inertial c (4.21)

for ev ery 
uen t sym b ol c from (4.1).

The concurren t execution of actions can b e prohibited b y p ostulating

nonexecutable c ^ d (4.22)

for ev ery pair of distinct action sym b ols c , d from (4.2).

Let us call this action description MB . The planning problem giv en in Chap-

ter 1 asks to �nd a path in the transition system describ ed b y MB that starts from

the state de�ned b y

A t ( Monkey ; L

1

) ; A t ( Bananas ; L

2

) ; A t ( Box ; L

3

)
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and leads to a goal state that satis�es

HasBananas :

4.2.2 Blo c ks W orld

In the blo c ks w orld, a state is describ ed b y a set of stac ks of blo c ks on the table.

In the follo wing, b , b

1

, b

2

range o v er blo c ks A , B , C and D ; l ranges o v er

blo c ks and T able . The sym b ol On ( b; l ) denotes the fact that blo c k b is on lo cation

l ; the sym b ol Move ( b; l ) denotes the action of mo ving blo c k b on to lo cation l . As in

the previous example, w e b egin b y p ostulating that On is a function that maps a

blo c k in to a lo cation:

constrain t

W

l

On ( b; l )

caused : On ( b; l

1

) if On ( b; l ) ( l 6= l

1

) :

(4.23)

In addition, w e sa y that, in an y state, t w o blo c ks cannot b e on top of the

same blo c k at the same time:

constrain t : ( On ( b; b

2

) ^ On ( b

1

; b

2

)) ( b 6= b

1

) : (4.24)

The e�ect of mo ving a blo c k is represen ted b y the follo wing rule:

Move ( b; l ) causes On ( b; l ) : (4.25)

The next three p ostulates describ e the preconditions of the action: a blo c k

can b e mo v ed only when it is clear; a blo c k can b e mo v ed only to a p osition that is

clear; a blo c k cannot b e mo v ed on to a blo c k that is b eing mo v ed also:

nonexecutable Move ( b; l ) if On ( b

1

; b )

nonexecutable Move ( b; b

1

) if On ( b

2

; b

1

)

nonexecutable Move ( b; b

1

) ^ Move ( b

1

; l ) :

(4.26)
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Initial condition Goal

D

A

B

C B D

A C

Figure 4.2: The Blo c ks W orld|A planning problem

Finally the inertia rules are

inertial On ( b; l ) : (4.27)

Let us call this action description BW . A t ypical problem in this domain is

to �nd a sequence of mo v es that leads to a goal. F or instance, consider the problem

in Figure 4.2: giv en an initial con�guration sho wn on the left, what is the shortest

sequence of mo v es that turns it in to the goal con�guration sho wn on the righ t? This

is a planning problem that asks to �nd a path in the transition system describ ed b y

BW that starts from the state de�ned b y

On ( A; B ) ; On ( B ; T able ) ; On ( C ; D ) ; On ( D ; T able ) ;

and leads to the goal state de�ned b y

On ( A; T able ) ; On ( B ; A ) ; On ( C ; T able ) ; On ( D ; C ) :

4.3 Language of the Causal Calculator

Since CCalc is an implemen tation of de�nite causal theories, it can handle de�nite

action descriptions in C . Indeed, all examples of C action descriptions w e ha v e seen
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so far b elong to this category .

Man y commonsense reasoning problems related to C action descriptions can

b e view ed as problems of generating paths in the corresp onding transition systems

that satisfy certain conditions. As sho wn in Section 4.1.2, paths of a transition sys-

tem can b e obtained b y computing the mo dels of the corresp onding causal theory .

An action description is translated b y CCalc �rst in to a causal theory b y a macro

expansion mec hanism and then in to a set of prop ositional form ulas using the literal

completion pro cedure (Section 2.3). The mo dels of the set of form ulas, whic h cor-

resp ond to paths in the transition system, are found b y running SA T solv ers, suc h

as sa to

[

Zhang, 1997

]

and relsa t

[

Ba y ardo and Sc hrag, 1997

]

, in the spirit of sat-

is�abilit y planning

[

Kautz and Selman, 1992

]

. Belo w w e presen t ho w the example C

action descriptions in the previous section can b e represen ted in the input language

of CCalc .

4.3.1 Monk ey and Bananas in the Language of CCalc

A C input �le for the Causal Calculator consists of declarations, prop ositions in C

(or, more often, sc hemas with meta v ariables whose instances are prop ositions in C ),

queries (for instance, planning problems) and commen ts. Among its declarations,

a C input �le usually con tains a directiv e to include the \standard" �le C.t whic h

con tains rewrite rules for translating from C in to the language of causal logic, as

w ell as v arious sorts, v ariables, constan ts, and domain indep enden t causal la ws that

ha v e b een found to b e useful in formalizing action domains.

A C input �le for MB (Section 4.2.1) is sho wn in Figure 4.3|4.4: Figure 4.3

con tains declarations for sym b ols used; Figure 4.4 con tains the corresp onding causal
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% File: 'monkey.t'

:- include 'C.t'.

:- sorts

thing;

location.

:- variables

O :: thing;

L, L1, L2 :: location.

:- constants

monkey, box, bananas :: thing;

l1, l2, l3 :: location;

at(thing,location), onBox, hasBananas :: inertialFluent;

walk(location), pushBox(location),

climbOn, climbOff, graspBananas :: action.

Figure 4.3: Monk ey and Bananas in the language of CCalc |Declarations

la ws from Section 4.2.1.

Since CCalc is written in Prolog, the syn tax of input �les follo ws the Prolog

tradition of capitalizing v ariables. The ranges of sc hematic v ariables declared in

the v ariables section in Figure 4.3 are giv en names thing , location in the sort

declaration section at the b eginning. The exten t of eac h sort is de�ned in the

�rst t w o lines of the constan t declaration section. Fluen t sym b ols are declared

inertialFluent s: the iden ti�er instructs CCalc to declare the sym b ols 
uen ts,

and moreo v er to p ostulate that the 
uen ts are inertial, i.e., implicitly added are

inertial c for eac h 
uen t sym b ol c . This is a built-in solution in CCalc for

solving the frame problem.

The prop ositions in Figure 4.4 are almost iden tical to the causal la ws from
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constraint [\/L | at(O,L)].

caused -at(O,L1) if at(O,L) & L\=L1.

caused at(bananas,L) if hasBananas & at(monkey,L).

caused at(monkey,L) if at(box,L) & onBox.

walk(L) causes at(monkey,L).

nonexecutable walk(L) if at(monkey,L).

nonexecutable walk(L) if onBox.

pushBox(L) causes at(monkey,L).

pushBox(L) causes at(box,L).

nonexecutable pushBox(L) if at(monkey,L).

nonexecutable pushBox(L) if at(monkey,L1) & at(box,L2) & L1\=L2.

nonexecutable pushBox(L) if onBox.

climbOn causes onBox.

nonexecutable climbOn if at(monkey,L) & at(box,L1) & L\=L1.

nonexecutable climbOn if onBox.

climbOff causes -onBox.

nonexecutable climbOff if onBox.

graspBananas causes hasBananas.

nonexecutable graspBananas if hasBananas.

nonexecutable graspBananas if at(monkey,L) & at(bananas,L1) & L\=L1.

nonexecutable graspBananas if -onBox.

noconcurrency.

Figure 4.4: Monk ey and Bananas in the language of CCalc |Causal la ws
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% File: 'monkey-test.t'

:- include 'monkey.t'.

:- plan

facts ::

0: at(monkey,l1),

0: at(banana,l2),

0: at(box,l3);

goals ::

1..100: hasBananas.

Figure 4.5: Monk ey and Bananas in the language of CCalc |Planning problem

Section 4.2.1. The ASCI I represen tations of some sym b ols used in the language of

CCalc are summarized in the follo wing c hart:

Sym b ol : 6= ^ _ � � ? >

ASCI I represen tation - \= & ++ ->> <-> false true

Ev ery prop osition in Figure 4.4 con taining sc hematic v ariables is treated as

an abbreviation for the set of C prop ositions. In a step called \grounding," CCalc

replaces eac h v ariable with ev ery ob ject in the range of the corresp onding sort; some

parts of a sc hema turn in to 0-place connectiv es > , ? . F or instance, grounding turns

L\=L1 in the sc hema

caused -at(O,L1) if at(O,L) & L\=L1.

in to > when L and L1 are instan tiated b y di�eren t ob jects, and in to ? otherwise.

Figure 4.5 represen ts the planning problem for this domain. Sym b ols 0: and

1..100: are \time stamps." 1..100: in the goal condition instructs CCalc to
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�rst try to �nd a plan of length 1, then 2, 3, and so on un til it �nds a solution or

fails after trying length 100.

Giv en the query , CCalc �nds a mo del of MB

m

that satis�es the initial

conditions

0 : A t ( Monkey ; L

1

) ; 0 : A t ( Bananas ; L

2

) ; 0 : A t ( Box ; L

3

) (4.28)

and the goal

m : HasBananas (4.29)

where m is the smallest n um b er for whic h suc h a mo del exists. CCalc tak es consec-

utiv ely m = 1 ; 2 ; : : : and lo oks for an in terpretation satisfying b oth the completion

of MB

m

and form ulas (4.28), (4.29). Suc h an in terpretation will b e �rst found

for m = 4. It assigns the v alue t to

0 : Walk ( L

3

) ; 1 : PushBox ( L

2

) ; 2 : ClimbOn ; 3 : Gr aspBananas :

Accordingly , CCalc output is as follo ws:

| ?- plan 0.

calling sato 3.1.2...

run time (seconds) 0.00

No plan of length 1,

calling sato 3.1.2...

run time (seconds) 0.01

No plan of length 2,

calling sato 3.1.2...
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run time (seconds) 0.01

No plan of length 3,

calling sato 3.1.2...

run time (seconds) 0.00

0: at(bananas,l2) at(box,l3) at(monkey,l1)

ACTIONS: walk(l3)

1: at(bananas,l2) at(box,l3) at(monkey,l3)

ACTIONS: pushBox(l2)

2: at(bananas,l2) at(box,l2) at(monkey,l2)

ACTIONS: climbOn

3: onBox at(bananas,l2) at(box,l2) at(monkey,l2)

ACTIONS: graspBananas

4: hasBananas onBox at(bananas,l2) at(box,l2) at(monkey,l2)

yes

4.3.2 Blo c ks W orld in the Language of CCalc

Figure 4.6 is a formalization of the Blo c ks W orld BW in the language of CCalc ,

similar to Section 4.2.2.
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% File: 'bw.t'

:- include 'C.t'.

:- sorts

location >> block.

:- variables

B,B1,B2 :: block;

L,L1 :: location.

:- constants

table :: location;

on(block,location) :: inertialFluent;

move(block,location) :: action.

constraint [\/L | on(B,L)].

caused -on(B,L1) if on(B,L) & L\=L1.

constraint B@<B1 ->> -(on(B,B2) & on(B1,B2)).

move(B,L) causes on(B,L).

nonexecutable move(B,L) if on(B1,B).

nonexecutable move(B,B1) if on(B2,B1).

nonexecutable move(B,B1) & move(B1,L).

Figure 4.6: Blo c ks W orld in the language of CCalc
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% File 'bw-test.t'.

:- include 'bw.t'.

:- constants

a,b,c,d :: block.

:- plan

facts::

0: on(a,b), on(b,table), on(c,d), on(d,table);

goals::

1..100: on(a,table), on(b,a), on(c,table), on(d,c).

Figure 4.7: A Blo c ks W orld planning problem

The sym b ol >> b et w een the names of t w o sorts expresses that the second is a

subsort of the �rst, so that ev ery ob ject that b elongs to the second sort also b elongs

to the �rst. @< is a �xed total order b et w een the sym b ols.

Figure 4.7 represen ts the planning problem giv en at the end of Section 4.2.2.

CCalc �nds a mo del of BW

m

that satis�es the initial conditions

0 : On ( A; B ) ; 0 : On ( B ; T able ) ; 0 : On ( C ; D ) ; 0 : On ( D ; T able ) ; (4.30)

and the goal

m : On ( A; T able ) ; m : On ( B ; A ) ; m : On ( C ; T able ) ; m : On ( D ; C ) : (4.31)

where m is the smallest n um b er for whic h suc h a mo del exists. CCalc tak es consec-

utiv ely m = 1 ; 2 ; : : : and lo oks for an in terpretation satisfying b oth the completion

of BW

m

and form ulas (4.30), (4.31). Suc h an in terpretation will b e �rst found

for m = 2. The in terpretation assigns the v alue t to

0 : Move ( A; T able ) ; 0 : Move ( C ; T able ) ; 1 : Move ( B ; A ) ; 1 : Move ( D ; C ) :
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Note that some actions are executed concurren tly .

CCalc has determined that at least t w o steps are needed and displa y ed the

follo wing solution:

calling sato 3.1.2...

run time (seconds) 0.01

0: on(a,b) on(b,table) on(c,d) on(d,table)

ACTIONS: move(a,table) move(c,table)

1: on(a,table) on(b,table) on(c,table) on(d,table)

ACTIONS: move(b,a) move(d,c)

2: on(a,table) on(b,a) on(c,table) on(d,c)

yes
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Chapter 5

New Extensions of Earlier W ork

In this dissertation w e sho w ho w to o v ercome sev eral essen tial limitations of the

w ork on causal logic, language C and CCalc .

5.1 Multi-v alued Fluen ts

Most formalisms for represen ting prop erties of actions limit their atten tion to prop o-

sitional 
uen ts, and this is true for C as w ell. Multi-v alued 
uen ts, suc h as the lo-

cation of an ob ject, or the n um b er of missionaries on a bank, can b e represen ted in

suc h formalisms b y sym b ols with Bo olean v alues, whic h requires in tro ducing rules

that relate these sym b ols to eac h other. F or instance, in Sections 4.2.1 and 4.2.2 w e

describ ed the lo cation of an ob ject b y Bo olean constan ts A t ( x; l ) and On ( b; l ), and

had to express the existence and the uniqueness of a lo cation b y p ostulates (4.14),

(4.15) and (4.23). Suc h causal la ws are needed quite often, whic h is incon v enien t. In

this resp ect, C is inferior to the language ADL (see Section 2.4) whic h do es include

sym b ols for m ulti-v alued 
uen ts.
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In Section 6.1 w e extend usual prop ositional logic b y adopting a sligh tly more

general de�nition of an atom that allo ws expressions of the form c = v , where v is

an elemen t of the \domain" of a sym b ol c . F or instance, w e ma y write L o c ( Box ) =

L

2

instead of A t ( Box ; L

2

). W e extend causal logic and C in accordance with this

extension.

5.2 Elab orating Actions b y A ttributes

Consider McCarth y's elab orations of the Missionaries and Cannibals Puzzle (Sec-

tion 2.5). There is only one action, crossing, in the basic problem. W e can represen t

this action b y a sym b ol suc h as cross(boat,bank2,1,1) (1 missionary and 1 canni-

bal cross to Bank 2 using the b oat). Some of McCarth y's elab orations w ould require

that cross b e giv en more argumen ts. In one of the elab orations (Elab oration 17),

it is necessary to distinguish b et w een ro wing fast and ro wing slo wly , whic h w ould

require an expression lik e cross(boat,bank2,1,1,fa st) . In another elab oration

(Elab oration 6), only one missionary and one cannibal can ro w, whic h w ould require

to denote whic h of the p eople on the b oat can ro w.

As McCarth y [1998] noted (Section 2.5), adding argumen ts to functions and

predicates is what w e w an t to a v oid: if p ossible, w e w an t to formalize elab orations b y

adding p ostulates. One w a y to ac hiev e this goal is to distinguish b et w een actions and

\attributes." A ttributes are used to elab orate the execution of actions. F or instance,

w e ma y denote the action of crossing in a b oat V b y cross(V) . On the other hand,

the destination of this action ma y b e denoted b y an attribute sym b ol to(V) whose

v alue is a lo cation; the n um b er of a group G on a b oat V crossing ma y b e denoted

b y an attribute sym b ol howmany(V,G) ; the sp eed of a b oat V ma y b e denoted b y an
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attribute sym b ol howfast(V) .

Suc h elab orations men tioned ab o v e will in v olv e extending the formalism b y

adding new attribute sym b ols, instead of adding new argumen ts to the existing

action sym b ols. This allo ws us to re
ect elab orations b y adding p ostulates that

describ e the new e�ects of the action in terms of the newly in tro duced attributes,

rather than b y mo difying the existing description.

In Section 6.2.7 w e sho w ho w attributes can b e represen ted in an extension

of C .

5.3 De�ning New Fluen ts

A ttempts to de�ne new 
uen ts b y causal la ws in C often do not lead to in tuitiv ely

exp ected results. Supp ose w e add to the description BW in Section 4.2.2 new 
uen ts

Neighb or ( b; b

1

), meaning that \one of the blo c ks b and b

1

is on top of the other."

One migh t b e tempted to write the de�nition of Neighb or b y the follo wing causal

la ws:

caused Neighb or ( b; b

1

) if On ( b; b

1

) _ On ( b

1

; b )

caused : Neighb or ( b; b

1

) if : Neighb or ( b; b

1

) :

(5.1)

The second line of (5 : 1) abbreviates the set of causal la ws

: i : Neighb or ( b; b

1

) ( : i : Neighb or ( b; b

1

) :

As discussed in Section 3.4, rules lik e this represen t, in tuitiv ely , the closed-w orld

assumption: b y default, the 
uen t Neighb or ( b; b

1

) is assumed to b e false.

Let us call the extended description with (5.1), BW

N

.

Unfortunately , the description (5.1) is not satisfactory: it do es not express
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that ev ery state satis�es the condition

Neighb or ( b; b

1

) � On ( b; b

1

) _ On ( b

1

; b ) ; (5.2)

or equiv alen tly , that the mo dels of D

0

satisfy

0 : Neighb or ( b; b

1

) � 0 : On ( b; b

1

) _ On ( b

1

; b ) ; (5.3)

as one w ould in tuitiv ely exp ect.

T o see wh y , consider the literal completion form ula of BW

N

0

for 0 : Neighb or ( b; b

1

)

and its negation:

0 : Neighb or ( b; b

1

) � 0 : Neighb or ( b; b

1

) _ ( On ( b; b

1

) _ On ( b

1

; b ))

0 : : Neighb or ( b; b

1

) � 0 : : Neighb or ( b; b

1

) :

(5.4)

The second equiv alence is a tautology , and the implication from the left to righ t of

the �rst equiv alence is also a tautology . Th us (5.4) is equiv alen t to

0 : On ( b; b

1

) _ On ( b

1

; b ) � 0 : Neighb or ( b; b

1

) ;

whic h is w eak er than (5.3).

The seman tics of C needs to b e corrected to a v oid suc h anomaly . In Sec-

tion 6.2.3, w e sho w ho w this can b e ac hiev ed b y in tro ducing a new t yp e of 
uen t

constan ts called \statically determined."

5.4 Rigid Constan ts

Imagine that w e w an t to enhance the description of the Blo c ks W orld b y sp ecifying

the materials that the blo c ks are made of, sa y w o o d or metal, or b y describing the

size of the blo c ks. Suc h c haracteristics of blo c ks are not 
uen ts b ecause they do not
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dep end on the state of the system. W e call them rigid . Rigidit y can b e mo deled in

C using inertial 
uen ts: if no action is assumed to a�ect an inertial 
uen t, then its

v alue nev er c hanges. But this treatmen t lo oks somewhat unnatural.

Mo deling rigidit y b y 
uen ts is also computationally ine�cien t. As describ ed

in Section 6.2.2, in turning an action description in to a causal theory , CCalc gen-

erates atoms i : c for 
uen t constan ts c and time stamps i . If the v alue of c do es not

c hange o v er time, then there is no need to generate copies of these atoms. This mak es

the size of the translation more compact, whic h brings computational e�ciency . In

Section 6.2.6, w e in tro duce rigid constan ts in an extension of C .

5.5 Defeasible Causal La ws

In the CCalc formalization of McCarth y's elab orations of the Missionaries and

Cannibals Puzzle from

[

Lifsc hitz, 2000

]

, it w as necessary to mak e some causal la ws

\defeasible." F or instance the formalization of the basic problem con tains a prop o-

sition sa ying that the b oat can hold t w o p eople:

constraint capacity ( boat ; 2 ) : (5.5)

In one of the elab orations, it w as required to c hange this assumption: the b oat can

hold three p eople, instead of t w o. Rather than b y remo ving the line ab o v e, the same

e�ect could b e obtained b y adding causal la ws, in the spirit of elab oration tolerance.

Ho w ev er, since language C cannot represen t defeasible causal la ws, that pap er

had to rely on causal logic directly to b e able to mak e (5.5) defeasible. Moreo v er in

the v ersion of CCalc used there, only a few prop ositions, suc h as constrain t and

nonexecutable , could b e made defeasible.
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In Section 6.2.4, w e illustrate ho w an enhancemen t of C o v ercomes the lim-

itations: the seman tics of defeasible causal la ws can b e explained in terms of the

enhancemen t of C ; an y causal la w can b e made defeasible. Moreo v er CCalc pro-

vides a con v enien t syn tax for using defeasible causal la ws.

5.6 Additiv e Fluen ts

Some action languages, including C , allo w us to talk ab out the e�ect of the concur-

ren t execution of actions. The causal la w

Walk ( l ) causes A t ( Monkey ; l )

is understo o d in C to imply that A t ( Monkey ; l ) holds after an y ev en t that in v olv es

the execution of Walk ( l ), ev en if other actions are executed concurren tly .

T o distinguish the ev en ts in v olving the concurren t execution of actions a

1

and a

2

from the ev en ts that in v olv e a

1

but not a

2

, w e can write

a

1

^ a

2

causes : : : ;

a

1

^ : a

2

causes : : : :

In some cases, unfortunately , the causes construct of C and similar languages

is not directly applicable to describing the e�ect of the concurren t execution of

actions. Consider, for instance, the e�ect of the action Buy ( x; n ) (customer x buys n

b o oks) on the n um b er of b o oks a v ailable at a b o okstore. The causal la w

Buy ( x; n ) causes A vailable ( k � n ) if A vailable ( k ) (5.6)

is applicable in the case when no customer other than x is buying b o oks at the same

time: k � n b o oks are a v ailable after the ev en t if there w ere k b o oks in the store

54



b efore the ev en t. But (5.6) is not acceptable if w e are in terested in the concurren t

execution of suc h actions. F or instance, according to (5.6), the actions Buy ( x

1

; 3)

and Buy ( x

2

; 5) cannot b e executed concurren tly , although in tuitiv ely w e exp ect the

n um b er to b e decremen ted b y 8.

A vailable is an example of an \additiv e" 
uen t. An additiv e 
uen t is a 
uen t

with n umerical v alues suc h that the e�ect of sev eral concurren tly executed actions

on it can b e computed b y adding the e�ects of the individual actions. F or example,

the gross receipts of a store are represen ted b y an additiv e 
uen t: when sev eral

customers pa y to di�eren t cashiers sim ultaneously , the gross receipts will increase

b y the sum of the \con tributions" of the individual customers. The v oltage of a

battery is an additiv e 
uen t: the increase in v oltage obtained b y adding sev eral cells

to a battery can b e computed b y addition. In mec hanics, the v elo cit y of a particle is

an additiv e 
uen t, b ecause the net e�ect of sev eral forces on this 
uen t o v er a time

in terv al equals the sum of the e�ects of the individual forces. Additiv e 
uen ts are

ubiquitous; this ma y b e the reason wh y adding n um b ers is suc h a useful op eration.

As noted ab o v e, the e�ect of the concurren t execution of actions on an addi-

tiv e 
uen t is not co v ered b y the \built-in" treatmen t of the concurren t execution of

actions in C . This problem w as �rst observ ed in

[

Lifsc hitz, 2000

]

in connection with

the elab orations of the Missionaries and Cannibals Puzzle that in v olv e concurren t

actions. One of the p ostulates adopted in that pap er is that if the n um b er of mem-

b ers of a group (sa y , missionaries) in some lo cation (sa y , the left bank of the riv er)

equals x , and a v essel arriv es with y mem b ers of the group ab oard, the n um b er

will b ecome x + y . But this ma y b e incorrect when sev eral actions are executed

concurren tly . If, for instance, a b oat is taking y missionaries to the left bank while
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another b oat is taking z missionaries to the righ t bank then the n um b er will b ecome

x + y � z . T o treat suc h examples correctly , w e need to view the n um b er of mem b ers

of a group in a lo cation as an additiv e 
uen t.

In Chapter 8 w e sho w ho w the new language can b e used for represen ting

additiv e 
uen ts; in Chapter 9 w e apply the new v ersion of CCalc , whic h can rep-

resen t additiv e 
uen ts and defeasible causal la ws, to formalizing a few elab orations

of MCP .

5.7 Nonde�nite Causal Theories

As discussed in Section 3.4, it is straigh tforw ard to em b ed prop ositional logic in to

causal logic. The other direction, em b edding causal logic in to prop ositional logic, is

more di�cult. Completion giv es us a partial answ er: if a theory is de�nite, it can

b e turned in to a prop ositional theory .

In Chapter 10 w e sho w ho w to turn arbitrary causal theories in to prop osi-

tional form ulas. This pro cess includes completion as a sp ecial case. It also allo ws us

to turn an y nonde�nite theory in to an equiv alen t de�nite theory . Some of the the-

orems ab out causal logic can b e pro v ed more easily b y turning a causal theory in to

an equiv alen t prop ositional theory , rather than b y applying the �xp oin t de�nition

directly . In Chapter 11 w e sho w, for instance, ho w the idea can b e used to pro v e

the theorem on \splitting" causal theories.

Nonde�nite theories can b e useful also in applications to represen ting com-

monsense kno wledge. Although de�nite theories are widely applicable, there are

cases where nonde�nite theories yield more natural formalizations. An action do-

main of this kind, due to Marc Denec k er, is discussed in

[

McCain, 1997, Section
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7.5

]

:

Imagine that there are t w o gears, eac h p o w ered b y a separate motor.

There are switc hes that toggle the motors on and o�, and there is a

button that mo v es the gears so as to connect or disconnect them from

one another. The motors turn the gears in opp osite (i.e., compatible)

directions. A gear is caused to turn if either its motor is on or it is

connected to a gear that is turning.

A nonde�nite action description represen ting this example in C is sho wn in

Figure 5.1. The expression

default F

stands for

caused F if F

(\There is a cause for F if F holds").

5.8 Extending CCalc

McCain's CCalc accepts C as an input language, but it do es not handle the ex-

tended C presen ted in the next c hapter whic h o v ercomes the limitations discussed

here. In Section 6.5 w e presen t the new v ersion of CCalc that implemen ts the

extended language.

Besides the implemen tation of the theoretical extensions, the new CCalc

pro vides more con v enien t features for compact represen tation. F or instance, Mc-

Cain's CCalc could not automatically ev aluate arithmetical expressions in rules,
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Notation: x ranges o v er 1 ; 2.

Simple 
uen t constan ts: Domains:

MotorOn ( x ), T urning ( x ), Conne cte d Bo olean

Action constan ts: Domains:

T o ggle ( x ) ; Push Bo olean

Causal La ws:

inertial MotorOn ( x )

inertial Conne cte d

T o ggle ( x ) causes MotorOn ( x ) if : MotorOn ( x )

T o ggle ( x ) causes : MotorOn ( x ) if MotorOn ( x )

Push ( x ) causes Conne cte d if : Conne cte d

Push ( x ) causes : Conne cte d if Conne cte d

caused T urning ( x ) if MotorOn ( x )

default : T urning ( x )

caused T urning (1) � T urning (2) if Conne cte d

Figure 5.1: F ormalization of Tw o Gears in C
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and relied on the \ is " predicate in underlying Prolog, so that to write a causal la w

suc h as (5.6) one had to write something lik e

buy(X,N) causes available(K1) if available(K) & K1 is K-N.

Another impro v emen t is related to grounding. Rather than blindly replacing

eac h sc hematic v ariable in causal la ws with ev ery ob ject in the range of the corre-

sp onding sort, the new v ersion of CCalc allo ws us to limit grounding to instances

of the v ariables that satisfy a giv en test. W e will see an example in Section 6.5.

Other new features of CCalc will b e discussed in Section 6.5 also.

59



Chapter 6

Multi-v alued Causal Logic,

Action Language C + and

CCalc 2.0

T o o v ercome the di�culties discussed in the previous c hapter, w e ha v e extended

the McCain{T urner causal logic, prop osed a new action language C + based on this

extension, and redesigned and reimplemen ted CCalc accordingly .

6.1 Multi-v alued Causal Logic

6.1.1 Multi-v alued F orm ulas

W e sligh tly extend form ulas of the usual prop ositional logic to b e able to represen t

m ulti-v alued 
uen ts. Di�eren tly from prop ositional logic, where eac h sym b ol is

mapp ed to either f or t , in \m ulti-v alued" prop ositional logic de�ned in this section,
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a sym b ol can b e mapp ed to an elemen t of a certain �nite set of v alues.

A (m ulti-v alued prop ositional) signature is a set � of sym b ols called con-

stan ts , along with a nonempt y �nite set Dom ( c ) of sym b ols, disjoin t from � , assigned

to eac h constan t c . W e call Dom ( c ) the domain of c . An atom of a signature � is

an expression of the form c = v (\the v alue of c is v ") where c 2 � and v 2 Dom ( c ).

A form ula of � is a prop ositional com bination of atoms.

F or instance, the follo wing atoms ma y b e used to describ e the lo cation of an

agen t in an apartmen t:

L o c = Kitchen ; L o c = LivingR o om ; L o c = Bathr o om ; L o c = Be dr o om (6.1)

where L o c is a constan t with the domain

f Kitchen ; LivingR o om ; Bathr o om ; Be dr o om g :

An in terpretation of � is a function that maps ev ery elemen t of � to an

elemen t of its domain. An in terpretation I satis�es an atom c = v (sym b olically ,

I j = c = v ) if I ( c ) = v . F or instance, the fact that the agen t is in the kitc hen can b e

describ ed b y an in terpretation satisfying the �rst of the atoms in (6.1), so that the

others are not satis�ed.

The satisfaction relation is extended from atoms to arbitrary form ulas ac-

cording to the usual truth tables for the prop ositional connectiv es.

The follo wing de�nitions are standard in logic. Tw o form ulas or sets of

form ulas are equiv alen t to eac h other if they are satis�ed b y the same in terpretations.

A mo del of a set � of form ulas is an in terpretation that satis�es all form ulas in �.

If � has a mo del, it is said to b e consisten t , or satis�able . If ev ery mo del of �

satis�es a form ula F then w e sa y that � en tails F and write � j = F .
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A Bo olean constan t is one whose domain is the set of truth v alues f f ; t g . A

Bo olean signature is one whose constan ts are Bo olean. If c is a Bo olean constan t,

w e will sometimes use c as shorthand for the atom c = t . When the syn tax and

the seman tics de�ned ab o v e are restricted to Bo olean signatures and to form ulas

that do not con tain f , they turn in to the usual syn tax and seman tics of classical

prop ositional form ulas. In principle, the domain of a constan t can b e a singleton.

Recall that, according to the de�nition, an atom is an equalit y whose left-

hand side is a constan t c , and whose righ t-hand side is an elemen t of the domain

of c . An expression of the form c = d , where b oth c and d are constan ts, will b e

understo o d as an abbreviation for the disjunction

_

v 2 Dom ( c ) \ Dom ( d )

( c = v ^ d = v ) :

The sym b ol 6= will b e used to abbreviate the negation of an equalit y of either kind.

6.1.2 Multi-v alued Causal Logic

By a (m ulti-v alued) causal rule w e mean an expression of the form F ( G (\ F is

caused if G is true"), where F and G are m ulti-v alued form ulas of a giv en signature � .

A (m ulti-v alued) causal theory is a �nite set of causal rules. F rom no w on, w e will

often drop the w ord \m ulti-v alued."

As in the Bo olean case, the reduct T

I

of T relativ e to I is the set of the

heads of all rules in T whose b o dies are satis�ed b y I ; w e sa y that I is a mo del of T

if I is the unique mo del of T

I

.

F or example, tak e

� = f c g ; Dom ( c ) = f 1 ; : : : ; n g
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for some p ositiv e in teger n , and let the only rule of T b e

c = 1 ( c = 1 : (6.2)

The in terpretation I de�ned b y I ( c ) = 1 is a mo del of T . Indeed,

T

I

= f c = 1 g ;

so that I is the only mo del of T

I

. F urthermore, T has no other mo dels. Indeed,

for an y in terpretation J suc h that J ( c ) 6= 1, T

J

is empt y , and I is a mo del of T

J

di�eren t from J .

It follo ws that causal theory (6.2) en tails c = 1.

Consider no w what happ ens if w e add the rule

c = 2 ( > (6.3)

to this theory . The reduct of the extended theory relativ e to an y in terpretation

includes the atom c = 2. Consequen tly , the in terpretation assigning 2 to c is the only

p ossible mo del of the extended theory . It is easy to see that this is indeed a mo del.

The extended theory do es not en tail c = 1; it en tails c = 2. This example

illustrates the nonmonotonicit y of the logic. In tuitiv ely , rule (6.2) expresses that 1

is \the default v alue" of c , and rule (6.3) o v errides this default.

If the rule

c = 2 ( c = 2 (6.4)

is added to (6.2) instead of (6.3), w e will get a causal theory with t w o mo dels. This

theory en tails c = 1 _ c = 2.
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6.1.3 Multi-v alued Completion

As in the McCain{T urner causal logic, a causal theory is de�nite if the head of

ev ery rule of it is an atom or ? . F or instance, causal theory (6.2) is de�nite. Causal

theory (3.4) from Section 3.3 is, strictly sp eaking, not de�nite, but it can b e turned

in to a de�nite theory b y replacing : q in the head of the last rule with the equiv alen t

atom:

p ( q ;

q ( q ;

q = f ( : q :

(6.5)

The \m ulti-v alued completion" pro cess describ ed b elo w extends the literal

completion for the McCain{T urner causal theories. It reduces the problem of �nding

a mo del of a de�nite causal theory to the problem of �nding a mo del of a set of

form ulas.

T ak e a de�nite causal theory T of a signature � . W e sa y that an atom c = v

of � is trivial if the domain of c is a singleton. F or eac h non trivial atom A , the

completion form ula for A is the form ula

A � G

1

_ � � � _ G

n

where G

1

; : : : ; G

n

( n � 0) are the b o dies of the rules of T with head A . The

(m ulti-v alued) completion of T is obtained b y taking the completion form ulas for all

non trivial atoms of � , along with the form ula : F for eac h constrain t ? ( F in T .

As in the McCain{T urner causal logic, the follo wing prop osition holds.

Prop osition 1 The mo dels of a de�nite c ausal the ory ar e pr e cisely the mo dels of

its c ompletion.
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F or instance, the completion of (6.2) is

c = 1 � c = 1 ;

c = v � ? ( v 2 Dom ( c ) n f 1 g )

(6.6)

if j Dom ( c ) j > 1. Otherwise the atom c = 1 is trivial, and the completion is empt y .

In b oth cases, the only mo del of the completion is de�ned b y I ( c ) = 1. As discussed

in Section 6.1.2, this is the only mo del of (6.2).

After adding rule (6.3), the completion turns in to

c = 1 � c = 1 ;

c = 2 � > ;

c = v � ? ( v 2 Dom ( c ) n f 1 ; 2 g ) :

The only mo del of these form ulas is de�ned b y I ( c ) = 2.

The completion of (6.5) is

p � q ;

p = f � ? ;

q � q ;

q = f � : q ;

(6.7)

whic h corresp onds to (3.5).

The assertion of Prop osition 1 w ould b e incorrect if w e did not restrict the

completion pro cess to non trivial atoms. Consider, for instance, the causal theory

whose signature consists of one constan t c with the domain f 0 g , and whose set of

rules is empt y . If the pro cess of completion w ere extended to trivial atoms then the

completion of this theory w ould b e c = 0 � ? , whic h is inconsisten t.
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6.2 Action Language C +

6.2.1 Syn tax of C +

Constan ts in C + are divided in to t w o groups: 
uen t constan ts and action constan ts .

F urthermore, the 
uen t constan ts are assumed to b e partitioned in to simple and

statically determined . By a 
uen t form ula w e mean a form ula suc h that all constan ts

o ccurring in it are 
uen t constan ts. An action form ula is a form ula that con tains at

least one action constan t and no 
uen t constan ts.

A static la w is an expression of the form

caused F if G (6.8)

where F and G are 
uen t form ulas. An action dynamic la w is an expression of the

form (6.8) in whic h F is an action form ula and G is a form ula. A 
uen t dynamic

la w is an expression of the form

caused F if G after H (6.9)

where F and G are 
uen t form ulas and H is a form ula, pro vided that F do es not

con tain statically determined constan ts. A causal la w is a static la w, an action

dynamic la w, or a 
uen t dynamic la w. An action description is a �nite set of causal

la ws.

An action description D is de�nite if the head of ev ery causal la w of D is an

atom or ? .

6.2.2 Seman tics of C +

Just as the seman tics of C is de�ned in terms of the McCain{T urner causal logic,

the seman tics of C + can b e de�ned in terms of m ulti-v alued causal logic.
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F or an y action description D and an y nonnegativ e in teger m , the causal

theory D

m

is de�ned as follo ws. As in C , the signature of D

m

consists of the

pairs i : c suc h that

� i 2 f 0 ; : : : ; m g and c is a 
uen t constan t of D , or

� i 2 f 0 ; : : : ; m � 1 g and c is an action constan t of D .

The domain of i : c is the same as the domain of c .

The rules of D

m

are

i : F ( i : G (6.10)

for ev ery static la w (6.8) in D and ev ery i 2 f 0 ; : : : ; m g , and for ev ery action dynamic

la w (6.8) in D and ev ery i 2 f 0 ; : : : ; m � 1 g ;

i + 1 : F ( ( i + 1 : G ) ^ ( i : H ) (6.11)

for ev ery 
uen t dynamic la w (6.9) in D and ev ery i 2 f 0 ; : : : ; m � 1 g ;

0 : c = v ( 0 : c = v (6.12)

for ev ery simple 
uen t constan t c and ev ery v 2 Dom ( c ).

Note that the de�nition of D

m

treats simple 
uen t constan ts and statically

determined 
uen t constan ts in di�eren t w a ys: rules (6.12) are included only when c

is simple, so that the initial v alues of statically determined 
uen ts are not assumed

to b e exogenous (see Section 4.1.2). W e will see in the next section wh y this is

useful.

Similarly , the assumption (4.9) that the execution of an action is exogenous

is not built in to the seman tics of C +, so that w e need to write it explicitly if an
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action is exogenous. W e will see later in Section 6.2.4 and Section 8.3 when it is

necessary to lift the exogeneit y assumption for actions.

The de�nitions of states, transitions, histories are the same as in C (Sec-

tion 4.1.3).

Prop osition 2 F or any tr ansition h s; e; s

0

i , s and s

0

ar e states.

W e iden tify an in terpretation I in the sense of Section 6.1.1 with the set of

atoms that are satis�ed b y this in terpretation, that is to sa y , with the set of atoms

of the form c = I ( c ). This con v en tion allo ws us to represen t an y in terpretation of

the signature of D

m

in the form

(0 : s

0

) [ (0 : e

0

) [ (1 : s

1

) [ (1 : e

1

) [ � � � [ ( m : s

m

) (6.13)

where s

0

; : : : ; s

m

are in terpretations of �

f l

, and e

1

; : : : ; e

m � 1

are in terpretations

of �

act

.

Prop osition 3 F or any m > 0 , an interpr etation (6.13) of the signatur e of D

m

is

a mo del of D

m

i�

h s

0

; e

0

; s

1

; e

1

; : : : ; s

m � 1

; e

m � 1

; s

m

i

is a history of D .

6.2.3 Statically Determined Fluen ts

The problem with de�ned 
uen ts discussed in Section 5.3 can b e corrected b y clas-

sifying these 
uen ts as statically determined. F or instance, in the extended Blo c ks

W orld domain BW

N

in Section 5.3, if 
uen ts Neighb or ( b; b

1

) are declared stati-

cally determined, then the exten t of the Neighb or relation is de�ned b y the equa-

tion (5.2), as desired. T o see this, note that the completion form ulas of BW

N

0

for
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0 : Neighb or ( b; b

1

) and its negation are no w

0 : Neighb or ( b; b

1

) � 0 : On ( b; b

1

) _ On ( b

1

; b )

0 : : Neighb or ( b; b

1

) � 0 : : Neighb or ( b; b

1

) :

(6.14)

The second equiv alence is a tautology , and the �rst equiv alence is exactly (5.3).

The transition system describ ed b y BW

N

is isomorphic to the one describ ed

b y BW : ev ery state of the latter can b e turned in to the corresp onding state of the

former b y assigning to Neighb or ( b; b

1

) the truth v alues de�ned b y (5.2).

The follo wing theorem describ es a general metho d of de�ning 
uen ts in C +.

Prop osition 4 L et D b e an action description whose signatur e is � , Q a set of stat-

ic al ly determine d 
uent c onstants such that � \ Q = ; , and D

Q

an action description

which c onsists of c ausal laws of the form

caused q if F

wher e q 2 Q and F is a formula of � , and the c ausal laws

caused : q if : q :

for al l q 2 Q . Then the tr ansition system of D [ D

Q

is isomorphic to the tr ansition

system of D .

6.2.4 Defeasible Causal La ws

Using statically determined 
uen ts, an y static la w can b e made defeasible. A defea-

sible static la w has the form

caused F if G unless ab

(6.15)
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where ab is a statically determined 
uen t constan t. It stands for the pair of causal

la ws

caused F if G ^ : ab

default : ab

(6.16)

(Recall that the second la w stands for caused : ab if : ab ). Under exceptional

circumstances where ab is true, causal la w (6.15) b ecomes ine�ectiv e.

F or instance, a defeasible form of prop osition (5.5) can b e represen ted in the

new language b y

constrain t Cap acity ( Bo at ) = 2 unless A bBo at :

Similarly , an y action dynamic la w can b e made defeasible: an action dy-

namic la w (6.15) where ab is a Bo olean action constan t stands for the pair of causal

la ws (6.16).

A defeasible 
uen t dynamic la w has the form

caused F if G after H unless ab

(6.17)

where ab is a Bo olean action constan t. It stands for the pair of causal la ws

caused F if G after H ^ : ab

default : ab :

(6.18)

Under exceptional circumstances where ab is true, causal la w (6.17) b ecomes inef-

fectiv e.

F or instance, in the Monk ey and Bananas domain,

PushBox ( l ) causes A t ( Box ; l ) unless A bBox (6.19)
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expresses that pushing the b o x normally in v olv es c hanging the lo cation of the b o x.

Supp ose w e w an t to enhance the description b y p ostulating that the b o x is not

mo v able if it is to o big. This can b e done b y adding

caused A bBox if BigBox : (6.20)

If the b o x is to o big, then A bBox is caused and this mak es (6.19) ine�ectiv e. On the

other hand, in tuitiv ely , when there are no exceptions, the unless clause in (6.19)

can b e disregarded. The follo wing prop osition mak es the claim precise:

Prop osition 5 ( a ) L et D b e an action description, L a static c ausal law, and ab

a Bo ole an static al ly determine d 
uent. If ab do es not o c cur in the he ads of any

c ausal laws of D , then the tr ansition system describ e d by D [ f L unless ab g

is exactly the tr ansition system describ e d by D [ f L g [ f caused : ab g .

( b ) L et D b e an action description, L a dynamic c ausal law, and ab a Bo ole an

action c onstant. If ab do es not o c cur in the he ads of any c ausal laws of D , then

the tr ansition system describ e d by D [ f L unless ab g is exactly the tr ansition

system describ e d by D [ f L g [ f caused : ab after >g .

Notice that this metho d of making causal la ws defeasible w as not p ossible

in C : statically determined 
uen ts w ere not a v ailable and action constan t ab could

not b e made non-exogenous due to the built-in exogeneit y assumption (4.9) for all

actions.

6.2.5 Solving the Quali�cation Problem in C +

The quali�cation problem is the problem of represen ting prop erties of actions in a

w a y that mak es new conditions for the successful p erformance of an action express-
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ible b y adding new prop ositions. This is a sp ecial case of the problem of elab oration

tolerance.

W e can distinguish b et w een t w o kinds of conditions for the successful p er-

formance of an action

[

Reiter, 1991

]

. It ma y happ en that the action is simply not

executable when the condition is violated. Or it ma y happ en that some of the usual

e�ects of the action do not hold in the resulting state ev en if the action w as executed.

Accordingly , w e can distinguish b et w een t w o parts of the quali�cation problem|one

deals with executabilit y quali�cations, and the other with e�ect quali�cations.

W e can further distinguish b et w een t w o kinds of executabilit y quali�cations|

those stated explicitly , in terms of preconditions, and those expressed implicitly b y

constrain ts on the states. F or instance, the fact that the monk ey cannot w alk if it

is on the b o x can b e expressed explicitly b y adding nonexecutable prop osition as

in (4.16) (Section 4.2.1); the fact that one cannot buy more b o oks than those a v ail-

able in the b o okstore (Section 5.6) is expressed implicitly b y the assumption that

A vailable has nonnegativ e v alues. Executabilit y quali�cations can b e represen ted in

b oth C and C +.

On the other hand, e�ect quali�cations can b e expressed in C +, but not in C ;

the C + solution in v olv es the use of defeasible causal la ws whic h C cannot represen t.

As in the previous section, the fact that a v ery big b o x accoun ts for an exception to

the usual e�ect of pushing action can b e represen ted b y the com bination of causal

la w (6.19) that allo ws exceptions and causal la w (6.20) that sp eci�es an exception.
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6.2.6 Rigid Constan ts

A 
uen t constan t c in the signature of an action description D is rigid (relativ e

to D ) if, for ev ery transition h s; e; s

0

i in the transition system represen ted b y D ,

s

0

( c ) = s ( c ). In tuitiv ely , rigid constan ts represen t the 
uen ts whose v alues are not

a�ected b y an y ev en ts.

The expression

rigid c

stands for the set of causal la ws

caused ? if : ( c = v ) after c = v

for all v 2 Dom ( c ). It is clear that c is rigid relativ e to an y action description

con taining these la ws.

As noted in Section 5.4, one of the reasons wh y rigid constan ts are in teresting

is that, under some conditions, their presence allo ws us to mak e the causal theories

D

m

more compact, whic h can b e computationally adv an tageous. Let R b e a set of


uen t constan ts that are rigid relativ e to D . Denote b y D

R

m

the causal theory whose

constan ts and causal rules are obtained from the constan ts and causal rules of D

m

b y dropping the time stamps b efore eac h constan t from R . F or an y in terpretation I

of the signature of D

m

, b y I

R

w e denote the in terpretation of the signature of D

R

m

de�ned b y the form ulas

I

R

( c ) = I (0 : c ) if c 2 R ;

I

R

( i : c ) = I ( i : c ) if c =2 R :

Prop osition 6 If

(i) every c onstant in R is static al ly determine d, and
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(ii) for every c ausal law in D that c ontains a c onstant fr om R in the he ad, al l

c onstants o c curring in this law b elong to R ,

then the mapping I 7! I

R

is a 1{1 c orr esp ondenc e b etwe en the mo dels of D

m

and

the mo dels of D

R

m

.

Th us dropping the time stamps in fron t of the rigid constan ts from R do es

not a�ect the meaning of D

m

if, �rst, R con tains no simple constan ts, and second,

no constan t from R \causally dep ends" on a constan t that do es not b elong to R .

The follo wing example sho ws that the assertion of Prop osition 6 w ould b e

incorrect without the �rst condition. T ak e D to b e

rigid p

default p

where p is a Bo olean simple 
uen t, and let R = f p g . Then D

1

is

? ( (1 : p ) ^ : (0 : p )

? ( : (1 : p ) ^ (0 : p )

0 : p ( 0 : p

1 : p ( 1 : p

0 : : p ( 0 : : p

and D

R

1

is

? ( p ^ : p

? ( : p ^ p

p ( p

: p ( : p:

The in terpretation f p = f g is a mo del of D

R

1

, but it do es not ha v e the form I

R

for

an y mo del I of D

1

.
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The follo wing example sho ws that the assertion of Prop osition 6 w ould b e

incorrect without the second condition. T ak e D to b e

caused p if q

exogenous q ;

where p and q are statically determined 
uen t constan ts, and let R = f p g . Then D

1

is

0 : p ( 0 : q

1 : p ( 1 : q

0 : q ( 0 : q

1 : q ( 1 : q

: 0 : q ( : 0 : q

: 1 : q ( : 1 : q

and D

R

1

is

p ( 0 : q

p ( 1 : q

0 : q ( 0 : q

1 : q ( 1 : q

: 0 : q ( : 0 : q

: 1 : q ( : 1 : q :

The in terpretation f p = t ; 0 : q = f ; 1 : q = t g is a mo del of D

R

1

, but it do es not ha v e

the form I

R

for an y mo del I of D

1

.

6.2.7 Action A ttributes

Syn tactically an attribute is a non-Bo olean exogenous action constan t. The domain

of ev ery attribute of an action includes the sp ecial v alue None , whic h the attribute
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is required to tak e if and only if the action is not executed. F or this purp ose w e

p ostulate

caused ? if > after ( attr = None ) � a (6.21)

for ev ery attribute attr of action a .

An expression of the form

alw a ys F

in C + stands for

caused ? if > after F :

Th us (6.21) can b e abbreviated as

alw a ys ( attr = None ) � a:

Note that this treatmen t of attributes w as not p ossible in C , since ev ery

action constan t in C w as Bo olean.

6.3 Comparison with ADL

T o clarify the relation of C + to the language ADL men tioned in Section 2.4, w e sho w

ho w P ednault's idea of \up date conditions" can b e incorp orated in to the syn tactic

framew ork of Section 6.2.1.

As a preliminary step, consider a m ulti-v alued prop ositional signature �

whose constan ts ha v e the same domain Dom . The elemen ts of Dom will b e called

v alues . The concept of a form ula of a signature � can b e extended as follo ws. A

term is a constan t of � , a v alue, or a v ariable (from a �xed in�nitely coun table

set). An extended atom is an expression of the form t = v where t is a term and
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v is a v alue. Extended form ulas are formed from atoms using prop ositional con-

nectiv es and quan ti�ers, as in �rst-order logic. W e will sometimes iden tify a closed

extended form ula F with the form ula in the sense of Section 6.1.1 that is obtained

from F as follo ws: �rst, eliminate from F all quan ti�ers b y replacing eac h subfor-

m ula of the form 8 xG ( x ) with

V

v

G ( v ), where v ranges o v er Dom , and eac h 9 xG ( x )

with

W

v

G ( v ); second, replace all o ccurrences of atoms of the form v = v with > ,

and all o ccurrences of atoms of the form v = w , where v is a v alue di�eren t from

w , with ? . This con v en tion allo ws us, for instance, to talk ab out the satisfaction

relation b et w een in terpretations of � and closed extended form ulas.

Consider a m ulti-v alued signature � partitioned in to 
uen t constan ts �

f l

and

action constan ts �

act

, suc h that all 
uen t constan ts ha v e the same domain, and all

action constan ts are Bo olean. An ADL action description consists of

� a closed extended form ula Pr e c ond

a

of signature �

f l

for ev ery action con-

stan t a , and

� an extended form ula Up date

a

c

( x ) of signature �

f l

, with no free v ariables other

than x , for ev ery action constan t a and ev ery 
uen t constan t c .

An ADL action description is consisten t if, for ev ery action constan t a , ev ery 
uen t

constan t c , and ev ery pair of distinct v alues v and w , form ula Pr e c ond

a

en tails

: ( Up date

a

c

( v ) ^ Up date

a

c

( w )) :

Let D b e a consisten t ADL action description, s and s

0

in terpretations of �




,

and a an action constan t. W e sa y that s

0

is the result of executing a in s according

to D if

s j = Pr e c ond

a
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and, for ev ery 
uen t constan t c ,

s

0

( c ) =

8

>

>

<

>

>

:

v if s j = Up date

a

c

( v ) ;

s ( c ) if s j = :9 x Up date

a

c

( x ) :

No w w e will de�ne a translation from this v ersion of ADL in to C +. In the C +

coun terpart of an ADL action description D , all 
uen t constan ts of D are treated

as simple. The prop ositions of this C + action description are

inertial c

exogenous a

nonexecutable a if : Pr e c ond

a

a causes c = v if Up date

a

c

( v )

(6.22)

for ev ery 
uen t constan t c , action constan t a , and v alue v .

In the follo wing theorem, w e iden tify a Bo olean action constan t e with the

ev en t that maps e to t and maps ev ery other action constan t to f .

Theorem 1 F or any c onsistent ADL action description D , any interpr etations s; s

0

of �

f l

, and any e 2 �

act

, s

0

is the r esult of exe cuting e in s ac c or ding to D i�

tr ansition h s; e; s

0

i is a tr ansition of the c ounterp art of D in language C + .

The v ersion of ADL describ ed ab o v e is signi�can tly less expressiv e than C +.

ADL is mapp ed here in to the subset of C + that includes no statically determined


uen t constan ts; it has neither concurren t actions nor non-inertial 
uen ts; there are

no static la ws or action dynamic la ws in it, and consequen tly it do es not solv e the

rami�cation problem.
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6.4 Eliminating Multi-v alued Constan ts

In fact, the extension of causal logic b y m ulti-v alued constan ts describ ed in this

c hapter is not essen tial in the sense that m ulti-v alued constan ts can b e eliminated

in fa v or of Bo olean constan ts: w e can replace a m ulti-v alued constan t c with a family

of Bo olean constan ts, one for eac h elemen t of Dom ( c ). In this section w e sho w ho w

this idea applies to m ulti-v alued form ulas and then extend it to m ulti-v alued causal

theories and to C +.

6.4.1 Eliminating Multi-v alued Constan ts from F orm ulas

Begin with a m ulti-v alued prop ositional signature � , and a constan t c 2 � . By �

c

w e denote the signature obtained from � b y replacing constan t c with Bo olean

constan ts c ( v ) for all v 2 Dom ( c ).

Let � b e a set of form ulas of signature � , and �

0

a set of form ulas of sig-

nature �

c

. W e will sa y that �

0

correctly reduces c in � (to a family of Bo olean

constan ts) if the follo wing holds: an in terpretation of �

c

is a mo del of �

0

i� it

corresp onds to a mo del of �.

Let elim

c

b e the form ula

_

v

c ( v ) = t ^

^

v 6= v

0

( c ( v ) = f _ c ( v

0

) = f ) : (6.23)

Notice that the mo dels of elim

c

are precisely the in terpretations of �

c

that corre-

sp ond to an in terpretation of � .

F or an y form ula F of � , b y F

c

w e denote the form ula obtained from F b y

replacing eac h o ccurrence of an atom c = v with c ( v ) = t . The elimination of c from �

is the set of form ulas f F

c

: F 2 � g [ f elim

c

g .
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Prop osition 7 F or any set � of formulas and any c onstant c , the elimination of c

fr om � c orr e ctly r e duc es c in � .

6.4.2 Eliminating Multi-v alued Constan ts from Causal Theories

Begin with a causal theory T whose signature is � , and a constan t c 2 � . W e under-

stand the notation �

c

as in the previous section. W e will sa y that a causal theory T

0

with signature �

c

correctly reduces c in T (to a family of Bo olean constan ts) if the

follo wing holds: an in terpretation of �

c

is a mo del of T

0

i� it corresp onds to a mo del

of T .

General Elimination Metho d for Causal Theories

The general elimination of c from T is the causal theory with signature �

c

obtained

b y replacing eac h o ccurrence of an atom c = v in T with c ( v ) = t , and adding the

causal rule

elim

c

( > : (6.24)

Prop osition 8 F or any c ausal the ory T and any c onstant c , the gener al elimination

of c fr om T c orr e ctly r e duc es c in T .

A dra wbac k of this simple elimination metho d is that rule (6.24) is not de�-

nite. F or this reason, ev en in application to a de�nite theory , this pro cess leads to

a theory that is not de�nite. Since de�niteness is useful, w e next in tro duce another

elimination metho d that preserv es it.
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De�nite Elimination Metho d for Causal Theories

The de�nite elimination of c from T is the causal theory with signature �

c

obtained

b y replacing eac h o ccurrence of an atom c = v in T with c ( v ) = t , and adding the

causal rules

c ( v

0

) = f ( c ( v ) = t (6.25)

for all v ; v

0

2 Dom ( c ) suc h that v 6= v

0

, and also adding

? (

^

v

c ( v ) = f : (6.26)

Prop osition 9 F or any c ausal the ory T and any c onstant c such that (i) Dom (c)

has at le ast two elements, and (ii) every he ad in which c o c curs is an atom, the

de�nite elimination of c fr om T c orr e ctly r e duc es c in T .

6.4.3 Eliminating Multi-v alued Constan ts from C +

A m ulti-v alued constan t in an action description can b e replaced b y a family of

Bo olean constan ts using metho ds similar to those in tro duced for causal theories.

W e will sa y that an action description D

0

with signature �

c

correctly reduces

c in D (to a family of Bo olean 
uen t constan ts) if the follo wing holds.

� s is a state of D i� s

0

is a state of D

0

.

� h s; e; s

1

i is a transition of D i� h s

0

; e

0

; s

0

1

i is a transition of D

0

.

General Elimination Metho d for Action Descriptions

The general elimination of a 
uen t or action constan t c from D is the action descrip-

tion with the signature �

c

obtained b y replacing eac h o ccurrence of an atom c = v
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in D with c ( v ) = t , and adding the static la w

caused elim

c

if > : (6.27)

Prop osition 10 F or any action description D and any c onstant c , the gener al

elimination of c fr om D c orr e ctly r e duc es c in D .

De�nite Elimination Metho d for Action Descriptions

The de�nite elimination of a constan t c from D is the action description with action

sym b ols �

act

c

and 
uen t sym b ols �




c

obtained b y replacing eac h o ccurrence of an

atom c = v in D with c ( v ) = t , and adding the causal la ws

caused c ( v

0

) = f if c ( v ) = t (6.28)

for all v ; v

0

2 Dom ( c ) suc h that v 6= v

0

, and also adding the causal la w

caused ? if

^

v

c ( v ) = f : (6.29)

Prop osition 11 F or any action description D and any c onstant c such that (i)

Dom (c) has at le ast two elements, and (ii) any he ad in which c o c curs is an atom,

the de�nite elimination of c fr om D c orr e ctly r e duc es c in D .

6.5 CCalc 2.0

W e ha v e redesigned and reimplemen ted CCalc according to the extensions of the

causal logic and C + describ ed ab o v e. The new CCalc is a v ailable at

http : == www : cs : utexas : edu = users = tag = ccalc = :
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The input language of the new CCalc pro vides a con v enien t and concise syn tax

for describing action descriptions in C +. The new v ersion of CCalc has b een

successfully applied to c hallenging problems in the theory of commonsense kno wl-

edge

[

Campb ell and Lifsc hitz, 2003

]

,

[

Akman et al. , 2004

]

and to the formalization

of m ulti-agen t computational systems

[

Artikis et al. , 2003a; Artikis et al. , 2003b;

Chopra and Singh, 2003

]

.

Compare Figures 4.3|4.5 with Figures 6.1|6.3, a description of the monk ey

and bananas domain in the language of the new CCalc .

Constan t declarations are no w divided in to t w o parts: ob ject declarations

and constan t declarations. Ob ject declarations de�ne the exten ts of sorts; constan t

declarations de�ne 
uen t and action sym b ols, along with the v alues to whic h the

sym b ols can b e mapp ed. The set of v alues is sp eci�ed in paren theses, as in the

expression

inertialFluent ( location ) :

The declaration

onBox,hasBananas :: inertialFluent

is understo o d as shorthand for

onBox,hasBananas :: inertialFluent(Boolean)

Notice that w e declare the actions exogenousAction to distinguish them

from non-exogenous actions. Up on reading the declaration

c :: exogenousAction ;

CCalc adds

exogenous c
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% File: 'monkey'

:- sorts

thing;

location.

:- objects

monkey,bananas,box :: thing;

l1,l2,l3 :: location.

:- variables

L :: location.

:- constants

loc(thing) :: inertialFluent(location);

onBox,hasBananas :: inertialFluent;

walk(location),

pushBox(location),

climbOn,

climbOff,

graspBananas :: exogenousAction.

Figure 6.1: Monk ey and Bananas in the language of the new CCalc |Declarations

to the action description automatically .

Since w e can represen t the lo cation of an ob ject using lo cation-v alued 
uen t

sym b ols, w e do not need to write rules suc h as (4.14) and (4.15).

The line

pushBox(L) causes walk(L)

is the action dynamic la w that stands for

caused walk(L) if pushBox(L).
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walk(L) causes loc(monkey)=L.

nonexecutable walk(L) if loc(monkey)=L.

nonexecutable walk(L) if onBox.

pushBox(L) causes loc(box)=L.

pushBox(L) causes walk(L).

nonexecutable pushBox(L) if loc(monkey)\=loc(box).

climbOn causes onBox.

nonexecutable climbOn if loc(M)\=loc(box).

nonexecutable climbOn if onBox.

climbOff causes -onBox.

nonexecutable climbOff if -onBox.

graspBananas causes hasBananas.

nonexecutable graspBananas if hasBananas.

nonexecutable graspBananas if loc(monkey)\=loc(bananas ).

nonexecutable graspBananas if -onBox.

noconcurrency.

Figure 6.2: Monk ey and Bananas in the language of the new CCalc |Causal la ws
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:- query

maxstep :: 2..4;

0: loc(alice)=l1,

loc(bananas)=l2,

loc(box)=l3;

maxstep: hasBananas(alice).

Figure 6.3: Monk ey and Bananas in the language of the new CCalc |Planning

problem

Due to this la w sa ying that pushing the b o x in v olv es w alking, w e do not need to

rep eat the description of the e�ects and preconditions of pushing whic h are also the

e�ects and preconditions of w alking.

The expression

loc(monkey)\=loc(box)

(Recall that \= is the ASCI I represen tation of 6=) is shorthand for

-[\/L | loc(monkey)=L & loc(box)=L].

Figure 6.3 is a coun terpart of Figure 4.5 in the language of the new CCalc . A

query consists of t w o comp onen ts. One is an in teger, called maxstep , that sp eci�es

the length of the paths the query is ab out. It is similar to the maxim um time

implicitly sp eci�ed in the goal condition of Figure 4.5; its v alue determines ho w to

turn the giv en action description in to a sequence of causal theories. The second

comp onen t is a set of form ulas constraining the paths of in terest.

Figure 6.4 is a description of the blo c ks w orld in the language of the new

CCalc . F unction constan t loc represen ts an op eration that turns a blo c k in to a


uen t. This 
uen t is inertial, and its v alue is a lo cation. The op eration denoted
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b y move turns a blo c k in to an action|mo ving that blo c k. Op eration destination

giv es an attribute of that action|the destination of the mo v e. Up on pro cessing the

declaration of an attribute attr , CCalc automatically includes (6.21).

In the last causal la w of Figure 6.4, a \where" clause, con taining a test,

is app ended. The clause instructs CCalc to limit grounding to instances of the

sc hematic v ariables that satisfy the giv en test, whic h pro duces less n um b er of

grounded instances: in all instances of the last causal la w that CCalc generates, B

and B1 are di�eren t from eac h other.

Figure 6.5 sho ws a query on the domain description in Figure 6.4, a coun-

terpart for the query from Figure 4.7.

Figure 6.6 is an extension of Figure 6.4. The w ord sdFluent in the declara-

tion of

neighbor(block,block) stands for \statically determined 
uen t constan t." Recall

that ` ++ ' is the ASCI I represen tation of ` _ ' in the language of CCalc .

More features of the language of the new CCalc will b e presen ted in Sec-

tion 7.3.

6.6 Pro ving the Unsolv abilit y of Planning Problems in

CCalc

F or a planning problem describ ed b y a query with its maxim um n um b er of steps

sp eci�ed, CCalc can �nd, in principle, a plan of that length if suc h a plan exists; if

it determines that a plan of the giv en length do es not exist, it answ ers no. Ho w ev er,

suc h queries cannot help us establish that a problem cannot b e solv ed in an y n um b er
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% File: 'bw'

:- sorts

location >> block.

:- objects

table :: location.

:- constants

loc(block) :: inertialFluent(location );

move(block) :: action;

destination(block) :: attribute(location) of move(block).

:- variables

B,B1 :: block;

L :: location.

% effect of moving a block

move(B) causes loc(B)=L if destination(B)=L.

% a block can be moved only when it is clear

nonexecutable move(B) if loc(B1)=B.

% a block can be moved only to a position that is clear

nonexecutable move(B)

if destination(B)=loc(B1) & destination(B)\=table.

% a block can't be moved onto a block that is being moved also

nonexecutable move(B) & move(B1) if destination(B)=B1.

% two blocks can't be on the same block at the same time

constraint loc(B)=loc(B1) ->> loc(B)=table where B @< B1.

Figure 6.4: Blo c ks W orld in the language of the new CCalc
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% File: 'bw-test'

:- include 'bw'.

:- objects

a,b,c,d :: block.

:- query

% initial condition goal

%

% a c b d

% b d a c

% --------- ---------

maxstep :: 1..100;

0: loc(a)=b, loc(b)=table, loc(c)=d, loc(d)=table;

maxstep: loc(a)=table, loc(b)=a, loc(c)=table, loc(d)=c.

Figure 6.5: A query in the Blo c ks W orld with four blo c ks
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% File: 'bw-neighbor'

:- include 'bw'.

:- constants

neighbor(block,block) :: sdFluent.

:- variables

B, B1 :: block;

L :: location.

% definition of neighbor

caused neighbor(B,B1) if loc(B)=B1 ++ loc(B1)=B.

default -neighbor(B,B1).

Figure 6.6: De�nition of neigh b or

of steps. F or instance, ev ery elab oration of MCP formalized in

[

Lifsc hitz, 2000

]

has

a solution, so that b y sp ecifying the n um b er of steps to try , CCalc found one.

Ho w ev er, some other elab orations in the McCarth y's list are not solv able. F or

example, one elab oration asks whether it is p ossible to ha v e a solution if there are

four missionaries and four cannibals instead of three in eac h group.

A w ell-kno wn general metho d of using in v arian ts helps us pro v e the unsolv-

abilit y of planning problems. As discussed in

[

McCarth y , 1998

]

, w e need to c hec k

the follo wing three conditions giv en a prop ert y I of states:

� the initial state satis�es I ,

� ev ery state that satis�es I is not a goal state,

� in ev ery transition h s; e; s

0

i where s satis�es I , s

0

also satis�es I .

In terms of transition systems, the conditions ensure that ev ery state that is
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reac hable from the initial state satis�es the in v arian t but the goal state do es not,

so that it is not p ossible to reac h a goal state from the initial state. F or instance,

an in v arian t for the unsolv able problem men tioned ab o v e is that either the b oat is

on the �rst bank on whic h there are more than 2 missionaries, or the b oat is on

the second bank on whic h there are less than 3 missionaries. Once a prop ert y I

is selected, c hec king that it satis�es the three conditions ab o v e can b e reduced to

the satis�abilit y problem. CCalc pro vides a con v enien t syn tax for doing this as

sho wn in Figure 6.7. The line maxstep :: any instructs CCalc that this query

is ab out unsolv abilit y . The next t w o lines describ e the initial and the goal states.

An in v arian t is sp eci�ed with invariant: .

CCalc calls a SA T solv er three times to c hec k eac h of these conditions ( Init

is the form ula sp eci�ed with 0: in the query and Go al is the form ula sp eci�ed with

maxstep: ):

( i ) if Comp ( D

0

) [ 0 : Init [ 0 : I is satis�able;

( ii ) if Comp ( D

0

) [ 0 : I [ 0 : G is unsatis�able;

( iii ) if Comp ( D

1

) [ 0 : I [ : (1 : I ) is unsatis�able.

In c hec king eac h of conditions ( ii ) and ( iii ), if the theory is satis�able, then a SA T

solv er returns a mo del, whic h is a coun terexample to the claim.

6.7 Pro ofs

The pro of of Prop osition 4 is giv en in Section 11.2.

Prop osition 1 The mo dels of a de�nite c ausal the ory ar e pr e cisely the mo dels of
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% File: 'jmc3-test'

:- query

maxstep :: any;

0: num(mi,bank1)=4, num(ca,bank1)=4;

maxstep: num(mi,bank2)=4 & num(ca,bank2)=4;

invariant:

num(mi,bank1)+num(mi,ban k2)= 4 & num(ca,bank1)+num(ca,bank 2)=4

& (loc(boat)=bank1 & num(mi,bank1)>2 ++

loc(boat)=bank2 & num(mi,bank2)<3).

Figure 6.7: F our missionaries and four cannibals|Unsolv able problem

its c ompletion.

Pro of Let T b e a de�nite causal theory . Assume that I is a mo del of T . It follo ws

that, for ev ery rule of the form ? ( F in T , I do es not satisfy F , and th us satis�es

ev ery form ula in the completion of T that is obtained from a constrain t. It remains

to sho w that I satis�es the completion form ula for ev ery non trivial atom A . Consider

t w o cases.

Case 1: A 2 T

I

. Since T is de�nite and I j = T

I

, T

I

is a set of atoms true

in I . So I satis�es A , whic h is the left-hand side of the completion form ula for A .

Since A 2 T

I

, there is a rule with head A whose b o dy is true in I . Hence I also

satis�es the righ t-hand side of the completion form ula for A .

Case 2: A =2 T

I

. So there is no rule in T with head A whose b o dy is true in I ,

whic h sho ws that I do es not satisfy the righ t-hand side of the completion form ula

for A . It remains to sho w that I 6j = A . Since T

I

is a set of atoms whose unique

mo del is I , ev ery non trivial atom true in I b elongs to T

I

. Since A is a non trivial

atom that do es not b elong to T

I

, w e can conclude that A is false in I .
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Pro of in the other direction is similar.

Prop osition 2 F or any tr ansition h s; e; s

0

i , s and s

0

ar e states.

Pro of Let X = 0 : s [ 0 : e [ 1 : s

0

b e a mo del of D

1

. W e need to sho w that 0 : s and

0 : s

0

are mo dels of D

0

. By i : �

f l

w e denote the set of all constan ts of the form i : c

where c 2 �

f l

.

T o sho w that 0 : s is a mo del of D

0

, observ e that D

0

is the part of D

1

consisting of rules (6.10) for static la ws with i = 0 and rules (6.12). The reduct

D

X

0

is a set of form ulas o v er 0 : �

f l

and ev ery form ula from D

X

1

with a constan t

from 0 : �

f l

b elongs to D

X

0

. Since X is the unique mo del of D

X

1

, w e can conclude

that 0 : s is the unique mo del of D

X

0

. But D

X

0

= D

0: s

0

, so that 0 : s is a mo del of D

0

.

Next w e sho w that 0 : s

0

is a mo del of D

0

. Let T b e the part of D

1

consisting

of rules (6.10) for static la ws with i = 1, rules (6.10) for action dynamic la ws with

i = 0, and rules (6.11) with i = 0. Let � = T

X

. It is straigh tforw ard to v erify that �

is a set of form ulas o v er 1 : �

f l

and that ev ery form ula from D

X

1

with a constan t from

1 : �

f l

b elongs to �. Since X is the unique mo del of D

X

1

, w e can conclude that 1 : s

0

is

the unique mo del of �. Let �

0

b e the set of form ulas o v er 0 : �

f l

obtained from � b y

replacing eac h time stamp 1 : with 0 :. Then 0 : s

0

is the unique mo del of �

0

. W e need

to sho w that 0 : s

0

is also the unique mo del of D

0: s

0

0

. Observ e �rst that ev ery form ula

in D

0: s

0

0

that do es not b elong to �

0

is an atom from 0 : s

0

that came to the reduct

from one of the rules (6.12) of D

0

. Hence 0 : s

0

satis�es D

0: s

0

0

. Due to the presence

of rules (6.12) in D

0

, an y in terpretation that satis�es D

0: s

0

0

m ust agree with 0 : s

0

on

simple 
uen t constan ts. On the other hand, the form ulas in �

0

that do not b elong

to D

0: s

0

0

do not con tain statically determined constan ts, b ecause their coun terparts
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in � came from the heads of dynamic la ws. Consequen tly an y in terpretation that

satis�es D

0: s

0

0

m ust agree with 0 : s

0

on statically determined 
uen t constan ts. It

follo ws that 0 : s

0

is the unique mo del of D

0: s

0

0

, so that 0 : s

0

is a mo del of D

0

.

Prop osition 3 F or any m > 0 , an interpr etation (6.13) of the signatur e of D

m

is

a mo del of D

m

i�

h s

0

; e

0

; s

1

; e

1

; : : : ; s

m � 1

; e

m � 1

; s

m

i

is a history of D .

Pro of W e understand the notation i : �

f l

as in the previous pro of, and the meaning

of i : �

act

is similar.

T ak e a mo del X of D

m

, represen t it in the form (6.13), and tak e an y

j 2 f 0 ; : : : ; m � 1 g . W e need to sho w that 0 : s

j

[ 0 : e

j

[ 1 : s

j +1

is a mo del of

D

1

.

Let T b e the subset of D

m

consisting of rules (6.10) for static la ws with

i = j + 1, rules (6.10) for action dynamic la ws with i = j , and rules (6.11) with

i = j . Let � = T

X

. It is straigh tforw ard to v erify that � is a set of form ulas

o v er j : �

act

[ j + 1 : �

f l

, and that ev ery form ula from D

X

m

with a constan t from

j : �

act

[ j + 1 : �

f l

b elongs to �. Since X is the unique mo del of D

X

m

, it follo ws

that j : e

j

[ j + 1 : s

j +1

is the unique mo del of �. Let �

0

b e the set of form ulas o v er

0 : �

act

[ 1 : �

f l

obtained from � b y replacing j : with 0 : and j + 1 : with 1 :. Then

0 : e

j

[ 1 : s

j +1

is the only in terpretation of 0 : �

act

[ 1 : �

f l

that satis�es �

0

.

The pro of of the previous prop osition is easily adapted to sho w that s

j

is a

state, whic h is to sa y that 0 : s

j

is a mo del of D

0

. That is, 0 : s

j

is the unique mo del

of D

0: s

j

0

= D

0: s

j

[ 0: e

j

[ 1: s

j +1

0

.
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It remains to observ e that D

0: s

j

[ 0: e

j

[ 1: s

j +1

0

[ �

0

= D

0: s

j

[ 0: e

j

[ 1: s

j +1

1

, so that

0 : s

j

[ 0 : e

j

[ 1 : s

j +1

is the unique mo del of this set of form ulas, and, consequen tly ,

a mo del of D

1

.

F or the other direction, assume that, for eac h j 2 f 0 ; : : : ; m � 1 g , the triple

h s

j

; e

j

; s

j +1

i is a transition. W e need to sho w that the corresp onding in terpreta-

tion X of form (4.13) is a mo del of D

m

.

F or eac h j , let T

j

b e the subset of D

m

consisting of rules (6.10) for static

la ws with i = j + 1, rules (6.10) for action dynamic la ws with i = j , and rules

(6.11) with i = j . Notice that D

m

= D

0

[ T

0

[ � � � [ T

m � 1

. Let �

j

= T

X

j

. Of course

D

X

m

= D

X

0

[ �

0

[ � � � [ �

m � 1

.

F or an y suc h j , since h s

j

; e

j

; s

j +1

i is a transition, 0 : s

j

[ 0 : e

j

[ 1 : s

j +1

is the

unique mo del of of

D

0: s

j

[ 0: e

j

[ 1: s

j +1

1

= D

0: s

j

0

[ T

0: s

j

[ 0: e

j

[ 1: s

j +1

0

:

Reasoning m uc h as b efore, it follo ws that 0 : e

j

[ 1 : s

j +1

is the unique mo del of

T

0: s

j

[ 0: e

j

[ 1: s

j +1

0

: This is equiv alen t to sa ying that j : e

j

[ j + 1 : s

j +1

is the unique

mo del of

T

j : s

j

[ j : e

j

[ j +1: s

j +1

j

= �

j

:

F rom the previous prop osition, w e can conclude also that 0 : s

0

is the unique

mo del of D

X

0

.

Finally , since D

X

m

= D

X

0

[ �

0

[ � � � [ �

m � 1

, w e can conclude that X is the

unique mo del of D

X

m

, and th us a mo del of D

m

.

Prop osition 5
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( a ) L et D b e an action description, L a static c ausal law, and ab a Bo ole an stati-

c al ly determine d 
uent. If ab do es not o c cur in the he ads of any c ausal laws of

D , then the tr ansition system describ e d by D [ f L unless ab g is exactly the

tr ansition system describ e d by D [ f L g [ f caused : ab g .

( b ) L et D b e an action description, L a dynamic c ausal law, and ab a Bo ole an

action c onstant. If ab do es not o c cur in the he ads of any c ausal laws of D , then

the tr ansition system describ e d by D [ f L unless ab g is exactly the tr ansition

system describ e d by D [ f L g [ f caused : ab after >g .

Pro of

( a ) First w e will c hec k that the t w o transition systems ha v e the same set of states,

that is, ( D [ f L unless ab g )

0

and ( D [ f L g [ f caused : ab g )

0

ha v e the same

mo dels. Let X b e a mo del of ( D [ f L unless ab g )

0

. i.e.,

D

0

[ ( caused F if G ^ : ab )

0

[ ( caused : ab if : ab )

0

where L is caused F if G .

It holds that X (0 : ab ) = f . Otherwise ( D [ f L unless ab g )

X

0

do es not

con tain 0 : ab and consequen tly it con tradicts that X is the unique mo del of

( D [ f L unless ab g )

X

0

.

It is easy to see that

( D [ f L unless ab g )

X

0

= D

X

0

[ f L g

X

0

[ f: 0 : ab g

= D

X

0

[ f L g

X

0

[ f caused : ab g

X

0

= ( D [ f L g [ f caused : ab g )

X

0

:
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Pro of in the other direction is similar.

The same reasoning applies to sho w that the transition systems ha v e the same

edges, i.e., ( D [ f L unless ab g )

1

and ( D [ f L g [ f caused : ab g )

1

ha v e the

same mo dels.

( b ) The pro of is similar to the pro of of ( a ).

Prop osition 6 If

(i) every c onstant in R is static al ly determine d, and

(ii) for every c ausal law in D that c ontains a c onstant fr om R in the he ad, al l

c onstants o c curring in this law b elong to R ,

then the mapping I 7! I

R

is a 1{1 c orr esp ondenc e b etwe en the mo dels of D

m

and

the mo dels of D

R

m

.

Pro of Using the fact that s

0

( c ) = s ( c ) for ev ery c 2 R and for ev ery transition

h s; e; s

0

i , it is easy to v erify that if I is a mo del of D

m

, then I

R

is a mo del of D

R

m

. In

other w ords, the mapping I 7! I

R

is a function from the set of mo dels of D

m

in to

the set of mo dels of D

R

m

. It is also easy to see that the function is 1{1. It remains

to sho w that the function is on to.

T ak e an y mo del J of D

R

m

. De�ne the in terpretation I of the signature of D

m

as follo ws:

I ( i : c ) =

8

>

>

<

>

>

:

J ( c ) if c 2 R ;

J ( i : c ) otherwise :
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Then

I (0 : c ) = � � � = I ( m : c ) (6.30)

for all c 2 R , and I

R

= J . W e will c hec k that I is a mo del of D

m

, that is to sa y ,

the only mo del of D

I

m

.

F or an y form ula F of the signature of D

m

, let F

R

b e the result of dropping

the time stamps in fron t of all constan ts from R in F . It is easy to see that I satis�es

a form ula F i� J satis�es F

R

. It follo ws that

( D

R

m

)

J

= f F

R

: F 2 D

I

m

g : (6.31)

Since J is a mo del of ( D

R

m

)

J

, it follo ws that I is a mo del of D

I

m

. It remains to sho w

that D

I

m

has no other mo dels.

T ak e an y mo del I

1

of D

I

m

. By (6.31), I

R

1

is a mo del of ( D

R

m

)

J

. Since J is

the only mo del of ( D

R

m

)

J

, I

R

1

= J . Let i

0

b e a n um b er from f 0 ; : : : ; m g . De�ne the

in terpretation I

2

of the signature of D

m

as follo ws:

I

2

( i : c ) =

8

>

>

<

>

>

:

I

1

( i

0

: c ) if c 2 R ;

I

1

( i : c ) otherwise :

W e w an t to sho w that I

2

is a mo del of D

I

m

as w ell. Since I

1

is a mo del of D

I

m

,

I

2

satis�es all form ulas from D

I

m

that do not con tain constan ts from R . Consider

a form ula from D

I

m

that con tains at least one constan t from R . Since all constan ts

in R are statically determined, this form ula has the form i : F for some static causal

la w (6.8) in D and some time stamp i suc h that I satis�es i : G . By condition

(ii), all constan ts o ccurring in F , G b elong to R . F or ev ery constan t c from R , I

assigns to i : c and i

0

: c the same v alue; consequen tly , I satis�es i

0

: G , so that i

0

: F

b elongs to D

I

m

. It follo ws that I

1

satis�es i

0

: F . Since I

2

do es not di�er from I

1
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on the constan ts o ccurring in this form ula, it follo ws that I

2

satis�es i

0

: F . F or

ev ery constan t c from R , I

2

assigns to i : c and i

0

: c the same v alue; consequen tly , I

2

satis�es i : F . W e ha v e established that I

2

indeed satis�es D

I

m

.

In view of this fact, it follo ws from (6.31) that I

R

2

satis�es ( D

R

m

)

J

. W e can

conclude that I

R

2

= J . So, for ev ery c 2 R , I

2

(0 : c ) = J ( c ), and consequen tly

I

1

( i

0

: c ) = J ( c ). Since i

0

w as arbitrary , w e ha v e pro v ed that

I

1

(0 : c ) = � � � = I

1

( m : c ) (6.32)

for ev ery c 2 R . And since I

R

= J = I

R

1

, it follo ws from (6.30) and (6.32) that

I

1

= I . This sho ws that D

I

m

has no mo dels other than I .

Theorem 1 F or any c onsistent ADL action description D , any interpr etations s; s

0

of �

f l

, and any e 2 �

act

, s

0

is the r esult of exe cuting e in s ac c or ding to D i�

tr ansition h s; e; s

0

i is a tr ansition of the c ounterp art of D in language C + .

Pro of Recall that (6.22) stands for

caused c = v if c = v after c = v

caused a = t if a = t

caused a = f if a = f

caused ? if > after a = t ^ : Pr e c ond

a

caused c = v if > after a = t ^ Up date

a

c

( v ) :

( Left-to-righ t ) Assume that s

0

is the result of executing e in s according

to D . F or eac h 
uen t constan t c , the form ula 0 : c = s ( c ) is in D

0: s [ 0: e [ 1: s

0

1

, and the

form ula 1 : c = s

0

( c ) is in D

0: s [ 0: e [ 1: s

0

1

(consider t w o cases, dep ending on whether

s j = Up date

e

c

( v ) for some v ); for eac h action constan t a , the form ula 0 : a = e ( a ) is in
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D

0: s [ 0: e [ 1: s

0

1

; no other form ulas are in the reduct. Consequen tly , 0 : s [ 0 : e [ 1 : s

0

is the only in terpretation satisfying the reduct, i.e., h s; e; s

0

i is a transition of D .

( Righ t-to-left ) Assume that h s; e; s

0

i is a transition of D . Then s j = Pr e c ond

e

,

b ecause otherwise ? w ould b e in D

0: s [ 0: e [ 1: s

0

1

. T ak e a 
uen t constan t c . If, for

some v , s j = Up date

e

c

( v ) , then 1 : c = v is in D

0: s [ 0: e [ 1: s

0

1

, so that s

0

( c ) = v . If, on the

other hand, s j = :9 x Up date

e

c

( x ) then s

0

( c ) = s ( c ). Indeed, supp ose that s

0

( c ) 6= s ( c ).

Then no form ula of the form 1 : c = v is in D

0: s [ 0: e [ 1: s

0

1

. But j Dom j � 2, b ecause

s ( c ) ; s

0

( c ) 2 Dom . Consequen tly , 1 : s

0

cannot b e the only in terpretation satisfying

all form ulas of the form 1 : c = v in D

0: s [ 0: e [ 1: s

0

1

.

F or eac h in terpretation I of � there is a corresp onding in terpretation I

c

of �

c

suc h that f or all atoms A common to b oth signatures

I j = A i� I

c

j = A ;

and for all v 2 Dom ( c )

I j = c = v i� I

c

j = c ( v ) = t :

The follo wing lemma is easily pro v ed b y structural induction.

Lemma 1 F or any formula F and any interpr etation I , I j = F i� I

c

j = F

c

.

Prop osition 7 F or any set � of formulas and any c onstant c , the elimination of c

fr om � c orr e ctly r e duc es c in � .

Pro of F ollo ws from Lemma 1 and the fact that the mo dels of elim

c

are precisely

the in terpretations of �

c

that corresp ond to an in terpretation of � .
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Prop osition 8 F or any c ausal the ory T and any c onstant c , the gener al elimination

of c fr om T c orr e ctly r e duc es c in T .

Pro of Let T

c

b e the general elimination of c from T . Because of (6.24), an y mo del

of T

I

c

, for an y in terpretation I of �

c

, corresp onds to an in terpretation of � . Consider

an y in terpretations I ; J of � , and the corresp onding in terpretations I

c

; J

c

of �

c

. It

is easy to v erify (using Lemma 1) that

J j = T

I

i� J

c

j = T

I

c

c

:

The result follo ws easily from these observ ations.

Prop osition 9 F or any c ausal the ory T and any c onstant c such that (i) Dom (c)

has at le ast two elements, and (ii) every he ad in which c o c curs is an atom, the

de�nite elimination of c fr om T c orr e ctly r e duc es c in T .

W e b egin the pro of of Prop osition 9 with a lemma.

Lemma 2 L et T

c

b e the de�nite elimination of a c onstant c fr om a c ausal the ory T .

F or any interpr etations I ; J of � , and the c orr esp onding interpr etations I

c

; J

c

of �

c

,

if I ( c ) = J ( c ) , then J j = T

I

i� J

c

j = T

I

c

c

.

Pro of F rom Lemma 1, T

I

c

c

= f F

c

: F 2 T

I

g [ f c ( v ) = f : v 6= I ( c ) g .

( Left-to-righ t ) Assume that J j = T

I

. By Lemma 1, J

c

j = f F

c

: F 2 T

I

g .

Since I ( c ) = J ( c ) , J

c

j = c ( v ) = f for ev ery v di�eren t from I ( c ). Therefore J

c

j = T

I

c

c

.

( Righ t-to-left ) Assume that J

c

j = T

I

c

c

. Then J

c

j = f F

c

: F 2 T

I

g , and b y

Lemma 1, J j = T

I

.
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Pr o of of Pr op osition 9 Let T

c

b e the de�nite elimination of c from T . W e m ust

sho w that an in terpretation is a mo del of T

c

i� it corresp onds to a mo del of T .

( Left-to-righ t ) F or an y in terpretation I of �

c

, if T

I

c

is satis�able, then

b y (6.26) at least one atom c ( v ) = t b elongs to I , and b y (6.25) at most one suc h

atom b elongs to I . It follo ws that an y mo del of T

c

corresp onds to an in terpretation

of � . Assume that I

c

is a mo del of T

c

. By Lemma 2, I j = T

I

. It remains to sho w

that it is the only one. Since I

c

is the unique mo del of T

I

c

c

, it follo ws that T

I

c

c

en tails

c ( v ) = t for v 2 Dom ( c ) suc h that I ( c ) = v . Since an y consequen t of T in whic h c

o ccurs is an atom, so is an y consequen t of T

c

in whic h c ( v ) o ccurs. W e can conclude

that c ( v ) = t b elongs to T

I

c

c

. By Lemma 1, it follo ws that c = v is in T

I

. Let J b e

an y mo del of T

I

. Then J j = c = v , and consequen tly I ( c ) = J ( c ) . By Lemma 2, it

follo ws that J

c

j = T

I

c

c

. Since I

c

is the unique mo del of T

I

c

c

, J

c

= I

c

. Consequen tly

I = J . W e pro v ed that I is the only mo del of T

I

.

( Righ t-to-left ) Assume that I is a mo del of T . By Lemma 2, I

c

j = T

I

c

c

. Since

an y form ula of T

I

in whic h c o ccurs m ust b e an atom, and Dom ( c ) has at least t w o

elemen ts, w e can conclude that c = v is in T

I

, where v is the elemen t of Dom ( c )

suc h that I j = c = v . It follo ws b y Lemma 1 that c ( v ) = t is in T

I

c

c

. Moreo v er,

b y (6.25), c ( v

0

) = f is in T

I

c

c

for all v

0

2 Dom ( c ) suc h that v

0

6= v . So an y mo del

of T

I

c

c

corresp onds to an in terpretation of � . Let J b e an y in terpretation suc h that

J

c

j = T

I

c

c

. Since T

I

c

c

con tains exactly one form ula of the form c ( v ) = t and con tains

c ( v

0

) = f for all v

0

2 Dom ( c ) suc h that v

0

6= v , it follo ws that I

c

( c ( v )) = J

c

( c ( v )) for

all v 2 Dom ( c ) , or I ( c ) = J ( c ). By Lemma 2, it follo ws that J j = T

I

. Since I is a

mo del of T , it follo ws that I = J . Consequen tly I

c

= J

c

. W e pro v ed that I

c

is the

only mo del of T

I

c

c

.
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Prop ositions 10 and 11 follo w from Prop ositions 8 and 9 eac h.
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Chapter 7

Represen ting the Zo o W orld in

the Language of the Causal

Calculator

7.1 In tro duction

Researc h on formalizing commonsense kno wledge has b een mostly fo cused on \to y

problems," whic h can b e formalized b y , sa y , sev eral lines of axioms, as in the Monk ey

and Bananas problem. On the other hand, commonsense kno wledge that h umans

ha v e includes man y thousands or ma yb e millions of facts. In this sense w e are not

close to the goal y et.

The w ork describ ed in this c hapter is in termediate b et w een these t w o. W e

formalize a domain whic h requires sev eral pages of axioms to formalize. Th us testing

the the formalization b y hand is not feasible, so that an automated system suc h as

104



CCalc is essen tial to test the formalization.

The test domain discussed in this c hapter, the Zo o W orld, is the one of the

c hallenge problems prop osed b y Erik Sandew all in his Logic Mo delling W orkshop

(LMW)

1

|an en vironmen t for comm unicating axiomatizations of action domains of

non trivial size. The Zo o W orld consists of sev eral cages and the exterior, gates

b et w een them, and animals of sev eral sp ecies, including h umans. Actions in this

domain include mo ving within and b et w een cages, op ening and closing gates, and

moun ting and riding animals. More details can b e found in the next section, whic h

con tains extensiv e quotes from the LMW descriptions of the domain.

In accordance with our goal, w e ha v e attempted to translate these descrip-

tions in to the input language of CCalc as closely as w e could, including the elemen ts

that lo ok somewhat arbitrary . One suc h elemen t in the LMW description of the Zo o

W orld has to do with the \o ccupancy restriction"|there can b e at most one large

animal in eac h p osition. On the one hand, LMW sp eci�es that this restriction holds

ev en dynamically: a concurren t mo v e, where one animal mo v es in to a p osition at

the same time as another animal mo v es out of it, is only p ossible if at least one

of the animals is small. On the other hand, the sp eci�cation tells us that an at-

tempt to moun t an animal fails if the animal mo v es at the same time, in whic h case

\the result of the action is that the h uman mo v es to the p osition where the animal

w as." Th us a failed moun t is an exception to the o ccupancy restriction. In view

of this fact, the o ccupancy restriction has to b e formalized as a defeasible dynamic

la w. It is in teresting to note that expressing suc h la ws in C + calls for the use of

non-exogenous action constan ts|a new feature of this language, not a v ailable in its

1

http://www.ida.liu.se/ext/et ai/l mw/ .
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ancestor C .

W e presen t our formalization of the Zo o W orld along with detailed commen ts

in Section 7.4, and sho w ho w w e used CCalc to test it in Section 7.5.

7.2 The Description of the Zo o W orld

The follo wing is the exact LMW description of the Zo o W orld that w e w an t to

formalize:

The ZOO is a scenario w orld con taining the main ingredien ts of a clas-

sical zo o: cages, animals in the cages, gates b et w een t w o cages as w ell

as gates b et w een a cage and the exterior. In the ZOO w orld there are

animals of sev eral sp ecies, including h umans. Actions in the w orld ma y

include mo v emen t within and b et w een cages, op ening and closing gates,

feeding the animals, one animal killing and eating another, riding ani-

mals, etc.

: : : A �nite surface area consists of a large n um b er of p ositions . F or ex-

ample, one ma y let eac h p osition b e a square, so that the en tire area is

lik e a c hec k erb oard. Ho w ev er, the exact shap e of the p ositions is not sup-

p osed to b e c haracterized, and the n um b er of neigh b ors of eac h p osition

is left op en, except that eac h p osition m ust ha v e at least one neigh b or.

The neigh b or relation is symmetric, of course, and the transitiv e closure

of the neigh b or relation reac hes all p ositions.

One designated lo cation is called the outside ; all other lo cations are

called cages : : : The distinction b et w een a `large' n um b er of p ositions
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and a `small' n um b er of lo cations suggests in particular that lo cations

can b e individually named under a unique names assumption, that ev ery

lo cation is th us named, but on the other hand that at most a few of the

p ositions are named, and that the n um b er of p ositions is left unsp eci�ed

in ev ery scenario.

Eac h p osition is included in exactly one lo cation. Informally , eac h cage

as w ell as the outside consists of a set of p ositions, view ed for example

as tiles on the 
o or. Tw o lo cations are neigh b ors if there is one p osition

in eac h that are neigh b ors.

The scenario also con tains a small n um b er (in the same sense as ab o v e) of

gates. Informally , these are to b e though t of as gates that can b e op ened

and closed, and that allo w passage b et w een a cage and the outside, or

b et w een t w o cages. F ormally , eac h gate is asso ciated with exactly t w o

p ositions that are said to b e at its sides , and these p ositions m ust b elong

to di�eren t lo cations.

: : : Some designated animals will need to b e named, but the set of animals

in a scenario ma y b e large, and it ma y not b e p ossible to kno w them all

or to name them all. Animals ma y b e b orn and ma y die o� o v er time.

Eac h animal b elongs to exactly one of a n um b er of sp ecies. All the

sp ecies are named and explicitly kno wn. The mem b ership of an animal

in a sp ecies do es not c hange o v er time. The sp ecies h uman is alw a ys

de�ned, and there is at least one h uman-sp ecies animal in eac h scenario.

Eac h animal also has the b o olean prop erties large and adult . Some
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sp ecies are large, some are not. Adult mem b ers of large sp ecies are large

animals; all other animals are small (non-large).

Eac h animal has a p osition at eac h p oin t in time. Tw o large animals can

not o ccup y the same p osition, except if one of them rides on the other

(see b elo w).

: : : Animals can mo v e. In one unit of time, an animal can mo v e to one

of the p ositions adjacen t to its presen t one, or sta y in the p osition where

it is. Mo v es to non-adjacen t p ositions are nev er p ossible. Mo v emen t is

only p ossible to p ositions within the same lo cation (for example, within

the same cage), and b et w een those t w o p ositions that are to the side of

the same gate, but only pro vided the gate is op en. Sev eral animals can

mo v e at the same time.

Mo v emen t actions m ust also not violate the o ccupancy restriction: at

most one large animal in eac h p osition. This restriction also holds within

the duration of mo v es, in the sense that a concurren t mo v e where animal

A mo v es in to a p osition at the same time as animal B mo v es out of it,

is only p ossible if at least one of A and B is a small animal.

This means in particular that t w o large animals can not pass through

a gate at the same time (neither in the same direction nor opp osite

directions).

: : : The follo wing actions can b e p erformed b y animals : : :

� Mo v e T o P osition. Can b e p erformed b y an y animal, under the re-

strictions describ ed ab o v e, plus the restriction that a h uman riding
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an animal can not p erform the Mo v e-T o-P osition action (compare

b elo w).

� Op en Gate. Can b e p erformed b y a h uman when it is lo cated in a

p osition to the side of the gate, and has the e�ect that the gate is

then op en un til the next time a Close Gate action is p erformed.

� Close Gate. Can b e p erformed b y a h uman when it is lo cated in a

p osition to the side of the gate, and has the e�ect that the gate is

closed un til the next time an Op en Gate action is p erformed.

� Moun t Animal. Can b e p erformed b y a h uman moun ting a large

animal, when the h uman is in a p osition adjacen t to the p osition of

the animal. The action fails if the animal mo v es at the same time,

and in this case the result of the action is that the h uman mo v es to

the p osition where the animal w as. If successful, the action results

in a state where the h uman rides the animal. This condition holds

un til the h uman p erforms a Geto� action or the animal p erforms a

Thro w o� action.

When a h uman rides an animal, the h uman can not p erform the

Mo v e action, and his p osition is the same as the animal's p osition

while the animal mo v es.

� Geto� Animal to P osition. Can b e p erformed b y a h uman riding

an animal, to a p osition adjacen t to the animal's presen t p osition

pro vided that the animal do es not mo v e at the same time. F ails if

the animal mo v es, and in this case the rider sta ys on the animal.

� Thro w o�. Can b e p erformed b y an animal ridden b y a h uman, and
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results in the h uman no longer riding the animal and ending in a

p osition adjacen t to the animal's presen t p osition. The action is

nondeterministic since the rider ma y end up in an y suc h p osition.

If the resultan t p osition is o ccupied b y another large animal then

the h uman will result in riding that animal instead.

7.3 More on the Language of the Causal Calculator

Belo w w e explain the features of the language of CCalc whic h ha v e not b een

explained in Section 6.5 but are used in the formalization of the Zo o W orld.

1. Rigid constan ts (Section 6.2.6) can b e declared as in the follo wing example.

:- constants

sp(animal) :: species.

F unction constan t sp represen ts an op eration that turns an animal in to its sp ecies.

2. The argumen ts of constan ts are supp osed to b e ob jects; when a constan t app ears

as an argumen t of another constan t, the former is understo o d as the v alue of the

constan t. F or instance, the sc hema

nonexecutable move(ANML,pos(ANML))

(\an animal cannot mo v e in to its curren t p osition") has the same meaning as

nonexecutable move(ANML,P) if pos(ANML)=P

where P is a position v ariable.

3. Macros can b e declared as in the follo wing example.
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% two locations are neighbors if there is one position in each

% that are neighbors

:- macros

neighbor1(#1,#2) ->

((#1)\=(#2) & [\/P \/P1 | loc(P)=(#1) & loc(P1)=(#2)

& neighbor(P,P1)]).

( #1 , #2 , : : : are parameters for macros.) Up on reading an input �le, CCalc replaces

ev ery o ccurrence of a pattern in the left-hand side of -> with the corresp onding

instance of the righ t-hand side.

7.4 F ormalization of the Zo o W orld

Our formalization of the Zo o W orld sho wn b elo w is also a v ailable online

2

.

W e distinguish b et w een the general assumptions ab out the Zo o W orld quoted

in Section 7.2 ab o v e, and sp eci�c details, suc h as the \top ograph y" of the zo o

(including the n um b er of cages and gates), names of sp ecies other than human , and

so forth. W e formalize here the general assumptions only , and lea v e these details

unsp eci�ed. A description of all the sp eci�cs has to b e added to our formalization

to get an input �le accepted b y CCalc . The sp eci�c top ograph y used in our

computational exp erimen ts is describ ed in Section 7.5.

The annotation (lmw) found in man y commen ts b elo w refers to the Logic

Mo delling W orkshop description of the Zo o W orld quoted in Section 7.2.

%%% ZOO LANDSCAPE %%%

2

http://www.cs.utexas.edu/use rs/t ag/cc alc/ zoo/ .
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:- sorts

position;

location >> cage;

gate.

:- variables

P,P1 :: position;

L :: location;

C :: cage;

G,G1 :: gate.

:- constants

% Each position is included in exactly one location (lmw)

loc(position) :: location;

neighbor(position,position ) :: boolean;

side1(gate) :: position;

side2(gate) :: position;

opened(gate) :: inertialFluent.

default -neighbor(P,P1).

% Each position must have at least one neighbor (lmw)
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constraint [\/P1 | neighbor(P,P1)].

% The neighbor relation is irreflexive

constraint -neighbor(P,P).

% The neighbor relation is symmetric (lmw)

constraint neighbor(P,P1) ->> neighbor(P1,P).

:- objects

% One designated location is called the outside (lmw)

outside :: location.

% All other locations are cages (lmw)

constraint [\/C | L=C] where L\=outside.

% Two positions are the sides of a gate

:- constants

sides(position,position,ga te) :: boolean.

caused sides(P,P1,G) if side1(G)=P & side2(G)=P1.

caused sides(P,P1,G) if side1(G)=P1 & side2(G)=P.

default -sides(P,P1,G).

% Each gate is associated with exactly two positions that are said to be

% at its sides, and these positions must belong to different locations

113



% (lmw)

constraint loc(side1(G))\=loc(side2 (G)) .

(As in 2 of Section 7.3, the argumen t of loc is supp osed to b e an ob ject,

not a constan t. Here side1(G) , side2(G) are understo o d to b e the v alue

of eac h constan t.)

% No two gates have the same two sides

constraint sides(P,P1,G) & sides(P,P1,G1) ->> G=G1.

% Two positions are neighbors if they are the sides of a gate

constraint sides(P,P1,G) ->> neighbor(P,P1).

% Two positions in different locations are neighbors only if they are the

% two sides of a gate

constraint loc(P)\=loc(P1) & neighbor(P,P1) ->> [\/G | sides(P,P1,G)].

%%% ANIMALS %%%

:- sorts

animal >> human;

species.

:- variables

ANML,ANML1 :: animal;
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H,H1 :: human;

SP :: species.

:- objects

% One of the species is human (lmw)

humanSpecies :: species.

:- constants

% Each animal belongs to exactly one of a number of species (lmw)

% Membership of an animal in a species does not change over time (lmw)

sp(animal) :: species;

% Some species are large, some are not (lmw)

largeSpecies(species) :: boolean;

% Each animal has a position at each point in time (lmw)

pos(animal) :: inertialFluent(position);

% Boolean property of animals (lmw)

adult(animal) :: boolean;

mounted(human,animal) :: inertialFluent.

default largeSpecies(SP).

default adult(ANML).

% Humans are a species called humanSpecies
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caused sp(H)=humanSpecies.

constraint sp(ANML)=humanSpecies ->> [\/H | ANML=H].

:- macros

% Adult members of large species are large animals (lmw)

large(#1) -> adult(#1) & largeSpecies(sp(#1)).

% There is at least one human-species animal in each scenario (lmw)

constraint [\/H | true].

% Two large animals can not occupy the same position, except if one of them

% rides on the other (lmw)

constraint pos(ANML)=pos(ANML1) & large(ANML) & large(ANML1)

->> [\/H | (H=ANML & mounted(H,ANML1)) ++

(H=ANML1 & mounted(H,ANML))] where ANML@<ANML1.

( @< is a �xed total order.)

%%% CHANGING POSITION %%%

:- constants

accessible(position,posi tion ) :: sdFluent.

caused accessible(P,P1)

if neighbor(P,P1) & -[\/G | sides(P,P1,G) & -opened(G)].

default -accessible(P,P1).
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% In one unit of time, an animal can move to one of the positions

% accessible from its present one, or stay in the position where it is.

% Moves to non-accessible positions are never possible (lmw)

constraint pos(ANML)\=P1 after pos(ANML)=P & -(P=P1 ++ accessible(P,P1)).

(The prop osition constrain t F after G is an abbreviation for caused ? if : F after G: )

% A concurrent move where animal A moves into a position at the same time

% as animal B moves out of it, is only possible if at least one of A and

% B is a small animal. (lmw)

% Exceptions for (failed) mount actions and certain occurrences of

% throwOff -- when thrown human ends up where another large animal was

% (see the first two propositions in '%%% ACTIONS %%%')

constraint -(pos(ANML)=P & pos(ANML1)\=P)

after pos(ANML)\=P & pos(ANML1)=P & large(ANML) & large(ANML1)

unless ab(ANML).

% Two large animals cannot pass through a gate at the same time

% (neither in the same direction nor opposite directions) (lmw)

constraint -(pos(ANML)=P1 & pos(ANML1)=P1)

after pos(ANML)=P & pos(ANML1)=P & sides(P,P1,G)

& large(ANML) & large(ANML1) where ANML@<ANML1.

constraint -(pos(ANML)=P & pos(ANML1)=P1)

after pos(ANML)=P1 & pos(ANML1)=P & sides(P,P1,G)

& large(ANML) & large(ANML1) where ANML@<ANML1.
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% While a gate is closing, an animal cannot pass through it

constraint -opened(G) ->> pos(ANML)\=P1

after pos(ANML)=P & sides(P,P1,G) & opened(G).

%%% ACTIONS %%%

:- variables

A,A1 :: exogenousAction.

:- constants

move(animal,position),

open(human,gate),

close(human,gate),

mount(human,animal),

getOff(human,animal,positi on),

throwOff(animal,human) :: exogenousAction.

:- macros

% Action #1 is executed by animal #2

doneBy(#1,#2) ->

([\/P | #1==move(#2,P)] ++

[\/G | #1==open(#2,G) ++ #1==close(#2,G)] ++

[\/ANML | #1==mount(#2,ANML)] ++
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[\/ANML \/P | #1==getOff(#2,ANML,P)] ++

[\/H | #1==throwOff(#2,H)]).

(Di�eren t from \=" used in an atom, \==" is a comparison op erator.)

% A failed mount is not subject to the usual, rather strict,

% movement restriction on large animals

mount(H,ANML) causes ab(H).

% If the position a large human is thrown into was previously occupied by

% another large animal, the usual movement restriction doesn't apply

throwOff(ANML,H) causes ab(H).

(The t w o prop ositions ab o v e describ e exceptional circumstances for the

mo v emen t restriction b et w een large animals. )

% Every animal can execute only one action at a time

nonexecutable A & A1 if doneBy(A,ANML1) & doneBy(A1,ANML1) where A@<A1.

% Direct effect of move action

move(ANML,P) causes pos(ANML)=P.

% An animal can't move to the position where it is now

nonexecutable move(ANML,pos(ANML)).

% A human riding an animal cannot perform the move action (lmw)

nonexecutable move(H,P) if mounted(H,ANML).
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% Effect of opening a gate

open(H,G) causes opened(G).

% A human cannot open a gate if he is not located at a position to the

% side of the gate (lmw)

nonexecutable open(H,G) if -(pos(H)=side1(G) ++ pos(H)=side2(G)).

% A human cannot open a gate if he is mounted on an animal

nonexecutable open(H,G) if mounted(H,ANML).

% A human cannot open a gate if it is already opened

nonexecutable open(H,G) if opened(G).

% Effect of closing a gate

close(H,G) causes -opened(G).

% A human cannot close a gate if he is not located at a position to the

% side of the gate (lmw)

nonexecutable close(H,G) if -(pos(H)=side1(G) ++ pos(H)=side2(G)).

% A human cannot close a gate if he is mounted on an animal

nonexecutable close(H,G) if mounted(H,ANML).
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% A human cannot close a gate if it is already closed

nonexecutable close(H,G) if -opened(G).

% When a human rides an animal, his position is the same as the animal's

% position while the animal moves (lmw)

caused pos(H)=P if mounted(H,ANML) & pos(ANML)=P.

% If a human tries to mount an animal that doesn't change position,

% mounting is successful

caused mounted(H,ANML) if pos(ANML)=P after pos(ANML)=P & mount(H,ANML).

% The action fails if the animal changes position, and in this case the

% result of the action is that the human ends up in the position where

% the animal was (lmw)

caused pos(H)=P if pos(ANML)\=P after pos(ANML)=P & mount(H,ANML).

% A human already mounted on some animal cannot attempt to mount

nonexecutable mount(H,ANML) if mounted(H,ANML1).

% A human can only be mounted on a large animal

constraint mounted(H,ANML) ->> large(ANML).

% A human cannot attempt to mount a small animal (lmw)

nonexecutable mount(H,ANML) if -large(ANML).
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% A large human cannot be mounted on a human

constraint mounted(H,H1) ->> -large(H).

% A large human cannot attempt to mount a human

nonexecutable mount(H,H1) if large(H).

% An animal can be mounted by at most one human at a time

constraint -(mounted(H,ANML) & mounted(H1,ANML)) where H@<H1.

% A human cannot attempt to mount an animal already mounted by a human

nonexecutable mount(H,ANML) if mounted(H1,ANML).

% A human cannot be mounted on a human who is mounted

constraint -(mounted(H,H1) & mounted(H1,ANML)).

% A human cannot attempt to mount an animal if the human is already

% mounted by a human

nonexecutable mount(H,ANML) if mounted(H1,H).

% A human cannot attempt to mount a human who is mounted

nonexecutable mount(H,H1) if mounted(H1,ANML).

% The getOff action is successful provided that the animal does not move
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% at the same time. It fails if the animal moves, and in this case the

% rider stays on the animal (lmw)

caused pos(H)=P if pos(ANML)=P1 after pos(ANML)=P1 & getOff(H,ANML,P).

caused -mounted(H,ANML) if pos(ANML)=P1

after pos(ANML)=P1 & getOff(H,ANML,P).

% The action cannot be performed by a human not riding an animal (lmw)

nonexecutable getOff(H,ANML,P) if -mounted(H,ANML).

% A human cannot attempt to getOff to a position that is not accessible

% from the current position

nonexecutable getOff(H,ANML,P) if -accessible(pos(ANML),P ).

% The throwOff action results in the human no longer riding the animal

% and ending in a position adjacent to the animal's present position.

% It is nondeterministic since the rider may end up in any position

% adjacent to the animal's present position (lmw)

throwOff(ANML,H) may cause pos(H)=P.

throwOff(ANML,H) causes -mounted(H,ANML).

% If the resultant position is occupied by another large animal then the

% human will result in riding that animal instead (lmw)

caused mounted(H,ANML1) if pos(H)=pos(ANML1) & large(ANML1)
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after throwOff(ANML,H) where H\=ANML1.

% The action cannot be performed by an animal not ridden by a human (lmw)

nonexecutable throwOff(ANML,H) if -mounted(H,ANML).

% The actions getOff and throwOff cannot be executed concurrently

nonexecutable getOff(H,ANML,P) & throwOff(ANML,H).

7.5 T esting

T o test our formalization, w e ga v e CCalc queries and c hec k ed that its answ ers

matc hed our exp ectations. Queries related to action domains and their CCalc

represen tations are discussed in

[

Giunc higlia et al. , 2004, Sections 3.3, 6

]

. Besides

the represen tation of the Zo o W orld sho wn ab o v e, the CCalc input included the

description of a sp eci�c landscap e. The zo o w e used for testing is small. It includes

2 lo cations|a cage and the outside|that are separated b y a gate and consist of 4

p ositions eac h (Figure 7.1). All p ositions within the cage are eac h other's neigh b ors,

as w ell as all outside p ositions. The input also included information ab out the

sp eci�c animals men tioned in eac h query .

1. The gate is closed, and Homer, an adult h uman, is in p osition 6 . His goal is to

moun t Jum b o, an adult elephan t, whic h is in p osition 3 and is not going to mo v e

around. Ho w man y steps are required to ac hiev e this goal?

This question can b e represen ted b y the follo wing CCalc query:

:- query
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Figure 7.1: A zo o landscap e

maxstep :: 3..4;

0: -opened(gateAO),

pos(homer)=6;

maxstep: mounted(homer,jumbo);

T=<maxstep ->> (T: pos(jumbo)=3).

(In the last line, T is a v ariable for the initial segmen t of in tegers|n um b ers from 0

to 10 .)

CCalc has determined that the length of the shortest solution is 4. It found

a solution in whic h Homer w alks to the gate, op ens it, w alks in to the cage, and then

moun ts Jum b o.

2. The gate w as closed, and Homer w as outside; after t w o steps, he w as inside.

What can w e sa y ab out his initial p osition?

T o answ er this question, w e ask ed CCalc to �nd all mo dels satisfying the conditions

0: -opened(gateAO),

loc(pos(homer))=outside ;

2: loc(pos(homer))=cageA.
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CCalc has determined that Homer's only p ossible initial p osition is 7. Homer

op ened the gate and mo v ed to p osition 4.

3. Initially Homer w as outside, and Sno op y , a dog, w as inside the cage, with the

gate closed. Is it p ossible that they switc hed their lo cations in one step? in t w o

steps? If the elephan t Jum b o is substituted for Sno op y , will the answ ers b e the

same?

What is essen tial here is that small animals, unlik e elephan ts, are not a�ected b y

the o ccupancy restriction (Section 7.2); Homer and Sno op y can pass through the

gate sim ultaneously . In resp onse to the query

:- query

maxstep :: 1..2;

0: -opened(gateAO),

loc(pos(homer))=outside ,

loc(pos(snoopy))=cageA;

maxstep:

loc(pos(homer))=cageA,

loc(pos(snoopy))=outsid e.

CCalc rep orted that the length of the shortest solution is 2. In case of Jum b o,

CCalc surprised us b y disco v ering that the length of the shortest solution is 4, and

not 5 as w e had though t. Homer op ens the gate, moun ts Jum b o (on the other side),

dismoun ts (b y either b eing thro wn o� or getting o� ), follo wing whic h Jum b o mo v es

out of the cage. When w e told CCalc that Homer nev er moun ts Jum b o, CCalc

agreed that the length of the shortest p ossible sequence of actions is 5.
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4. Can a large animal mo v e in to a p osition at the same time as another large animal

mo v es out of it?

The answ er is y es. Although the o ccupancy restriction applies within the duration

of mo v es (Section 7.2), this scenario is p ossible in the pro cess of a failed attempt

of the �rst animal to moun t the second. There is also the p ossibilit y that the �rst

animal is thro wn o� in to the p osition just v acated b y the second.

T o in v estigate this, w e ask ed CCalc whether the follo wing is p ossible:

[\/P | (0: -(pos(homer)=P)) &

(1: pos(homer)=P) &

(0: pos(jumbo)=P) &

(1: -(pos(jumbo)=P))];

0: mounted(homer,silver).

(Silv er is a horse.) CCalc found a solution in whic h Silv er thro ws o� Homer. Then

w e replaced the last line of the query with

0: [/\ANML| -throwOff(ANML,homer)].

CCalc found a solution in whic h Homer tried to moun t Jum b o. On the other hand,

a horse cannot p ossibly mo v e in to a p osition at the same time as an elephan t mo v es

out of it. Accordingly , CCalc determined that there is no mo del satisfying the

condition

[\/P | (0: -(pos(silver)=P)) &

(1: pos(silver)=P) &

(0: pos(jumbo)=P) &

(1: -(pos(jumbo)=P))].
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5. In p osition 1 , Jum b o thro ws o� Homer. What are the p ossible p ositions of Jum b o

and Homer after that?

This question illustrates the nondeterministic c haracter of the Thro w o� action (Sec-

tion 7.2). The giv en assumption can b e represen ted b y the condition

0: pos(jumbo)=1,

throwOff(jumbo,homer).

According to CCalc , in the mo dels satisfying this condition Homer is thro wn in to

p ositions 2, 3 and 4; Jum b o alw a ys sta ys in p osition 1.
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Chapter 8

Describing Additiv e Fluen ts and

Actions in C +

8.1 Concurren t Execution of Actions in C +

Consider a transition system represen ting the e�ect of buying a b o ok on the n um b er

of b o oks that the p erson o wns (Figure 8.1). It uses t w o 
uen t constan ts| Has ( A )

(the n um b er of b o oks that Alice has) and Has ( B ) (the n um b er of b o oks that Bob

has)|with the domain f 0 ; : : : ; N g , where N is a �xed nonnegativ e in teger, and

t w o Bo olean action constan ts| Buy ( A ) (Alice buys a b o ok) and Buy ( B ) (Bob buys

a b o ok). Ev ery state is represen ted b y t w o equations sho wing the v alues of the


uen t constan ts. Ev ery ev en t is represen ted b y the set of action constan ts that are

mapp ed to t . The lo ops are lab eled b y the trivial ev en t ; (no actions are executed).

The horizon tal edges are lab eled b y the ev en t in whic h Alice buys a b o ok and Bob

do esn't; along eac h of the v ertical edges, Bob buys a b o ok and Alice do esn't. The
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;

Figure 8.1: A transition system

diagonal edges corresp ond to Alice and Bob buying b o oks concurren tly .

The transition system can b e describ ed b y the follo wing action description:

inertial Has ( x )

exogenous Buy ( x )

Buy ( x ) causes Has ( x ) = k + 1 if Has ( x ) = k

nonexecutable Buy ( x ) if Has ( x ) = N

(8.1)

where x 2 f A; B g and k 2 f 0 ; :::; N � 1 g .

This action description do es not sa y explicitly that the trivial ev en t ; has no

e�ect on the v alues of Has ( A ) and Has ( B ), or that ev en t f Buy ( A ) g do es not a�ect

the v alue of Has ( B ). Nev ertheless, ev ery edge of the transition system lab eled ; is a
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lo op, and ev ery edge lab eled f Buy ( A ) g is horizon tal, b ecause of the �rst line of (8.1)

that expresses, under the seman tics of C +, the p ersistence prop ert y of Has ( x ).

Similarly , action description (8.1) do es not sa y an ything ab out the concurren t

execution of actions Buy ( A ) and Buy ( B ). But the edges lab eled f Buy ( A ) ; Buy ( B ) g

in Figure 8.1 are directed diagonally , in accordance with our commonsense exp ec-

tations. This fact illustrates the con v enience of the approac h to concurrency incor-

p orated in the seman tics of C +.

Ho w ev er, as discussed in Section 5.6, this built-in mec hanism is not directly

applicable to the e�ects of actions on additiv e 
uen ts, suc h as the n um b er of b o oks

a v ailable in the b o okstore in the presence of the concurren t execution of buying

actions. In this c hapter w e extend C + with the additional notation that resolv es

this di�cult y . W e in tro duce here a syn tactic construct, incremen ts , that allo ws us

to describ e the e�ects of actions on additiv e 
uen ts. Seman tically this construct is

treated as \syn tactic sugar" on top of C +: the prop ositions in v olving that construct

are view ed as abbreviations for causal la ws of C +. The in terpretation of incremen ts

describ ed b elo w has b een used to extend CCalc to co v er additiv e 
uen ts.

8.2 Incremen t La ws

In our prop osed extension of C +, some of the simple 
uen t constan ts can b e des-

ignated as additiv e . The domain of ev ery additiv e 
uen t constan t is assumed to

b e a �nite set of n um b ers. W e understand \n um b ers" as (sym b ols for) elemen ts of

an y set with an asso ciativ e and comm utativ e binary op eration + that has a neutral

elemen t 0.

1

E�ects of actions on additiv e 
uen ts are describ ed in an extended C + b y

1

The additiv e group of in tegers is the main example w e are in terested in, and this is the case

that has b een implemen ted. The max op eration on an ordered set with the smallest elemen t is
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causal la ws of a new kind|\incremen t la ws." Accordingly , w e mo dify the de�nition

of a causal la w sho wn in Section 6.2.1 in t w o w a ys. First, in causal la ws of the

forms (6.8) and (6.9) form ula F is not allo w ed to con tain additiv e 
uen t constan ts.

Second, w e extend the class of causal la ws b y including incremen t la ws |expressions

of the form

a incremen ts c b y n if G (8.2)

where

� a is a Bo olean action constan t,

� c is an additiv e 
uen t constan t,

� n is a n um b er, and

� G is a form ula that con tains no Bo olean action constan ts.

W e will drop ` if G ' in (8.2) if G is > .

In the next section w e de�ne the seman tics of the extended C + b y describing

a translation that eliminates incremen t la ws in fa v or of additional action constan ts.

As an example, consider the e�ects of actions Buy ( A ), Buy ( B ) on the n um-

b er of b o oks a v ailable in the b o okstore where Alice and Bob are buying b o oks. A

description of these e�ects in extended C + is sho wn in Figure 8.2 (as b efore, N is a

�xed nonnegativ e in teger). The transition system represen ted b y the translation of

Figure 8.2 in the non-extended language C + is depicted in Figure 8.3 (with the aux-

iliary action constan ts dropp ed from the edge lab els). The causal la ws in Figure 8.2

do not sa y explicitly that the trivial ev en t ; has no e�ect on the v alue of A vailable , or

that the concurren t execution of actions Buy ( A ) and Buy ( B ) decremen ts the v alue

another in teresting case.
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Notation: x ranges o v er f A; B g .

Action constan ts: Domains:

Buy ( x ) Bo olean

Additiv e 
uen t constan t: Domain:

A vailable f 0 ; : : : ; N g

Causal la ws:

Buy ( x ) incremen ts A vailable b y � 1

exogenous Buy ( x )

Figure 8.2: An action description in extended C +
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Available = 0

Available = 1

Available = 2

;

;

.

.

.

.

f Buy(A),

Buy(B) g

Available = N

f Buy(A),

Buy(B) g

;

f Buy(A),

Buy(B) g

. .

.

.

.

.

.

.

f Buy(A) g

f Buy(A) g

f Buy(B) g

f Buy(B) g

f Buy(B) gf Buy(A) g

f Buy(A) g f Buy(B) g

;

Figure 8.3: The transition system describ ed b y Figure 8.2
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of this 
uen t b y 2. Nev ertheless, ev ery edge of the corresp onding transition system

lab eled ; is a lo op, and ev ery edge lab eled f Buy ( A ) ; Buy ( B ) g go es up 2 lev els, in

accordance with our commonsense exp ectations. This happ ens b ecause Figure 8.2

classi�es A vailable as an additiv e 
uen t constan t.

The causal la ws in this action description do not sa y explicitly that actions

Buy ( x ) are not executable when A vailable = 0, and that actions Buy ( A ), Buy ( B )

cannot b e executed concurren tly when A vailable = 1. This is tak en care of b y our

seman tics of incremen t la ws, in view of the fact that the domain of A vailable do es

not con tain negativ e n um b ers.

8.3 T ranslating Incremen t La ws

Let D b e an action description in extended C +. In connection with the incremen t

la ws (8.2) in D , the follo wing terminology will b e used: ab out the Bo olean action

constan t a , the additiv e 
uen t constan t c and the n um b er n in (8.2) w e will sa y that

a is a c -con tributing constan t, and that n is a con tribution of a to c .

The auxiliary action constan ts in tro duced in the translation are expressions

of the form Contribution ( a; c ), where c is an additiv e 
uen t constan t, and a is a

c -con tributing action constan t. The domain of Contribution ( a; c ) consists of all

con tributions of a to c and n um b er 0.

T o translate the incremen t la ws from D , w e

(i) replace eac h incremen t la w (8.2) in D with the action dynamic la w

caused Contribution ( a; c ) = n if a = t ^ G;

(8.3)
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(ii) for ev ery auxiliary constan t Contribution ( a; c ), add the action dynamic la w

caused Contribution ( a; c ) = 0 if Contribution ( a; c ) = 0 ;

(8.4)

(iii) add the 
uen t dynamic la ws

caused c = v +

P

a

v

a

if > after c = v ^

V

a

Contribution ( a; c ) = v

a

(8.5)

for ev ery additiv e 
uen t constan t c , ev ery v 2 Dom ( c ), and ev ery function

a 7! v

a

that maps eac h c -con tributing constan t a to an elemen t of the domain

of Contribution ( a; c ) so that v +

P

a

v

a

is in the domain of c .

The sum and the m ultiple conjunction in (8.5) range o v er all c -con tributing con-

stan ts a .

Causal la w (8.3) in terprets incremen t la w (8.2) as the assertion that execut-

ing a (p ossibly along with other actions) causes constan t Contribution ( a; c ) to get

the v alue n , under some conditions c haracterized b y form ula G . Causal la ws (8.4)

sa y that the v alue of this constan t is 0 b y default, that is to sa y , when another v alue

is not required b y an y incremen t la w. Causal la ws (8.5) sa y that the v alue of an

additiv e 
uen t constan t after an ev en t can b e computed as the sum of the v alue of

this constan t prior to the ev en t and the con tributions of all actions to this constan t.

The result of translating incremen t la ws from Figure 8.2 is sho wn in Fig-

ure 8.4. In this case, the translation describ ed ab o v e in tro duces t w o auxiliary action

constan ts: Contribution ( Buy ( A ) ; A vailable ) and Contribution ( Buy ( B ) ; A vailable ).

The domain of eac h of them has 2 elemen ts: the con tribution � 1 of Buy ( x ) to A vailable

and n um b er 0.

The edges of the transition system describ ed b y Figure 8.4, and the corre-

sp onding ev en ts, can b e computed using the metho ds presen ted in Section 6.1.3.
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Notation: x ranges o v er f A; B g .

Action constan ts: Domains:

Buy ( x ) Bo olean

Contribution ( Buy ( x ) ; A vailable ) f� 1 ; 0 g

Additiv e 
uen t constan t: Domain:

A vailable f 0 ; : : : ; N g

Causal la ws:

caused Contribution ( Buy ( x ) ; A vailable ) = � 1 if Buy ( x ) = t

caused Contribution ( Buy ( x ) ; A vailable ) = 0 if Contribution ( Buy ( x ) ; A vailable ) = 0

caused A vailable = v + v

1

+ v

2

if > after A vailable = v ^

Contribution ( Buy ( A ) ; A vailable ) = v

1

^ Contribution ( Buy ( B ) ; A vailable ) = v

2

for all v 2 f 0 ; : : : ; N g and v

1

; v

2

2 f� 1 ; 0 g suc h that v + v

1

+ v

2

� 0

exogenous Buy ( x )

Figure 8.4: The result of translating incremen t la ws from Figure 8.2
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Ev ery ev en t assigns v alues to eac h action constan t, including the auxiliary con-

stan ts Contribution ( Buy ( x ) ; A vailable ). F or instance, the lab els

; ; f Buy ( A ) g ; f Buy ( B ) g ; f Buy ( A ) ; Buy ( B ) g

in Figure 8.3 represen t the follo wing ev en ts E

0

; : : : ; E

3

resp ectiv ely:

E

0

( Buy ( A )) = f ; E

0

( Contribution ( Buy ( A ) ; A vailable )) = 0 ;

E

0

( Buy ( B )) = f ; E

0

( Contribution ( Buy ( B ) ; A vailable )) = 0 ;

E

1

( Buy ( A )) = t ; E

1

( Contribution ( Buy ( A ) ; A vailable )) = � 1 ;

E

1

( Buy ( B )) = f ; E

1

( Contribution ( Buy ( B ) ; A vailable )) = 0 ;

E

2

( Buy ( A )) = f ; E

2

( Contribution ( Buy ( A ) ; A vailable )) = 0 ;

E

2

( Buy ( B )) = t ; E

2

( Contribution ( Buy ( B ) ; A vailable )) = � 1 ;

E

3

( Buy ( A )) = t ; E

3

( Contribution ( Buy ( A ) ; A vailable )) = � 1 ;

E

3

( Buy ( B )) = t ; E

3

( Contribution ( Buy ( B ) ; A vailable )) = � 1 :

(8.6)

F or sp eci�c v alues of N , the set of edges can also b e generated mec hanically ,

b y running CCalc . The translation of Figure 8.2 in to the input language of CCalc

is sho wn in Figure 8.5. When instructed to �nd the edges of the corresp onding

transition system for n equal to 2, CCalc displa ys 8 solutions, in the follo wing

format:

Solution 4:

0: available=2
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% File: 'available'

:- sorts

person.

:- objects

a, b :: person.

:- variables

X :: person.

:- constants

available :: additiveFluent(0..n);

buy(person) :: exogenousAction.

buy(X) increments available by -1.

Figure 8.5: The description from Figure 8.2 in the language of CCalc

ACTIONS: buy(a) buy(b)

1: available=0

8.4 Reasoning ab out Money

As an application of these ideas to automated commonsense reasoning, consider the

follo wing example:

I ha v e $6 in m y p o c k et. A newspap er costs $1, and a magazine costs $3.

Can I buy t w o newspap ers and one magazine? Or one newspap er and

t w o magazines?
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% File: 'buying'

:- sorts

agent;

resource >> item.

:- variables

Ag :: agent;

Res :: resource;

It :: item;

M,N :: 0..maxAFValue.

:- objects

buyer,seller :: agent;

money :: resource.

:- constants

price(item) :: 0..maxAFValue;

has(agent,resource) :: additiveFluent(0..maxAFV alue );

buy(item) :: exogenousAction;

howmany(item) :: attribute(0..maxAFValue) of buy(item).

buy(It) increments has(buyer,It) by N if howmany(It)=N.

buy(It) decrements has(seller,It) by N if howmany(It)=N.

buy(It) increments has(seller,money) by M*N

if howmany(It)=N & price(It)=M where M*N =< maxAFValue.

buy(It) decrements has(buyer,money) by M*N

if howmany(It)=N & price(It)=M where M*N =< maxAFValue.

Figure 8.6: File buying : Buying and selling

139



% File: 'buying-test'

:- maxAFValue :: 7.

:- include 'buying'.

:- objects

newspaper,magazine :: item.

price(newspaper)=1.

price(magazine)=3.

% I have $6 in my pocket. A newspaper costs $1, and a magazine

% costs $3. Do I have enough money to buy 2 newspapers and a magazine?

% A newspaper and 2 magazines?

:- query

label :: 1;

maxstep :: 1;

0: has(buyer,money) = 6,

buy(newspaper),

howmany(newspaper) = 2,

buy(magazine),

howmany(magazine) = 1.

:- query

label :: 2;

maxstep :: 1;

0: has(buyer,money) = 6,

buy(newspaper),

howmany(newspaper) = 1,

buy(magazine),

howmany(magazine) = 2.

:- show has(buyer,money).

Figure 8.7: File buying-test : Do I ha v e enough cash?
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These questions are ab out the executabilit y of some concurren tly executed actions,

and the answ ers are determined b y the e�ects of these actions on an additiv e 
uen t|

the amoun t of money that I ha v e.

Figure 8.6 describ es the relev an t prop erties of buying and selling in the input

language of the new CCalc . There are ob jects of four sorts in this domain: agen ts,

resources, items (to b e purc hased) and (nonnegativ e) in tegers; items are a subset of

resources. The buy er and the seller are agen ts; money is a resource; 0 ; : : : ; maxInt

are in tegers. The price of an item is an in teger. The n um b er of units of a resource

that an agen t has is an in teger-v alued additiv e 
uen t. Buying is an exogenous action.

The four causal la ws that follo w these declarations are self-explanatory; decrements

is an abbreviation de�ned in terms of increments .

Figure 8.7 expresses the t w o questions stated at the b eginning of this section.

The �rst question is whether the transition system con tains an edge that b egins in

a state in whic h the buy er has $6, and whose lab el includes buying t w o newspap ers

and one magazine. CCalc resp onds to this query b y �nding suc h an edge.

2

| ?- query 1.

% Shifting atoms and clauses... done. (0.00 seconds)

% After shifting: 2156 atoms (including new atoms), 8134 clauses

% Writing input clauses... done. (0.35 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 0.11 seconds (prep 0.09 seconds, search 0.02 seconds)

0: has(buyer,money)=6

2

This example in v olv es the concurren t execution of t w o actions, but in general the CCalc

implemen tation of additiv e 
uen ts do es not imp ose an y sp eci�c restriction on the n um b er of actions

that can b e executed concurren tly .
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ACTIONS: buy(newspaper,howmany=2) buy(magazine,howmany=1)

1: has(buyer,money)=1

Its reply to a similar question ab out one newspap er and t w o magazines is negativ e:

| ?- query 2.

% Shifting atoms and clauses... done. (0.01 seconds)

% After shifting: 2156 atoms (including new atoms), 8134 clauses

% Writing input clauses... done. (0.34 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 0.11 seconds (prep 0.09 seconds, search 0.02 seconds)

No solution with maxstep 1.

8.5 Reasoning ab out Motion

Some additiv e 
uen ts men tioned in the in tro duction|for instance, the v elo cit y of a

particle|are real-v alued, rather than in teger-v alued. CCalc cannot deal with real

n um b ers y et, and its input language do es not allo w us to express prop erties of suc h


uen ts.

But let's imagine a mo v able ob ject that is imm une to this complication|

the spacecraft In teger. F ar a w a y from stars and planets, the In teger is not a�ected

b y an y external forces. As its proud name suggests, the mass of the spacecraft is

an in teger. F or ev ery in teger t , the co ordinates and all three comp onen ts of the

In teger's v elo cit y v ector at time t are in tegers; the forces applied to the spacecraft

b y its jet engines o v er the in terv al ( t; t + 1), for an y in teger t , are constan t v ectors
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whose comp onen ts are in tegers as w ell. If the crew of the In teger attempts to violate

an y of these conditions, the jets fail to op erate!

The motion of the In teger is describ ed in Figure 8.8. The three 
uen ts of the

form pos(axis) represen t the curren t p osition of the In teger. The additiv e 
uen ts

vel(axis) are the comp onen ts of its v elo cit y . According to Newton's Second La w,

the acceleration created b y �ring a jet can b e computed b y dividing the force b y the

mass of the spacecraft. The �rst prop osition in Figure 8.8 expresses this fact without

men tioning the acceleration explicitly , in terms of the c hange in the v elo cit y o v er

a unit time in terv al. Sym b ol // stands for in teger division; the second prop osition

tells us that �ring a jet is imp ossible if this division giv es a non-zero remainder.

The third prop osition sa ys that the p osition of the spacecraft at time t + 1 can

b e computed b y adding its a v erage v elo cit y o v er the in terv al ( t; t + 1) to its p osition

at time t . Because the acceleration o v er this in terv al is constan t, the a v erage v elo cit y

is computed as the arithmetic mean of the v elo cities at times t and t + 1. W e do not

include an y assumptions ab out the case when the division b y 2 in v olv ed in computing

this arithmetic mean pro duces a fraction. The seman tics of the language of CCalc

guaran tee actually that �ring jets to ac hiev e this result w ould b e imp ossible.

Finally , to mak e planning for the In teger more in teresting, w e use the con-

stan t maxForce to limit the p o w er of the jets.

T o test our represen tation, w e instruct CCalc to answ er the follo wing ques-

tion (Figure 8.9):

The mass of the In teger is 1. The In teger has t w o jets, and the force

that can b e applied b y eac h jet along eac h axis is at most 2. The curren t

p osition of the In teger is ( � 1 ; 0 ; 1), and its curren t v elo cit y is (0 ; 1 ; 1).
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% File: 'spacecraft'

:- sorts

integer;

axis;

jet.

:- objects

-maxAFValue..maxAFValue :: integer;

x,y,z :: axis;

jet1,jet2 :: jet.

:- variables

Ax :: axis;

J :: jet;

F,V,V1,P :: integer.

:- constants

pos(axis) :: simpleFluent(integer);

vel(axis) :: additiveFluent(integer);

fire(jet) :: exogenousAction;

force(jet,axis) :: attribute(integer) of fire(jet).

fire(J) increments vel(Ax) by V // mass if force(J,Ax) = V.

nonexecutable fire(J) if force(J,Ax) mod mass \= 0.

caused pos(Ax) = P+((V+V1)//2) if vel(Ax) = V1

after vel(Ax) = V & pos(Ax) = P where (V+V1) mod 2 = 0,

P+((V+V1)//2) >= -maxAFValue,

P+((V+V1)//2) =< maxAFValue.

nonexecutable fire(J) if abs(force(J,Ax)) > maxForce.

Figure 8.8: File spacecraft : The spacecraft In teger
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% File: 'spacecraft-test'

:- maxAFValue :: 7.

:- macros

mass -> 1;

maxForce -> 2.

:- include 'spacecraft'.

:- query

maxstep :: 1;

0: (pos(x) = -1 & pos(y) = 0 & pos(z) = 1);

0: (vel(x) = 0 & vel(y) = 1 & vel(z) = 1);

1: (pos(x) = 0 & pos(y) = 3 & pos(z) = 1).

:- show pos(Ax); vel(Ax).

Figure 8.9: File spacecraft-test : Ho w to get there?

Ho w can it get to (0 ; 3 ; 1) within 1 time unit?

Here is one of the nine answ ers pro duced b y CCalc :

Solution 1:

0: pos(x)=-1 pos(y)=0 pos(z)=1 vel(x)=0 vel(y)=1 vel(z)=1

ACTIONS: fire(jet1,force(x)=1,forc e(y) =2,f orc e(z) = -2)

fire(jet2,force(x)=1,for ce(y )=2, for ce(z )=0)

1: pos(x)=0 pos(y)=3 pos(z)=1 vel(x)=2 vel(y)=5 vel(z)=-1
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8.6 Additiv e Action Constan ts

Besides additiv e 
uen t constan ts, w e can in tro duce \additiv e action constan ts," as

follo ws. Some of the action constan ts can b e designated as additiv e. Their domains,

just as the domains of additiv e 
uen t constan ts, are assumed to consist of n um b ers.

Additiv e action constan ts are not allo w ed in form ula F in action dynamic la ws (6.9).

An incremen t la w is no w de�ned as an expression of the form (8.2), where

� a is a Bo olean action constan t,

� c is an additiv e 
uen t constan t or an additiv e action constan t,

� n is a n um b er,

� G is an action form ula that con tains neither Bo olean action constan ts nor

additiv e action constan ts.

In the translation of incremen t la ws (8.2) describ ed in Section 8.3, in the case when

c is an additiv e action constan t, clause (iii) is mo di�ed as follo ws:

(iii

0

) add the action dynamic la ws

caused c =

X

a

v

a

if

^

a

Contribution ( a; c ) = v

a

for ev ery function a 7! v

a

that maps eac h c -con tributing constan t a to an

elemen t of the domain of Contribution ( a; c ) so that

P

a

v

a

is in the domain of

c .

These causal la ws sa y that the v alue of an additiv e action constan t during an ev en t

can b e computed as the sum of the con tributions of all actions to this action constan t

during that ev en t.
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Available = 0

Available = 1

Available = 2

.

.

.

.

.

.

f Buy(A),Buy(B) g ,

.

Available = N

Sold=2

Sold=1

f Buy(B) g ,

f Buy(B) g ,

f Buy(B) g ,

f Buy(B) g , f Buy(A),Buy(B) g ,

f Buy(A) g ,

Sold=1

f Buy(A) g ,

.

.

.

.

.

f Buy(A),Buy(B) g ,

f Buy(A) g ,

f Buy(A) g ,

Sold=1 Sold=1

Sold=0

Sold=0

Sold=0

; ,

; ,

; ,

; ,

Sold=0

Sold=1

Sold=1

Sold=1

Sold=1

Sold=2

Sold=2

Figure 8.10: A transition system with an additiv e action constan t

Here is an example of the use of additiv e action constan ts for represen ting

commonsense kno wledge. In Section 8.2 w e describ ed ho w the n um b er of b o oks

a v ailable in the b o okstore is a�ected b y actions of customers. W e can ask, on the

other hand, ho w the actions of customers determine the total n um b er of b o oks

that are b eing sold to them at a particular momen t; in the case of 2 customers, that

n um b er is either 0, 1 or 2. The n um b er of b o oks that are b eing sold is asso ciated with

an ev en t o ccurring b et w een t w o successiv e states, and not with a state. Accordingly ,

w e represen t that n um b er b y an additiv e action constan t, rather than an additiv e


uen t constan t. Extend the action description sho wn in Figure 8.2 b y the additiv e

action constan t Sold with the domain f 0 ; 1 ; 2 g , and b y the causal la w

Buy ( x ) incremen ts Sold b y 1 :

The transition system represen ted b y this extension of Figure 8.2 is sho wn in Fig-

ure 8.10.
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8.7 Impro ving Plans

In satis�abilit y planning, when a plan without concurren t actions is desired, it is

usual to mak e the pro cess of plan generation more e�cien t b y allo wing a subset of

actions to b e executed concurren tly as long as that subset is \serializable." In suc h a

plan, the actions that are sc heduled for the same time p erio d can b e instead executed

consecutiv ely , in an y order. F or example, the restrictions on blo c ks w orld plans in

�le bw.t (Figure 4.6) ensure serializabilit y . The 2-step plan sho wn in Section 6.5 can

b e turned in to a 4-step sequen tial plan b y ordering the actions move(a,table) and

move(c,table) in an arbitrary w a y , and then ordering move(b,a) and move(d,c)

in an arbitrary w a y .

Generating serializable solutions is a computationally useful tric k, but there

is a di�cult y asso ciated with it. As observ ed in

[

Kautz and W alser, 1999

]

, when

the shortest p ossible serializable plan is found, w e cannot generally exp ect that a

sequen tial plan obtained from it b y serialization will b e optimal in the sense of

the n um b er of steps. Consider, for instance, the blo c ks w orld b enc hmark problem

large.c from

[

Kautz and Selman, 1996

]

and

[

Niemel• a, 1999

]

. The problem in v olv es 15

blo c ks. The shortest serializable solution to this problem consists of 8 steps. Suc h a

solution, found b y CCalc using sa to as the searc h engine, includes 52 mo v es; there

will b e only 38 mo v es, ho w ev er, if relsa t is used instead. The shortest serializable

solution to large.c found b y smodels 2.25 on the basis of the formalization giv en

in

[

Niemel• a, 1999

]

consists of 29 mo v es. But all these n um b ers are actually m uc h

larger than necessary: as discussed b elo w, there exists a serializable solution to

large.c that has length 8 and consists of 18 mo v es.

Let's de�ne the cost of a solution to a blo c ks w orld planning problem to b e
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% File: 'bw-cost'

:- include 'bw'.

:- constants

cost :: additiveFluent(0..maxAFVa lue) .

move(B) increments cost by 1.

Figure 8.11: File bw-cost : Computing the cost of a plan

the total n um b er of mo v e actions in it. In the case of a serializable plan, this is

the same as the length of a sequen tial plan obtained from it b y serialization. Using

the additiv e 
uen t mec hanism, w e can easily c haracterize the cost of a plan in the

language of CCalc (Figure 8.11). Then CCalc can b e used to c hec k whether the

cost of a plan that it has found is minimal. F or instance, in Figure 8.12 w e instruct

CCalc to �nd a serializable solution to large.c whose length is 8 and whose cost is

at most 18. It pro duces the follo wing plan:

% Calling mChaff...

% Solution time: 9.23 seconds (prep 2.51 seconds, search 6.72 seconds)

0: cost=0

ACTIONS: move(c,destination=table) move(i,destination=table )

move(k,destination=table )

1: cost=3

ACTIONS: move(b,destination=table) move(h,destination=table )
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% File: 'bw-cost-test'

:- maxAFValue :: 19.

:- macros

length -> 8;

maxCost -> 18.

:- include 'bw-cost'.

:- variables

N :: 0..maxAFValue.

:- objects

a,b,c,d,e,f,g,h,i,j,k,l,m, n,o :: block.

:- query

maxstep :: (length-1)..length;

0: cost=0, loc(m)=table, loc(l)=m, loc(a)=l, loc(b)=a, loc(c)=b,

loc(o)=table, loc(n)=o, loc(d)=n, loc(e)=d, loc(j)=e,

loc(k)=j, loc(f)=table, loc(g)=f, loc(h)=g, loc(i)=h;

maxstep: cost=<maxCost, loc(e)=j, loc(a)=e, loc(n)=a, loc(i)=d,

loc(h)=i, loc(m)=h, loc(o)=m, loc(k)=g, loc(c)=k, loc(b)=c,

loc(l)=b.

:- show cost.

Figure 8.12: File: bw-cost-test : Finding an economical solution to large.c
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move(j,destination=table )

2: cost=6

ACTIONS: move(e,destination=j) move(k,destination=g)

3: cost=8

ACTIONS: move(a,destination=e) move(c,destination=k)

move(d,destination=table )

4: cost=11

ACTIONS: move(b,destination=c) move(i,destination=d)

5: cost=13

ACTIONS: move(h,destination=i) move(l,destination=b)

move(n,destination=a)

6: cost=16

ACTIONS: move(m,destination=h)

7: cost=17

ACTIONS: move(o,destination=m)

8: cost=18

yes

If w e mak e maxCost equal to 17 then CCalc tells us that the problem is not
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Length of serializable plan Smallest p ossible cost

8 18

9 16

10 15

11 15

12 15

13 14

14 14

Figure 8.13: T rade-o� b et w een length and cost in solutions to large.c

solv able.

It is in teresting to note that large.c has sequen tial solutions whose length

is less than 18. Suc h solutions cannot b e obtained, ho w ev er, b y serializing short

concurren t solutions. This kind of trade-o� b et w een the length of a serializable

solution and the length of the corresp onding sequen tial solution w as demonstrated

b y Kautz and W alser [1999] in the logistics domain. W e ha v e used CCalc to

in v estigate this phenomenon in the case of problem large.c. According to the results

sho wn in Figure 8.13, the length of the shortest sequen tial solution is 14, but suc h

a plan cannot b e obtained from a serializable plan whose length is less than 13.

8.8 Prop erties of Additiv e Constan ts

By examining Figure 8.3 in isolation from its sym b olic description in Figure 8.2 w e

can see that the constan t A vailable exhibits some features t ypical for additiv e 
uen t

constan ts.

Consider, for instance, the edges that start at the v ertex A vailable = 2

and are lab eled b y the ev en ts f Buy ( A ) g and f Buy ( B ) g . Eac h of them leads to
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the v ertex A vailable = 1, so that eac h of these t w o ev en ts, when it o ccurs in the

state A vailable = 2, incremen ts the v alue of A vailable b y � 1. In accordance with the

in tuitiv e idea of an additiv e 
uen t, w e can exp ect that the \union" of these ev en ts,

when it o ccurs in the same state, will incremen t the v alue of A vailable b y ( � 1) + ( � 1).

And this is true, b ecause the edge in Figure 8.3 that starts at the v ertex A vailable = 2

and is lab eled f Buy ( A ) ; Buy ( B ) g leads to the v ertex A vailable = 0.

Prop osition 12 b elo w generalizes this observ ation to a class of action descrip-

tions in the language C + extended as describ ed in Sections 8.2, 8.3. By D w e denote

an y action description in this language.

Ab out ev en ts e

0

, e

1

,..., e

n

( n � 0) in the transition system represen ted b y D

w e sa y that e

0

is a disjoin t union of e

1

,..., e

n

if, for ev ery Bo olean action constan t a ,

� if e

0

( a ) = t then there exists a unique i > 0 suc h that e

i

( a ) = t ; for this i ,

e

0

( a

0

) = e

i

( a

0

) for ev ery non-Bo olean action constan t a

0

;

� if e

0

( a ) = f then, for all i > 0, e

i

( a ) = f .

In the rest of this section w e assume that the set of n um b ers is a comm utativ e

group.

Prop osition 12 L et c b e an additive 
uent c onstant, let s , s

0

; :::; s

n

( n � 0 ) b e

states, and let e

0

; :::; e

n

b e events such that e

0

is a disjoint union of e

1

; : : : ; e

n

. If,

for al l i 2 f 0 ; : : : ; n g , the tr ansition system r epr esente d by D c ontains an e dge that

le ads fr om s to s

i

and is lab ele d e

i

then

s

0

( c ) � s ( c ) =

n

X

i =1

( s

i

( c ) � s ( c )) :
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The sp ecial case corresp onding to n = 0 tells us that additiv e 
uen t constan ts

are not a�ected b y \trivial" ev en ts. In this sense, they are similar to the 
uen t

constan ts for whic h inertia is p ostulated.

Corollary 1 L et e b e an event such that for every Bo ole an action c onstant a ,

e ( a ) = f . If the tr ansition system r epr esente d by D c ontains an e dge that le ads

fr om a state s to a state s

0

and is lab ele d e then, for any additive 
uent c onstant c ,

s

0

( c ) = s ( c ) .

The sp ecial case corresp onding to n = 1 implies that the e�ects of an y set of

actions on an additiv e 
uen t is deterministic:

Corollary 2 If the tr ansition system r epr esente d by D c ontains an e dge that le ads

fr om a state s to a state s

0

and is lab ele d e , and an e dge that le ads fr om s to a

state s

1

and is also lab ele d e , then, for any additive 
uent c onstant c , s

0

( c ) = s

1

( c ) .

Here are the coun terparts of the three facts stated ab o v e for additiv e action

constan ts:

Prop osition 13 L et c b e an additive action c onstant, let s b e a state, and let

e

0

; :::; e

n

( n � 0 ) b e events such that e

0

is a disjoint union of e

1

; : : : ; e

n

. If, for

al l i 2 f 0 ; : : : ; n g , the tr ansition system r epr esente d by D c ontains an e dge that

starts at s and is lab ele d e

i

then

e

0

( c ) =

n

X

i =1

e

i

( c ) :

Corollary 3 L et e b e an event o c curring in the tr ansition system r epr esente d by D .

If, for every Bo ole an action c onstant a , e ( a ) = f then, for any additive action c on-

stant c , e ( c ) = 0 .
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Corollary 4 L et s b e a state, and let e

0

, e

1

b e events such that for every non-

additive action c onstant a , e

0

( a ) = e

1

( a ) . If the tr ansition system r epr esente d by D

c ontains an e dge that starts at s and is lab ele d e

0

, and an e dge that starts at s and

is lab ele d e

1

, then, for any additive action c onstant c , e

0

( c ) = e

1

( c ) .

8.9 Discussion

In this c hapter w e sho w ed ho w an implemen ted, declarativ e language for describing

actions can b e used to talk ab out the e�ects of actions on additiv e 
uen ts. This w as

accomplished b y extending the syn tax of the action language C + from

[

Giunc higlia

et al. , 2004

]

b y incremen t la ws and b y sho wing ho w to treat these la ws as abbre-

viations.

It is in teresting to note that this treatmen t of additiv e 
uen ts w ould ha v e

b een imp ossible if, instead of C +, w e used its predecessor C . Non-Bo olean, non-

exogenous action constan ts suc h as Contribution ( a; c ), and action dynamic la ws

suc h as (8.3) and (8.4) are among the features of C + that w ere not a v ailable in C .

In literature on planning, 
uen ts with n umerical v alues are often referred to

as \resources"

[

Ko ehler, 1998

]

. The concurren t execution of the actions that in v olv e

resources is usually limited to the \serializable" case, when all w a ys of sequencing

the concurren t actions are w ell-de�ned and equiv alen t. This condition is not satis-

�ed, ho w ev er, for man y uses of additiv e 
uen ts, including the space tra v el example

(Section 8.5). F or instance, in the spacecraft example, �ring the jets in one direction

and then in the other direction is not the same as �ring them concurren tly . This

example sho ws that �ring jets is not serializable.
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8.10 Pro ofs

Prop osition 12 L et c b e an additive 
uent c onstant, let s , s

0

; :::; s

n

( n � 0 ) b e

states, and let e

0

; :::; e

n

b e events such that e

0

is a disjoint union of e

1

; : : : ; e

n

. If,

for al l i 2 f 0 ; : : : ; n g , the tr ansition system r epr esente d by D c ontains an e dge that

le ads fr om s to s

i

and is lab ele d e

i

then

s

0

( c ) � s ( c ) =

n

X

i =1

( s

i

( c ) � s ( c )) :

Pro of Assume that h s; e

0

; s

0

i , h s; e

1

; s

1

i , : : : , h s; e

n

; s

n

i are transitions. Consider the

reduct D

0: s [ 0: e

i

[ 1: s

i

1

where i > 0. Since (8.3) and (8.4) are the only causal la ws

in D that con tain constan ts of the form Contribution ( a; c ) in the heads, there exists

a unique v

a

suc h that 0 : Contribution ( a; c ) = v

a

2 D

0: s [ 0: e

i

[ 1: s

i

1

for ev ery 0 :

Contribution ( a; c ) (Otherwise h s; e

i

; s

i

i w ould not b e a transition). If there is a

causal la w (8.3) in D suc h that e

i

( a ) = t , e

i

j = G , s j = H , then v

a

= n , a con tribution

of a to c . Otherwise v

a

= 0. Since 0 : e

i

satis�es ev ery atom 0 : Contribution ( a; c ),

(0 : e

i

)(0 : Contribution ( a; c )) = v

a

. Let c

i

=

P

a

v

a

.

Note that (8.5) is the only causal la w in D that con tains c in the head. So

the reduct con tains a unique atom

1 : c = (0 : s )(0 : c ) +

X

a

(0 : e

i

)(0 : Contribution ( a; c ))

for constan t 1 : c . Since 1 : s

i

satis�es the atom, it follo ws that s

i

( c ) = s ( c ) + c

i

, or

c

i

= s

i

( c ) � s ( c ).

No w consider the reduct D

0: s [ 0: e

0

[ 1: s

0

1

. Again since (8.3) and (8.4) are the

only causal la ws in D that con tain constan ts of the form Contribution ( a; c ) in the
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heads, there exists a unique v

a

suc h that 0 : Contribution ( a; c ) = v

a

2 D

0: s [ 0: e

0

[ 1: s

0

1

for ev ery 0 : Contribution ( a; c ) . Notice that

� v

a

= (0 : e

i

)(0 : Contribution ( a; c )) for an y e

i

suc h that e

i

( a ) = t if e

0

( a ) = t

(indeed there is a unique suc h e

i

), and

� v

a

= 0 if e

0

( a ) = f .

(Indeed, supp ose e

0

( a ) = t . There exists a unique e

i

suc h that e

i

( a ) = t . If there

is a causal la w (8.3) in D suc h that e

0

( a ) = t , e

0

j = G , s j = H , then e

i

( a ) = t ,

e

i

j = G also. So 0 : Contribution ( a; c ) = n b elongs to b oth D

0: s [ 0: e

0

[ 1: s

0

1

and

D

0: s [ 0: e

i

[ 1: s

i

1

. If e

0

( a ) = t , but either e

0

6j = G or s 6j = H , then either e

i

6j = G or s 6j =

H . So according to (8.4), 0 : Contribution ( a; c ) = 0 b elongs to b oth D

0: s [ 0: e

0

[ 1: s

0

1

and D

0: s [ 0: e

i

[ 1: s

i

1

.)

Since 0 : e

0

satis�es the atoms, it follo ws that, for ev ery a ,

(0 : e

0

)(0 : Contribution ( a; c )) = (0 : e

i

)(0 : Contribution ( a; c ))

for an y e

i

suc h that e

i

( a ) = t if e

0

( a ) = t and

(0 : e

0

)(0 : Contribution ( a; c )) = 0

if e

0

( a ) = f .

Note that (8.5) is the only causal la w in D that con tains c in the head. So

the reduct con tains a unique atom

1 : c = (0 : s )(0 : c ) +

X

a

(0 : e

0

)(0 : Contribution ( a; c ))

for constan t 1 : c .
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W e see that

X

a

(0 : e

0

)(0 : Contribution ( a; c )) =

X

e

0

( a )= t

(0 : e

0

)(0 : Contribution ( a; c ))

=

X

1 � i � n

X

e

i

( a )= t

(0 : e

i

)(0 : Contribution ( a; c ))

=

X

1 � i � n

c

i

=

X

1 � i � n

( s

i

( c ) � s ( c ))

Since 1 : s

0

satis�es the atom, it follo ws that

s

0

( c ) = s ( c ) +

X

1 � i � n

( s

i

( c ) � s ( c ))

The pro of of Prop osition 13 is similar to the pro of of Prop osition 12.
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Chapter 9

Elab orations of the Missionaries

and Cannibals Puzzle

As discussed in Section 2.5, McCarth y used elab orations of the Missionaries and

Cannibals Puzzle to illustrate the idea of elab oration tolerance. Lifsc hitz [2000]

sho w ed ho w to formalize McCarth y's elab orations of MCP in an early v ersion of

CCalc . His represen tation did not in tro duce names for individual missionaries or

cannibals; rather, a state w as describ ed in terms of the n um b er of mem b ers of eac h

group on eac h bank of the riv er. As noted in Section 5.6, the \di�cult" concurrency

iden ti�ed in that pap er has led to the in v estigation of additiv e 
uen ts (Chapter 8).

Our formalization presen ted in this c hapter o v ercomes sev eral limitations of

Lifsc hitz's formalization thanks to the impro v emen ts of the language of CCalc .

This includes the implemen tations of additiv e 
uen ts, defeasible causal la ws, and

attributes. Rather than presen ting all elab orations, w e list some of them whic h

illustrate these p oin ts.
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9.1 F ormalization of the Basic Problem

As in

[

Lifsc hitz, 2000

]

, w e start with formalizing the parts that are common for all

elab orations. File common1 describ es the action of crossing using an attribute that

denotes the destination.

% File 'common1'

:- sorts

vessel;

location. % objects of these sorts should be defined elsewhere

:- variables

V :: vessel;

L,L1 :: location.

:- constants

loc(vessel) :: inertialFluent(location);

cross(vessel) :: exogenousAction;

to(vessel) :: attribute(location) of cross(vessel).

cross(V) causes loc(V)=L if to(V)=L unless ab1(V,L).

nonexecutable cross(V) if to(V)=loc(V) unless ab2(V).

The line
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to(vessel) :: attribute(location) of cross(vessel)

declares that to is an attribute of action cross whose v alue is a lo cation. The

attribute describ es the destination of crossing.

All causal la ws in the �le are made defeasible. In eac h elab oration later, if

necessary , some of the la ws here will b e retracted.

File common2 extends common1 b y in tro ducing new attributes, howmany(vessel,group) ,

that denote ho w man y mem b ers of v arious groups are crossing. As discussed in Sec-

tion 5.6, the n um b er of mem b ers of a group G in a lo cation L should b e treated as

an additiv e 
uen t to handle \di�cult" concurrency . afValue is a prede�ned sort in

CCalc that ranges o v er n um b ers an additiv e 
uen t can tak e.

% File 'common2'

:- include 'common1'.

:- sorts

group. % group objects should be defined elsewhere

:- variables

N,N1 :: afValue;

G :: group.

:- constants

num(group,location) :: additiveFluent(afValue) ;

howmany(vessel,group) :: attribute(afValue) of cross(vessel).
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cross(V) increments num(G,L) by N if to(V)=L & howmany(V,G)=N

unless ab3(V,G,L).

cross(V) decrements num(G,L) by N if loc(V)=L & howmany(V,G)=N

unless ab4(V,G,L).

File basic describ es the sp eci�cs ab out the original Missionaries and Canni-

bals Puzzle, including ob jects suc h as the b oat, banks, and groups, and constrain ts

suc h as missionaries should not b e outn um b ered. This �le will b e included in all

elab orations. Again, all assertions in it are made defeasible.

% File 'basic'

:- include 'common2'.

:- objects

boat :: vessel;

bank1, bank2 :: location;

mi,ca :: group.

:- constants

capacity(vessel) :: 1..maxCapacity.

exogenous capacity(V) unless ab5(V).

:- macros
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outnumbered(#1,#2) % #1 missionaries are

-> (#2 > #1) & (#1 > 0). % outnumbered by #2 cannibals

% missionaries should not be outnumbered in any location

constraint -outnumbered(num(mi,L),n um(c a,L) ) unless ab6(L).

% additional preconditions for crossing:

% someone should be in the boat

nonexecutable cross(V) if howmany(V,mi)+howmany(V, ca)= 0 unless ab7(V).

% but not too many

nonexecutable cross(V)

if howmany(V,mi)+howmany(V,ca ) > capacity(V) unless ab8(V).

% missionaries should not be outnumbered on the way

nonexecutable cross(V) if outnumbered(howmany(V,mi ),ho wma ny(V ,ca) )

unless ab9(V).

% boat capacity

constraint capacity(boat)=2 unless ab10.

T o test this formalization, w e use the follo wing �le basic-test . T est �les

for other elab orations whic h ask to �nd plans are similar to this one.

% File 'basic-test': original MCP
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:- maxAFValue :: 3.

:- macros

maxCapacity -> 2.

:- include 'basic'.

:- query

maxstep :: 10..11;

0: num(mi,bank1)=3, num(ca,bank1)=3, num(mi,bank2)=0, num(ca,bank2)=0,

loc(boat)=bank1;

maxstep: num(mi,bank2)=3, num(ca,bank2)=3.

The directiv e maxAFValue sp eci�es the maxim um v alue an additiv e 
uen t

can tak e. It also instructs CCalc that additiv e 
uen ts will b e used.

The query instructs CCalc to try to �nd a plan of length 10 and if there is

no suc h plan, try length 11. Since the shortest step solution for the basic problem

in v olv es at least 11 steps, CCalc answ ered that there is no plan of length 10, and

returned a plan of length 11. The solution returned b y CCalc , along with solutions

for other elab orations, is sho wn in App endix A.

9.2 Tw o Boats

Before presen ting formalizations of McCarth y's elab orations, let us consider a simple

elab oration in whic h w e allo w one more b oat whic h holds only one p erson. This
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mo di�cation is more di�cult to formalize than the original form of MCP . Besides

the di�cult y describ ed in Section 5.6, there are other di�culties. Consider the

original form of the problem, and imagine that there is a single cannibal with the

b oat on the left bank. Our p ostulates should mak e it imp ossible, of course, for t w o

cannibals to cross in this state. In the absence of a second b oat, w e don't ha v e to

w orry ab out this: t w o cannibals lea ving w ould ha v e made the n um b er of cannibals

on the left bank negativ e, whic h is imp ossible. With t w o b oats, this reasoning do es

not apply an y more, b ecause a cannibal crossing sim ultaneously in the opp osite

direction w ould mak e the n um b er of cannibals on the left bank equal to 0, whic h

is a legal v alue. T o prohibit suc h actions, w e need to sa y that the total n um b er

of mem b ers of a group lea ving a lo cation do es not exceed the n um b er of mem b ers

of the group in that lo cation. This is expressed in the formalization b elo w using

additiv e action constan t departing(G,L) : the total n um b er of mem b ers of group G

who are departing from lo cation L .

Another problem whic h is similar to the ab o v e has to do with a constrain t on

the n um b er of missionaries and cannibals during an ev en t. Imagine that there are

t w o missionaries and t w o cannibals on the left bank, and only one of the missionaries

is lea ving. This should b e prohibited and indeed if there w ere only one b oat, this

w ould b e ac hiev ed b y the �rst constraint prop osition in File basic . Ho w ev er,

with t w o b oats, if the third missionary arriv es in to the lo cation sim ultaneously ,

the constraint prop osition do es not prohibit the ev en t. Besides the constrain t on

the n um b er of groups in a lo cation in eac h state, w e need to represen t a similar

constrain t during an ev en t. Belo w this is expressed using staying(G,L) , a macro

de�ned in terms of departing(G,L) .
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% File 'departing'

:- constants

departing(group,location) :: additiveAction(afValue).

:- macros

staying(#1,#2) -> num(#1,#2)-departing(#1 ,#2 ).

cross(V) increments departing(G,L) by N if loc(V)=L & howmany(V,G)=N

unless ab11(V,G,L).

% the number of people departing from a location does not exceed the number

% of people there

always departing(G,L)=<num(G,L) unless ab13(G,L).

% the missionaries staying in a location should not be outnumbered by

% the cannibals there.

always staying(mi,L)\=0 ->> staying(mi,L)>=num(ca,L) unless ab12(L).

File two-boats b elo w includes departing , and in tro duces one more b oat,

boat1 , that holds at most one p erson. Giv en a query similar to basic-test ab o v e,

CCalc has determined that a solution requires at least 7 steps, and returned a plan

of that length.

% File 'two-boats'
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:- macros

maxInt -> 3.

:- include 'basic'; 'departing'.

:- objects

boat1 :: vessel.

caused capacity(boat1)=1 unless ab14.

9.3 F our Missionaries and F our Cannibals

There are four missionaries and four cannibals. The problem is no w unsolv able.

W e simply use a query of the new form a v ailable in CCalc , whic h w as giv en

in Section 6.6

9.4 Boat Can Carry Three

The b oat can carry three. Fiv e pairs can cross, but not six. The assumption in File

basic that the b oat can carry only t w o p eople should b e retracted.

% File 'jmc4': McCarthy's Elaboration No. 4

% retract constraint capacity(boat)=2 unless ab10.
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:- include 'basic'.

caused ab10.

constraint capacity(boat)=3 unless ab14.

CCalc has determined that at least 11 steps are required if there are �v e

pairs, and returned a plan of that length. It also v eri�ed that no solution exists no

matter ho w man y steps are giv en if there are six pairs.

% File 'jmc4-test'

:- maxAFValue :: 6.

:- macros

maxCapacity -> 3.

:- include 'jmc4'.

% Five pairs can cross.

:- query

label :: 1;

maxstep :: 10..11;

0: num(mi,bank1)=5, num(ca,bank1)=5, num(mi,bank2)=0, num(ca,bank2)=0,

loc(boat)=bank1;

maxstep:
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num(mi,bank2)=5, num(ca,bank2)=5.

% Six pairs can't cross.

:- query

label :: 2;

maxstep :: any;

0: num(mi,bank1)=6, num(ca,bank1)=6, num(mi,bank2)=0, num(ca,bank2)=0,

loc(boat)=bank1;

maxstep:

num(mi,bank2)=6, num(ca,bank2)=6;

invariant:

num(mi,bank1)+num(mi,ban k2)= 6 & num(ca,bank1)+num(ca,ban k2)= 6

& (loc(boat)=bank1 & num(mi,bank1)>=4

++ loc(boat)=bank2 & num(mi,bank2)=<3).

9.5 Con v erting Cannibals

Three missionaries alone with a cannibal can con v ert him in to a missionary . Lif-

sc hitz [2000] noted:

Do w e allo w crossing the riv er and con v erting a cannibal to o ccur in

parallel? Can a solution b egin, for instance, with t w o cannibals crossing

to Bank 2 while the third cannibal is b eing con v erted in to a missionary

on Bank 1? If y es, this is an example of \di�cult" concurrency (Section

5) that the approac h of this pap er do es not allo w.
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Here w e do allo w the concurrency of this kind. The problem can b e solv ed

in 9 steps, one step shorter than the solution rep orted in

[

Lifsc hitz, 2000

]

.

% File 'jmc11': McCarthy's elaboration No. 11

:- include 'basic'; 'departing'.

:- constants

convert(location) :: exogenousAction.

convert(L) increments num(mi,L) by 1 unless ab14(L).

convert(L) decrements num(ca,L) by 1 unless ab15(L).

% converting is possible only if there are three missionaries and only one

% cannibal in the bank

always convert(L) ->> (staying(mi,L)>=3 & staying(ca,L)=1) unless ab16(L).

9.6 W alking on W ater

One of the missionaries is Jesus Christ, who can w alk on w ater. This is similar, but

not quite equiv alen t to the elab oration in Section 9.2.

W e treat jc as a singleton subset of group mi . The fact that jc is a subset of

mi is expressed b y the p ostulates that prohibit the states in whic h the n um b er of jc

is greater than the n um b er of mi in the same lo cation, and that prohibit the ev en ts

in whic h the n um b er of jc crossing is greater than the n um b er of mi crossing.
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Since w alking and crossing ma y b e executed at the same time, this is another

instance of \di�cult" concurrency . CCalc has determined that the shortest step

solution in v olv es at least 7 steps, and returned a plan of that length.

% File 'jmc10': McCarthy's Elaboration No. 10

:- include 'basic'; 'departing'.

:- objects

jc :: group.

:- constants

walk :: exogenousAction;

walk_to :: attribute(location) of walk.

% jc is a subgroup of missionaries

constraint num(jc,L)=<num(mi,L) unless ab14(L).

nonexecutable cross(V) if howmany(V,jc)>howmany(V, mi) unless ab15(V).

% jc can be present at most one location

constraint num(jc,L)=1 ->> num(jc,L1)=0 where L\=L1.

nonexecutable walk if howmany(V,jc)>0 unless ab17(V).

% cannot walk to the same location

nonexecutable walk_to=L if num(jc,L)>0 unless ab18(L).
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walk increments num(mi,L) by 1 if walk_to=L unless ab19(L).

walk decrements num(mi,L) by 1 if walk_to=L1 & L\=L1 unless ab20(L,L1).

walk increments num(jc,L) by 1 if walk_to=L unless ab21(L).

walk decrements num(jc,L) by 1 if walk_to=L1 & L\=L1 unless ab22(L,L1).

walk increments departing(mi,L) by 1 if walk_to=L1 & L\=L1 unless ab23(L,L1).

walk increments departing(jc,L) by 1 if walk_to=L1 & L\=L1 unless ab23(L,L1).

9.7 The Bridge

There is a bridge, wide enough for t w o to cross at once. This is another instance of

\di�cult" concurrency since using the bridge and the b oat concurren tly a�ects the

n um b er of p eople in a lo cation at the same time.

CCalc returned a shortest step solution that in v olv es 4 steps, one step

shorter than the solution rep orted in

[

Lifsc hitz, 2000

]

.

% File 'jmc13': McCarthy's elaboration No. 13

:- include 'basic'; 'departing'.

:- constants

useBridge :: exogenousAction;

useBridge_from,
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useBridge_to :: attribute(location) of useBridge;

useBridge_howmany(group) :: attribute(afValue) of useBridge.

useBridge increments num(G,L) by N

if useBridge_to=L & useBridge_howmany(G)=N unless ab14(G,L).

useBridge decrements num(G,L) by N

if useBridge_from=L & useBridge_howmany(G)=N unless ab15(G,L).

useBridge increments departing(G,L) by N

if useBridge_from=L & useBridge_howmany(G)=N unless ab16(G,L).

nonexecutable useBridge if useBridge_from=L & useBridge_to=L1

unless ab17(G,L) where -((L=bank1 & L1=bank2) ++ (L=bank2 & L1=bank1)).

always useBridge ->> useBridge_howmany(mi)+use Brid ge_h owm any( ca)> 0 &

useBridge_howmany(mi)+use Brid ge_h owm any( ca)= <2

unless ab18.
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Chapter 10

Lo op F orm ulas for Causal Logic

By adding so-called \lo op form ulas" to completion, Lin and Zhao ensured that

the answ er sets of a normal logic program are exactly the mo dels of the mo di�ed

completion. This idea has b een extended to more general classes of logic programs,

suc h as programs that allo w classical negation, in�nite programs, and programs with

nested expressions

[

Lee and Lifsc hitz, 2003; Lee, 2005

]

. In this c hapter w e sho w ho w

to reduce the general case of causal theories to prop ositional form ulas using the idea

of lo op form ulas.

F or simplicit y , w e limit our atten tion to Bo olean causal theories, that is, to

causal theories in the sense of Section 3.3. F rom Prop osition 8 (Section 6.4.2) w e

kno w that, in principle, an y causal theory can b e reduced to a theory of this kind.

10.1 Review of the Lin/Zhao Theorem

Let � b e a normal program (Section 3.1). The p ositiv e dep endency graph of � is

the directed graph suc h that
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p q

r s

Figure 10.1: The dep endency graph of �

1

� its v ertices are the atoms o ccurring in �, and

� its edges go from p

1

to p

2

; : : : p

m

for eac h rule (3.1) of �.

A nonempt y set L of atoms is called a lo op of � if, for ev ery pair p

1

, p

2

of

atoms in L , there exists a path from p

1

to p

2

in the p ositiv e dep endency graph of �

suc h that all v ertices in this path b elong to L . A lo op is called trivial if the lo op

consists of a single atom suc h that there is no edge from the atom to itself in the

p ositiv e dep endency graph.

1

F or example, consider the follo wing program �

1

:

p  q

q  p

r  s

s  r

p  not r

r  not p:

The p ositiv e dep endency graph of �

1

, sho wn in Figure 10.1, has six lo ops: f p g , f q g ,

f r g , f s g , f p; q g , f r ; s g .

1

The example of a singleton lo op sho ws that a lo op of � do es not necessarily corresp ond to

a lo op (or cycle) of the p ositiv e dep endency graph of � in the sense of graph theory . Lin and

Zhao [2004] did not allo w paths of length 0.
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F or an y set Y of atoms, the external supp ort form ula for Y is the disjunction

of the conjunctions

B ^ F (10.1)

for all rules (3.2) of � suc h that

� p

1

2 Y , and

� B \ Y = ; .

W e denote this external supp ort form ula b y ES

� ;Y

. The (disjunctive) lo op formula

of a lo op L for � is the form ula

_

L � ES

� ;L

:

2

(10.2)

By LF (�) w e denote the set of form ulas (10.2) for all non trivial lo ops L of �.

Theorem

[

Lin and Zhao, 2004, Theorem 1

]

F or any normal pr o gr am � , a set of

atoms is an answer set of � i� it is a mo del of Comp (�) [ LF (�) .

If w e include lo op form ulas for trivial lo ops, w e can reform ulate the theorem

as follo ws without referring to completion. In the follo wing w e iden tify � with a

prop ositional theory b y iden tifying ` not ' with ` : ', ` ; ' with ` ^ ', `;' with ` _ ', and `  '

with implication.

Corollary

[

Lee, 2005

]

F or any normal pr o gr am � , a set of atoms is an answer set

of � i� it is a mo del of

� ^

^

L is a lo op of �

�

_

L � ES

� ;L

�

:

2

When

W

is applied to a set L as in the an teceden t of this form ula, it stands for the disjunction

of all elemen ts of L .
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10.2 Lo op F orm ulas for Causal Theories in Canonical

F orm

10.2.1 Main Theorem for Canonical Theories

Recall that a (Bo olean) causal rule is an expression of the form

F ( G;

where F , G are prop ositional form ulas.

If the head of a causal rule is a conjunction, then the rule can b e brok en in to

simpler rules: replacing a rule

F ^ G ( H

in a causal theory b y the rules

F ( H ; G ( H

do es not c hange the set of mo dels. This fact allo ws us to replace an y rule in a

causal theory b y sev eral rules whose heads are clauses. W e will call suc h causal

rules c anonic al .

A c anonic al c ausal the ory is a �nite set of canonical causal rules.

Let T b e a canonical causal theory . The he ad dep endency gr aph of T is the

directed graph suc h that

� its v ertices are the literals of � , and

� for eac h rule l

1

_ � � � _ l

n

( F of T , it has an edge from eac h l

i

to eac h l

j

where j 6= i , 1 � i; j � n .

3

3

l denotes the literal complemen tary to literal l .
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: q

p q

: p : q

T

2

p q

: p

T

3

Figure 10.2: The head dep endency graphs of T

2

, T

3

Th us head dep endency graphs of causal theories di�er from p ositiv e dep endency

graphs of logic programs in t w o w a ys. First their v ertices are literals, and not only

atoms. Second, the edges of a graph come from the heads of the rules.

F or instance, the head dep endency graphs of T

2

and T

3

(Section 3.3) are

sho wn in Figure 10.2.1.

Similarly to logic programs, a nonempt y consisten t set L of literals is called

a lo op of T if, for ev ery pair l

1

, l

2

of literals in L , there exists a path from l

1

to l

2

in

the head dep endency graph of T suc h that all v ertices in this path b elong to L . A

lo op is called trivial if the lo op consists of a single literal suc h that there is no edge

from the literal to itself in the head dep endency graph.

F or instance, T

2

has six lo ops: f p g , f: p g , f q g , f: q g , f p; q g , f: p; : q g , among

whic h the �rst four are trivial.

The follo wing fact easily follo ws from the de�nition of a lo op. Giv en a set L

of literals, L is the set of literals complemen tary to literals in L .

F act 1 F or any c anonic al c ausal the ory T , if a set L of liter als is a lo op of T , L is

a lo op of T also.

F or an y set Y of atoms, the external supp ort form ula for Y is the disjunction
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of the conjunctions

G ^

^

l 2 F n Y

l

for all rules F ( G of T suc h that

� F \ Y 6= ; , and

� F \ Y = ; .

W e denote the external supp ort form ula b y ES

T ;Y

.

Giv en a canonical causal theory T , prop ositional theory T r

b

( T ) consists of

( i ) the implications

G � F

for all rules F ( G in T ,

( ii ) the implications

_

Y � ES

T ;Y

(10.3)

for all consisten t sets Y of literals of � .

Prop ositional theory T r

c

( T ) is de�ned in the same w a y except that instead of for-

m ulas (10.3),

� theory T r

c

( T ) includes

^

L � ES

T ;L

(10.4)

for all lo ops L of T .

When L is a lo op, w e call form ula (10.4) the c onjunctive lo op formula of L for T .

Theorem 2 F or any c anonic al c ausal the ory T and any interpr etation X of the

signatur e of T , the fol lowing c onditions ar e e quivalent to e ach other:
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( a ) X is a mo del of T .

( b ) X is a mo del of T r

b

( T ) .

( c ) X is a mo del of T r

c

( T ) .

Since conditions ( b ) and ( c ) of Theorem 2 are equiv alen t to eac h other, an y

in termediate condition b et w een the t w o is also equiv alen t to ( a ){( c ). In particular

w e consider the follo wing translations, T r

d

and T r

e

, whic h are de�ned in the same

w a y as T r

b

except that instead of form ulas (10.3),

� theory T r

d

( T ) includes

^

Y � ES

T ;Y

for all nonempt y consisten t sets Y of literals of � .

4

� theory T r

e

( T ) includes

_

L � ES

T ;L

(10.5)

for all lo ops L of T .

When L is a lo op, w e call form ula (10.5) the disjunctive lo op formula of L for T .

Corollary 5 F or any c anonic al c ausal the ory T and any interpr etation X of the

signatur e of T , the fol lowing c onditions ar e e quivalent to e ach of c onditions ( a ) { ( c )

of The or em 2:

( d ) X is a mo del of T r

d

( T ) .

( e ) X is a mo del of T r

e

( T ) .

4

The requiremen t that Y b e consisten t can b e dropp ed since the implication is trivially true in

this case.
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Notice that the set of form ulas in eac h of the conditions ( b ){( e ) consists of t w o

parts. The �rst is a mo dular translation of T in to prop ositional logic: it reads eac h

rule of T as an implication. On the other hand, the second part is a non-mo dular

translation. F or instance, to �nd lo ops and to write the consequen ts of (10.4), one

has to lo ok at the whole theory .

F or example, consider T

2

from Section 3.3. The theory is not de�nite, so

that w e cannot use the literal completion metho d to �nd its mo dels. But condition

( c ) of Theorem 2 tells us that the mo dels of T

2

are exactly the mo dels of

( p _ : q ) ^ ( : p _ q )

^ ( p � q ) ^ ( q � p ) ^ ( : p � : q ) ^ ( : q � : p ) ^ ( p ^ q � ? ) ^ ( : p ^ : q � ? ) :

Theory T

3

from Section 3.3 is another example to whic h w e cannot apply literal

completion. According to Theorem 2, the mo dels of T

3

are exactly the mo dels of

( p _ : q ) ^ ( : p _ q ) ^ ( p _ q ) ^ ( p � q _ : q ) ^ ( q � p _ : p )

^ ( : p � : q ) ^ ( : q � : p ) ^ ( p ^ q � > ) ^ ( : p ^ : q � ? ) :

Note that all translations ( b )|( e ) in v olv e the exp onen tial n um b er of lo ops

in the w orst case, and this ma y b e seen as a defect of the translations. Ho w ev er,

assuming a conjecture from the theory of computational complexit y whic h is widely

b eliev ed to b e true, w e can sho w that an y equiv alen t transformation from causal

theories to prop ositional form ulas without in tro ducing new atoms in v olv es a signif-

ican t increase in size, in the w orst case. This is a consequence of a similar result for

logic programs pro v ed b y Lifsc hitz and Razb oro v [2004], in com bination with the

lemma from

[

Giunc higlia et al. , 2004, Section 8.3

]

.
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10.2.2 Completion and Tigh t Causal Theories

W e can extend the literal completion metho d to canonical theories, not necessarily

de�nite, as follo ws. The (liter al) c ompletion of a canonical theory T , denoted b y

Comp ( T ), is the conjunction of T with the implications

l � ES

T ; f l g

for all literals l of the signature of T . Note that this de�nition is a generalization of

the literal completion of de�nite theories (Section 3.4).

Since ev ery singleton set of literals is a (trivial) lo op, Comp ( T ) can b e view ed

as the conjunction of T with lo op form ulas of all trivial lo ops of T . Th us it is clear

that T r

c

( T ) implies Comp ( T ), but not vice v ersa. The follo wing is a corollary to

Theorem 2 (Section 10.2.1):

Corollary 6 F or any c anonic al the ory T , if X is a mo del of T then it is a mo del

of Comp ( T ) .

As in the case of logic programs (see Section 3.1), w e can de�ne a \tigh t"

causal theory , for whic h the implication in the other direction also holds. Our

de�nition is based on the notion of a lo op. F or a canonical causal theory T , w e will

sa y that T is tigh t if all lo ops of T are trivial. It is clear that an y de�nite theory

is tigh t. On the other hand, theories T

2

and T

3

(Section 3.3) are not tigh t. The

follo wing example is a nonde�nite theory whic h is tigh t:

p _ : q ( >

r _ q ( >

: r ( : r :
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Since Comp ( T ) and T r

c

( T ) are the same if T is tigh t, w e get the follo wing

corollary to Theorem 2, whic h generalizes the prop osition from Section 3.4.

Corollary 7 F or any tight c anonic al c ausal the ory T and any interpr etation X of

the signatur e of T , X is a mo del of T i� X is a mo del of Comp ( T ) .

F or tigh t theories, the translations from the previous section giv e p olynomial-

size prop ositional form ulas.

10.2.3 T urning Nonde�nite Theories in to De�nite Theories

A corollary of Theorem 2 tells us that an y nonde�nite theory can b e turned in to

an equiv alen t de�nite theory . Let T b e a canonical causal theory of a signature � .

F or ev ery rule F ( G of T , the corresp onding set of de�nite rules DR ( F ( G ) is

de�ned as follo ws:

DR ( F ( G ) =

(

l ( G ^

^

l

0

2 F nf l g

l

0

: l 2 F

)

if j F j > 1; DR ( F ( G ) = f F ( G g otherwise.

The set of de�nite rules corresp onding to T is the union of DR ( r ) for all

rules r in T :

DR ( T ) =

[

r 2 T

DR ( r ) :

Note that DR ( T ) = T when T is de�nite.
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F or example, for T

3

from Section 3.3, DR ( T

3

) is

p ( q

: q ( : p

: p ( : q

q ( p

p ( : q

q ( : p;

and its only mo del is f p; q g , whic h is the only mo del of T

3

also.

F or T

2

from Section 3.3, whic h has no mo dels, DR ( T

2

) is

p ( q

: q ( : p

: p ( : q

q ( p;

(10.6)

whic h has t w o mo dels, f p; q g and f: p; : q g .

According to Prop osition 5 from

[

Giunc higlia et al. , 2004

]

, adding a constrain t

? ( F (Section 3.3) to a causal theory T do es not in tro duce new mo dels, but simply

eliminates the mo dels of T that do es not satisfy F . Th us w e get the follo wing as a

corollary to Theorem 2.

Corollary 8 F or any c anonic al c ausal the ory T , the fol lowing c onditions ar e e quiv-

alent to e ach other:

(a) X is a mo del of T .

(b) X is a mo del of DR ( T ) [f? ( : (

W

Y � E S

T ;Y

) : Y is a c onsistent set of liter als of � g .
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(c) X is a mo del of DR ( T ) [f? ( : (

V

L � E S

T ;L

) : L is a nontrivial lo op of T g .

(d) X is a mo del of DR ( T )

[ f? ( : (

V

Y � E S

T ;Y

) : Y is a nonempty c onsistent set of liter als of � g .

(e) X is a mo del of DR ( T ) [f? ( : (

W

L � E S

T ;L

) : L is a nontrivial lo op of T g .

F or example, the constrain ts that express the conjunctiv e lo op form ulas of

non trivial lo ops for T

2

are

? ( : ( p ^ q � ? )

? ( : ( : p ^ : q � ? ) :

(10.7)

Corollary 8 tells us that the mo dels of T

2

are exactly the mo dels of the causal theory

whic h consists of (10.6) and (10.7).

As another example, consider the action description sho wn in Figure 5.1.

Recall that it is nonde�nite b ecause of the last causal la w, whic h is translated in to

a set of causal rules:

i : T urning (1) � i : T urning (2) ( i : Conne cte d : (10.8)

According to Corollary 8, the causal theory corresp onding to Figure 5.1 can b e

turned in to a de�nite theory with the same set of mo dels b y replacing the rule (10.8)

with the follo wing rules

5

:

i : : T urning ( x ) ( i : : T urning ( x

1

) ^ i : Conne cte d ( x 6= x

1

)

i : T urning ( x ) ( i : T urning ( x

1

) ^ i : Conne cte d ( x 6= x

1

)

? ( :

�

V

x

i : T urning ( x ) �

W

x

i : MotorO n ( x )

�

:

(10.9)

5

The �rst rule can b e dropp ed without c hanging the set of mo dels.
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10.2.4 T ransitiv e Closure

The comparison of the de�nition of a lo op in logic programs and in causal logic

can guide us in translating a represen tation from one formalism to the other. F or

example, the dep endency graph of p  q and the dep endency graph of p ( q are

di�eren t: while the former has an edge from p to q , the latter has no edges. On

the other hand, q � p ( > has t w o edges: one from p to q , and the other from : q

to : p .

In logic programming the follo wing set of rules describ es the transitiv e closure

tc of a binary relation p on a set A :

p ( x; y ) for any p air x; y 2 A such that p ( x; y ) holds

tc ( x; y )  p ( x; y )

tc ( x; z )  p ( x; y ) ; tc ( y ; z ) :

(10.10)

One migh t b e tempted to write the corresp onding represen tation in causal

logic as follo ws:

p ( x; y ) ( > for any p air x; y 2 A such that p ( x; y ) holds

tc ( x; y ) ( p ( x; y )

tc ( x; z ) ( p ( x; y ) ^ tc ( y ; z )

: p ( x; y ) ( : p ( x; y )

: tc ( x; y ) ( : tc ( x; y ) :

(10.11)

Note that the completion of (10.10) is equiv alen t to the completion of (10.11).

If p is acyclic, then tc in (10.11) describ es the transitiv e closure correctly . Other-

wise, the represen tation ma y allo w spurious mo dels that do not corresp ond to the

transitiv e closure.
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The presence of the spurious mo dels is related to the \cyclic causalit y" in the

third rule of (10.11). The lo op form ulas for (10.11) are not equiv alen t to the lo op

form ulas for (10.10). In (10.10) the third rule tells us that the p ositiv e dep endency

graph has edges that go from tc ( x; z ) to tc ( y ; z ), while in (10.11) the corresp onding

rule do es not con tribute to the edges of the head dep endency graph. Indeed, (10.11)

has trivial lo ops only .

This problem can b e corrected b y mo ving tc ( y ; z ) in the third rule from the

b o dy to the head, to ensure that the head dep endency graph con tains the corre-

sp onding edges:

tc ( y ; z ) � tc ( x; z ) ( p ( x; y ) :

6

The mo di�ed causal theory ma y ha v e more lo ops than (10.10), but the lo op

form ulas for these extra lo ops are tautologies, b ecause eac h of the lo ops con tains

at least one negativ e literal, and there is a rule : c ( : c in the theory for ev ery

atom c . Th us it is easy to see that the lo op form ulas for the mo di�ed causal theory

are equiv alen t to the lo op form ulas for (10.10). The translation of the causal logic

represen tation of transitiv e closure to the corresp onding logic program pro vides an

alternativ e pro of of Theorem 2 from

[

Do� ganda� g et al. , 2004

]

, whic h sho ws the cor-

rectness of the mo di�ed casual theory for represen ting transitiv e closure. According

to Corollary 8, tc can also b e describ ed b y de�nite theories using the translation

from Section 10.2.3.

6

According to Prop osition 2 of

[

Lee, 2004

]

, w e can also write p ( x; y ) ^ tc ( y ; z ) � tc ( x; z ) ( > :

Since p ( x; y ) do es not con tribute to an y lo ops, mo ving p ( x; y ) from the head to the b o dy do es not

c hange lo op form ulas. The case is similar with the second rule of (10.11).
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10.3 Lo op F orm ulas for Arbitrary Causal Theories

W e can extend Theorem 2 to arbitrary causal theories, not necessarily canonical.

An example of a non-canonical causal theory is giv en in Section 10.2.3; the theory

is non-canonical b ecause some rules ha v e equiv alences in the heads.

Ab out an o ccurrence of a literal l in a form ula, w e sa y that it is singular if l is

a p ositiv e literal preceded b y : , and that it is regular otherwise. Giv en a form ula F ,

NNF ( F ) denotes the ne gation normal form of F , that is, the form ula obtained from

F b y distributing : o v er ^ and _ un til it applies to atoms only .

Let T b e a causal theory of a signature � . The head dep endency graph of T

is the directed graph suc h that

� its v ertices are the literals of � , and

� it includes an edge from a v ertex l to a v ertex l

0

if there is a rule F ( G in T

suc h that l o ccurs regularly in NNF ( F ), and l

0

o ccurs regularly in NNF ( F ).

This de�nition reduces to the earlier de�nition (Section 10.2.1) when T is canonical.

Giv en a form ula F and a consisten t set Y of literals, b y F

Y

w e denote the

form ula obtained from F b y replacing

� eac h o ccurrence of atom a suc h that a 2 Y b y ? , and

� eac h o ccurrence of atom a suc h that : a 2 Y b y > .

By T

Y

w e denote the theory obtained from T b y replacing all rules F ( G in T

with F

Y

( G . Note that in the pro cess of constructing T

Y

w e transform only the

heads of the rules.
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In application to canonical causal theories, this op eration is closely related

to external supp ort form ula:

Prop osition 14 L et T b e a c anonic al c ausal the ory of a signatur e � , and X an

interpr etation of � that satis�es T . F or any c onsistent set Y of liter als of � , X

satis�es ES

T ;Y

i� X do es not satisfy T

Y

.

The translations T r

b

, T r

c

, T r

d

, T r

e

from Section 10.2 can b e extended to

arbitrary causal theories as follo ws: prop ositional theory T r

b

( T ) consists of

( i ) the implications

G � F

for all rules F ( G in T , and

( ii ) the implications

_

Y � : T

Y

(10.12)

for all consisten t sets Y of literals of � .

In the case when T is canonical, this de�nition di�ers from the de�nition

from Section 10.2.1 only in that in form ulas (10.12) w e use T

Y

instead of ES

T ;Y

. In

view of Prop osition 14 this di�erence is not essen tial.

The translations T r

c

, T r

d

, and T r

e

are de�ned in the same w a y except that

instead of form ulas (10.12),

� theory T r

c

( T ) includes

^

L � : T

L

(10.13)

for all lo ops L of T ,
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� theory T r

d

( T ) includes

^

Y � : T

Y

for all nonempt y consisten t sets Y of literals of � ,

� theory T r

e

( T ) includes

_

L � : T

L

(10.14)

for all lo ops L of T .

Theorem 3 F or any c ausal the ory T and any interpr etation X of the signatur e

of T , the fol lowing c onditions ar e e quivalent to e ach other:

( a ) X is a mo del of T .

( b ) X is a mo del of T r

b

( T ) .

( c ) X is a mo del of T r

c

( T ) .

Corollary 9 F or any c ausal the ory T and any interpr etation X of the signatur e

of T , the fol lowing c onditions ar e e quivalent to e ach of c onditions ( a ) { ( c ) of The o-

r em 3:

( d ) X is a mo del of T r

d

( T ) .

( e ) X is a mo del of T r

e

( T ) .

The idea ab o v e can also b e used to pro v e theorems ab out the relationship

b et w een logic programs and causal logic. F or instance, the pro of of Prop osition 2

from

[

Lee, 2004

]

, whic h sho ws ho w to em b ed disjunctiv e logic programs in to causal

logic, is giv en b y turning b oth logic programs and causal theories in to prop ositional

theories and sho wing that these prop ositional theories are equiv alen t to eac h other.
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10.4 Pro ofs

In this section, w e pro v e Prop osition 14 and Theorem 3. These t w o theorems imply

Theorem 2.

W e will sometimes iden tify a causal theory T with the corresp onding prop osi-

tional theory , and sa y that an in terpretation satis�es T if it satis�es the prop ositional

theory .

10.4.1 Pro of of Prop osition 14

Prop osition 14 L et T b e a c anonic al c ausal the ory of a signatur e � , and X an

interpr etation of � that satis�es T . F or any c onsistent set Y of liter als of � , X

satis�es ES

T ;Y

i� X do es not satisfy T

Y

.

Pro of ( Left-to-righ t ) Assume that X j = ES

T ;Y

. Then there is a rule

F ( G (10.15)

in T suc h that

X j = G;

X \ ( F n Y ) = ;

F \ Y 6= ; ; and

F \ Y = ; :

(10.16)

It follo ws that X 6j = F

Y

, and consequen tly , X 6j = T

Y

.

( Righ t-to-left ) Assume that X 6j = T

Y

. W e �rst sho w that X satis�es F

Y

( G

for ev ery rule F ( G that do es not satisfy (10.16).

� F or ev ery rule F ( G suc h that X 6j = G , X \ ( F n Y ) 6= ; , or F \ Y 6= ; , X

satis�es F

Y

( G trivially .
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� F or ev ery rule F ( G suc h that F \ Y = ; , since X satis�es T , it follo ws that

X 6j = G , or X \ ( F n Y ) 6= ; . In either case, it is easy to c hec k that X satis�es

F

Y

( G .

It follo ws that there exists a rule that satis�es (10.16). Therefore X j = ES

T ;Y

.

10.4.2 Pro of of Theorem 3

The pro of of Theorem 3 uses the follo wing lemma, pro v ed in Section 10.4.3.

Main Lemma L et T b e a c ausal the ory of a signatur e � , X an interpr etation of �

that satis�es T , and Y a nonempty c onsistent set of liter als of � . If X do es not

satisfy T

L

for any lo op L that is c ontaine d in Y , then X do es not satisfy T

Y

.

The pro of of Theorem 3 uses the follo wing facts as w ell.

F act 2 F or any c ausal the ory T and any interpr etation X of the signatur e of T ,

X j = T i� X j = T

X

.

This is immediate b y structural induction.

F act 3 L et F b e a formula, T a c ausal the ory, X an interpr etation of the signatur e

of T , and Y a c onsistent set of liter als.

( i ) X j = F

Y

i� ( X n Y ) [ Y j = F :

( ii ) X j = T

Y

i� ( X n Y ) [ Y j = T

X

:

P art ( i ) is immediate b y structural induction. P art ( ii ) follo ws from ( i ).

Theorem 3 F or any c ausal the ory T and any interpr etation X of the signatur e

of T , the fol lowing c onditions ar e e quivalent to e ach other:
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( a ) X is a mo del of T .

( b ) X is a mo del of T r

b

( T ) .

( c ) X is a mo del of T r

c

( T ) .

Pro of F r om ( b ) to ( c ) is clear.

F r om ( a ) to ( b ): Let X b e a mo del of T . F rom the de�nition of a mo del, it

follo ws that X satis�es T . Let Y b e an y consisten t set of literals suc h that Y \ X 6= ; .

Since X is a mo del of T , ( X n Y ) [ Y , whic h is di�eren t from X , do es not satisfy T

X

.

By F act 3, it follo ws that X do es not satisfy T

Y

.

F r om ( c ) to ( a ): Assume that X satis�es T , and, for ev ery lo op L of T that

is con tained in X , X do es not satisfy T

L

. First, b y F act 2, X j = T

X

. Let Y b e an y

in terpretation that is di�eren t from X . W e will sho w that Y 6j = T

X

. Let Z = X n Y .

Since Z is nonempt y , and X 6j = T

L

for an y lo op L that is con tained in Z , b y the

main lemma, it follo ws that X 6j = T

Z

, whic h is equiv alen t to ( X n Z ) [ Z 6j = T

X

, i.e.,

Y 6j = T

X

b y F act 2. Therefore X is the unique in terpretation satisfying T

X

.

10.4.3 Pro of of the Main Lemma

Lemma 3 L et T b e a c ausal the ory of a signatur e � , X an interpr etation of � that

satis�es T , Y a c onsistent set of liter als of � , and L a nonempty subset of Y such

that the he ad dep endency gr aph of T has no e dge fr om a liter al in L to a liter al

in Y n L . If X do es not satisfy T

L

, then X do es not satisfy T

Y

.

Pro of Assume that X do es not satisfy T

L

. There exists a rule

H  B
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in T suc h that X satis�es B , but do es not satisfy H

L

. By F act 3,

( X n L ) [ L 6j = H : (10.17)

On the other hand,

X j = H (10.18)

b ecause X satis�es T . F rom (10.17) and (10.18), it follo ws that at least one literal

in L o ccurs regularly in NNF ( H ).

Next w e will sho w that X 6j = T

Y

. Since the head dep endency graph of T has

no edge from a literal in L to a literal in Y n L , it follo ws that there is no literal

l 2 Y n L suc h that l o ccurs regularly in NNF ( H ). It follo ws from (10.17) that

( X n Y ) [ Y 6j = H ;

whic h is equiv alen t to X 6j = H

Y

b y F act 3. Therefore, X 6j = T

Y

.

Main Lemma L et T b e a c ausal the ory of a signatur e � , X an interpr etation of �

that satis�es T , and Y a nonempty c onsistent set of liter als of � . If X do es not

satisfy T

L

for any lo op L that is c ontaine d in Y , then X do es not satisfy T

Y

.

Pro of In view of Lemma 3, it is su�cien t to sho w that there exists a lo op L suc h

that the head dep endency graph of T has no edge from a literal in L to a literal

in Y n L . W e will sho w the existence of suc h lo ops.

Let G b e the subgraph of the head dep endency graph of T induced b y Y ,

and let G

0

b e the graph obtained from G b y collapsing the strongly connected

comp onen ts of G (that is, the v ertices of G

0

are the strongly connected comp onen ts

of G and G

0

has an edge from v ertex V to v ertex V

0

if G has an edge from a literal
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in V to a literal in V

0

). Since Y is nonempt y , there is at least one lo op in Y .

Consequen tly , there is at least one v ertex in G

0

.

It follo ws that there exists a terminal v ertex in G

0

. Let L b e that v ertex. It

is clear that there is no edge from a literal in L to a literal in Y n L in the head

dep endency graph of T .
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Chapter 11

Splitting Causal Theories

The splitting set theorem

[

Lifsc hitz and T urner, 1994

]

allo ws us, under certain con-

ditions, to split a logic program in to t w o parts and determine ho w the answ er sets of

the �rst part are a�ected b y adding the second part. In this c hapter, w e extend this

idea to causal logic. The pro of of the theorem uses Theorem 3 from the previous

c hapter. In Section 11.2, w e illustrate the usefulness of the splitting set theorem b y

using it to pro v e a prop osition regarding the use of statically determined 
uen ts in

C +.

11.1 Splitting Set Theorem for Causal Logic

Let us consider T

1

(Section 3.3). Without the �rst rule, the theory consists of the

rules of the signature f q g , that is,

q ( q

: q ( : q :

(11.1)
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This theory , assuming its signature is f q g , has t w o mo dels: f q g , f: q g . If w e select

f q g , and \plug in the v alue" to the �rst rule, then the resulting theory consists of a

rule of the signature f p g , that is

p ( > : (11.2)

This theory , assuming its signature is f p g , has one mo del: f p g . The union of the

t w o mo dels, f q g [ f p g , coincides with the mo del of T

1

.

On the other hand, if w e select f: q g , the theory is

p ( ? ; (11.3)

whic h has no mo dels.

The example giv es us an idea ho w a causal theory can b e \split." More

precisely , w e ha v e the follo wing result, whic h is similar to the splitting set theorem

for logic programs

[

Lifsc hitz and T urner, 1994

]

.

Let T b e a causal theory of a signature � . A subset U of � is a splitting

set for T if, for ev ery rule F ( G in T suc h that F con tains a constan t from U ,

all constan ts o ccurring in F or G b elong to U also. The b ottom of T relativ e to a

splitting set U , denoted b y b

U

( T ), is the causal theory of the signature U consisting

of all rules F ( G from T suc h that all constan ts o ccurring in F or G b elong to U .

By t

U

( T ) (the top of T relativ e to U ) w e denote the causal theory of the signature

� that consists of all rules of T not included in b

U

( T ).

F or example, f q g is a splitting set for T

1

; the b ottom of T

1

relativ e to f q g ,

b

f q g

( T

1

), is theory (11.1) with the signature f q g ; the top of T

1

relativ e to f q g ,

t

f q g

( T

1

), consists of the �rst rule of T

1

with the signature f p g .

Let F b e a form ula of the signature � , U a subset of � , and X a set of atoms

c = v suc h that c 2 U . By e

U

( F ; X ) w e denote the form ula obtained from F b y
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replacing eac h o ccurrence of atom c = v with c 2 U b y > if it b elongs to X and b y

? otherwise. F or a causal theory T of the signature � , b y e

U

( T ; X ) w e denote the

causal theory of the signature � n U that consists of the rules e

U

( F ; X ) ( e

U

( G; X )

for all rules F ( G of T .

F or example, the theory e

f q g

( t

f q g

( T

1

; f q g ) is (11 : 2); the theory e

f q g

( t

f q g

( T

1

; f: q g )

is (11 : 3).

Theorem 4 L et T b e a c ausal the ory whose signatur e is � , and U a splitting set

for T . A n interpr etation of � is a mo del of T i� it c an b e written as X [ Y wher e

X is a mo del of b

U

( T ) and Y is a mo del of e

U

( t

U

( T ) ; X ) .

According to Theorem 4, the mo del of T

1

can b e written as f q g [ f p g where

f q g is a mo del of b

f q g

( T

1

) and f p g is a mo del of e

f q g

( t

f q g

( T

1

) ; f q g ).

11.2 Pro of of Prop osition 4

Prop osition 4 L et D b e an action description whose signatur e is � , Q a set

of static al ly determine d 
uent c onstants such that � \ Q = ; , and D

Q

an action

description which c onsists of c ausal laws of the form

caused q if F

wher e q 2 Q and F is a formula of � , and the c ausal laws

caused : q if : q :

for al l q 2 Q . Then the tr ansition system of D [ D

Q

is isomorphic to the tr ansition

system of D .

198



Pro of First, tak e the signature U = 0 : � as a splitting set of ( D [ D

Q

)

0

. Then

b

U

(( D [ D

Q

)

0

) is D

0

and t

U

(( D [ D

Q

)

0

) is ( D

Q

)

0

. By Theorem 4, an y mo del of

( D [ D

Q

)

0

can b e written as X [ Y where X is a mo del of D

0

and Y is a mo del of

e

U

(( D

Q

)

0

; X ). Since � \ Q = ; , it is easy to c hec k that giv en X , e

U

(( D

Q

)

0

; X ) has a

unique mo del of the signature 0 : Q (consider the completion of e

U

(( D [ D

Q

)

0

; X )).

Th us it follo ws that there is a 1{1 corresp ondence b et w een the states of D and the

states of D [ D

Q

.

No w tak e the signature U = 0 : � [ 1 : � as a splitting set of ( D [ D

Q

)

1

. Then

b

U

(( D [ D

Q

)

1

) is D

1

and t

U

(( D [ D

Q

)

1

) is ( D

Q

)

1

. By Theorem 4, an y mo del of

( D [ D

Q

)

1

can b e written as X [ Y where X is a mo del of D

1

and Y is a mo del

of e

U

(( D

Q

)

1

; X ). Since � \ Q = ; , it is easy to c hec k that giv en X , e

U

(( D

Q

)

1

; X )

has a unique mo del of the signature 0 : Q [ 1 : Q (again, consider the completion of

e

U

(( D [ D

Q

)

1

; X )). Th us it follo ws that there is a 1{1 corresp ondence b et w een the

transitions of D and the transitions of D [ D

Q

.

11.3 Related W ork

The splitting set theorem presen ted in this c hapter is closely related to is the splitting

set theorem for default logic presen ted in

[

T urner, 1996

]

. Since a Bo olean causal

theory can b e view ed as a default theory in the sense of

[

Reiter, 1980

]

b y iden tifying

a causal rule F ( G with the default

: G

F

[

Giunc higlia et al. , 2004, Prop osition 10

]

, one can also deriv e a splitting set theorem

for causal logic from T urner's theorem. Ho w ev er, a straigh tforw ard deriv ation w ould
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require that eac h b o dy of a rule b e either a form ula of the signature U or the

signature � n U , whic h our splitting set theorem do es not require. Moreo v er, our

theorem is not limited to Bo olean theories.

11.4 Pro of of the Splitting Set Theorem

Lemma 4 F or any c ausal the ory T whose signatur e is � , and any splitting set U

for T , every lo op L of T is either a lo op of b

U

( T ) or a lo op of t

U

( T ) over � n U .

Pro of Easily follo ws from the fact that the head dep endency graph of T has no

edge from a literal of U to a literal of � n U .

Lemma 5 L et T b e a c ausal the ory whose signatur e is � , U a splitting set for T ,

and X an interpr etation of � that satis�es T .

( i ) F or every lo op L of b

U

( T ) ,

X j = b

U

( T )

L

i� X j = T

L

:

( ii ) F or every lo op L of T n b

U

( T ) over � n U ,

X j = ( T n b

U

( T ))

L

i� X j = T

L

:

Pro of F ollo ws from Lemma 4.

Lemma 6 L et T b e a c ausal the ory whose signatur e is � , U a splitting set for T ,

and X an interpr etation of U . F or any lo op L of t

U

( T ) over � n U ,

e

U

( t

U

( T ) ; X )

L

= e

U

( t

U

( T )

L

; X ) :
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Pro of Clear from the de�nitions of e

U

and T

L

.

Theorem 4 L et T b e a c ausal the ory whose signatur e is � , and U a splitting set

for T . A n interpr etation of � is a mo del of T i� it c an b e written as X [ Y wher e

X is a mo del of b

U

( T ) and Y is a mo del of e

U

( t

U

( T ) ; X ) .

Pro of ( Left-to-righ t ) Assume that Z is a mo del of T . W e will sho w that Z = X [ Y

for t w o sets X and Y of literals suc h that X is a mo del of b

U

( T ), and Y is a mo del

of e

U

( t

U

( T ) ; X ). T ak e X to b e the set of literals of U that b elong to Z and Y to

b e the set of literals of � n U that b elong to Z . It is clear that Z = X [ Y . By

Theorem 3, Z j = T and Z 6j = T

L

for ev ery lo op L of T .

First w e will sho w that X is a mo del of b

U

( T ). Since Z j = T and the signature

of b

U

( T ) is U , it follo ws that

X j = b

U

( T ) :

Since Z 6j = T

L

for ev ery lo op L of b

U

( T ), b y Lemma 5 ( i ), it follo ws that

X 6j = b

U

( T )

L

for ev ery lo op L of b

U

( T ). Therefore, b y Theorem 3, X is a mo del of b

U

( T ).

Next w e will sho w that Y is a mo del of e

U

( t

U

( T ) ; X ). Since X [ Y j = t

U

( T ),

b y the de�nition of e

U

,

Y j = e

U

( t

U

( T ) ; X ) :

On the other hand, since Z 6j = T

L

for ev ery lo op L of T , b y Lemma 5 ( ii ),

X [ Y 6j = t

U

( T )

L

for ev ery lo op L of t

U

( T ) o v er � n U . By the de�nition of e

U

,

Y 6j = e

U

( t

U

( T )

L

; X ) ;
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or b y Lemma 6,

Y 6j = e

U

( t

U

( T ) ; X )

L

;

for the same lo ops. Therefore, b y Theorem 3, Y is a mo del of e

U

( t

U

( T ) ; X ).

( Righ t-to-left ) Assume that X is a mo del of b

U

( T ) and Y is a mo del of

e

U

( t

U

( T ) ; X ). Then w e need to sho w that X [ Y is a mo del of T .

It is clear that X satis�es b

U

( T ). F rom Y j = e

U

( t

U

( T ) ; X ), it holds that

X [ Y j = t

U

( T ) :

Therefore X [ Y j = b

U

( T ) [ t

U

( T ) = T .

Next w e will sho w that X [ Y 6j = T

L

for ev ery lo op L of T . T ak e an y lo op L

of T . By lemma 4, L is a lo op of either b

U

( T ) or a lo op of t

U

( T ) o v er � n U .

� If L is a lo op of b

U

( T ), then b y Theorem 3, X 6j = b

U

( T )

L

. By Lemma 5 ( i ),

X 6j = T

L

.

� If L is a lo op of t

U

( T ) o v er � n U , then b y Theorem 3,

Y 6j = e

U

( t

U

( T ) ; X )

L

;

and b y Lemma 6,

Y 6j = e

U

( t

U

( T )

L

; X ) :

By the de�nition of e

U

, it follo ws that

X [ Y 6j = t

U

( T )

L

;

and b y Lemma 5 ( ii ),

X [ Y 6j = T

L

:

Therefore Z is a mo del of T b y Theorem 3.
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Chapter 12

Conclusion

12.1 Summary of Con tributions

The main con tributions of this dissertation are as follo ws.

� W e iden ti�ed sev eral essen tial limitations of the McCain{T urner causal logic

and action language C in application to describing commonsense kno wledge

ab out actions, and prop osed m ulti-v alued causal logic and language C +, whic h

o v ercome these limitations. Language C +, a high lev el notation for m ulti-

v alued causal theories, can represen t non-prop ositional 
uen ts, de�ned 
uen ts,

rigid constan ts, and defeasible causal la ws. Despite man y adv anced features,

it has a simple and elegan t formal seman tics.

� W e redesigned and reimplemen ted CCalc to accoun t for these extensions.

The input language of the new CCalc pro vides a con v enien t and concise

syn tax for writing action descriptions in the de�nite fragmen t of C +.

� W e iden ti�ed the concept of an additiv e 
uen t and prop osed a metho d for
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describing additiv e 
uen ts in C +. W e extended CCalc accordingly to co v er

additiv e 
uen ts, and applied it to sev eral examples of commonsense reasoning.

� W e tested expressiv e p ossibilities of C + b y formalizing action domains of non-

trivial size, m uc h more complicated than \to y problems."

� By formalizing McCarth y's elab orations of the Missionaries and Cannibals

Puzzle, w e sho w ed that, to a certain degree, the goal of elab oration tolerance

is met b y the input language of the extended CCalc . Eac h enhancemen t w as

obtained from the basic formalization b y simply adding more p ostulates.

� W e sho w ed ho w to turn an arbitrary causal theory , not necessarily de�nite, in to

a set of form ulas in prop ositional logic using the concept of a lo op form ula. As

a corollary w e sho w ed that an y nonde�nite theory can b e turned in to a de�nite

theory . The result pro vides a w a y to extend CCalc to deal with arbitrary

causal theories.

12.2 T opics for F uture W ork

The follo wing is a list of topics for future w ork that w ould impro v e up on the results

of this dissertation.

� W e ha v e not y et considered ho w to incorp orate sensing actions|actions that

a�ect the agen t's kno wledge but ha v e no e�ect on the w orld, and w e ha v e not

sho wn ho w to incorp orate probabilistic reasoning in C +.

� Used as a planner, CCalc do es not rely on domain-sp eci�c con trol kno wledge.

It has b een noted that declarativ e con trol kno wledge sometimes drastically
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impro v es the p erformance of planners. Although CCalc can solv e prediction

and p ostdiction problems with incomplete information, it do es not handle

\conforman t planning"|generating plans that are guaran teed to succeed with

incomplete initial conditions.

� CCalc has mainly b een a researc h to ol used to test the expressiv eness of

its input language. F or CCalc to b e used as a more practical system, the

implemen tation should consider e�ciency and optimization more seriously .

� The curren t v ersion of CCalc do es not op erate with real n um b ers, and ev en

in teger arithmetic is implemen ted in a w a y that b ecomes ine�cien t when large

in tegers are needed. It ma y b e p ossible to lift these limitations b y dev elop-

ing an in terface with searc h engines other than SA T solv ers, suc h as those

based on linear programming, as in

[

W olfman and W eld, 1999

]

, or on in teger

programming, as in

[

Kautz and W alser, 1999

]

.

� Our translation of an arbitrary causal theory in to form ulas in prop ositional

logic (or in to a de�nite theory) can b e used to extend CCalc to handle nondef-

inite theories. W e ma y b e able to iden tify a useful sub class of causal theories,

whic h is more general than the class of de�nite theories but still can b e com-

puted e�cien tly . One suc h extension w as prop osed in

[

Do� ganda� g et al. , 2004

]

.

Also there is a need to b etter understand ho w lo ops can b e computed.

� CCalc ma y serv e as a general-purp ose reasoning to ol whic h is far more ex-

pressiv e than man y other reasoning systems. F or instance, CCalc ma y b e

used to formalize the b eha vior of soft w are/hardw are systems, whic h w ould al-

lo w \deep reasoning" ab out their b eha vior. This will lead to man y in teresting
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applications suc h as online help systems, for whic h an elab oration toleran t

formalism can b e useful for main taining kno wledge bases. CCalc ma y b e

applied to formalizing and testing work
ows , a series of tasks p erformed b y

v arious co op erativ e and co ordinated agen ts to ac hiev e a desired goal.

206



App endix A

Solutions for Elab orations of

MCP found b y CCalc

A.1 Solution for the Basic Problem

| ?- loadf 'basic-test'.

% loading file /v/filer3/v2q021/appsmur f/cc alc /mac ros. std

% loading file /v/filer3/v2q021/appsmur f/mc p/b asic -tes t

% loading file /v/filer3/v2q021/appsmur f/cc alc /add itiv e

% loading file /v/filer3/v2q021/appsmur f/cc alc /ari thme tic

% loading file /v/filer3/v2q021/appsmur f/mc p/b asic

% loading file /v/filer3/v2q021/appsmur f/mc p/c ommo n2

% loading file /v/filer3/v2q021/appsmur f/mc p/c ommo n1

% in transition mode...

% 130 atoms, 246 rules, 809 clauses (92 new atoms)

% Grounding time: 3.53 seconds

% Completion time: 0.56 seconds

% Total time: 4.09 seconds

yes

| ?- query 0.
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% Shifting atoms and clauses... done. (0.02 seconds)

% After shifting: 2004 atoms (including new atoms), 7685 clauses

% Writing input clauses... done. (0.56 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 1.11 seconds (prep 0.09 seconds, search 1.02 seconds)

No solution with maxstep 10.

% Shifting atoms and clauses... done. (0.03 seconds)

% After shifting: 2202 atoms (including new atoms), 8449 clauses

% Writing input clauses... done. (0.62 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 2.3 seconds (prep 0.10 seconds, search 2.20 seconds)

capacity(boat)=2

0: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=3 num(ca,bank2)=0

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=1 ,ho wman y(ca )=1 )

1: num(mi,bank1)=2 num(mi,bank2)=1 num(ca,bank1)=2 num(ca,bank2)=1

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )

2: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=2 num(ca,bank2)=1

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 )

3: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=0 num(ca,bank2)=3
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loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 )

4: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=1 num(ca,bank2)=2

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )

5: num(mi,bank1)=1 num(mi,bank2)=2 num(ca,bank1)=1 num(ca,bank2)=2

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=1 )

6: num(mi,bank1)=2 num(mi,bank2)=1 num(ca,bank1)=2 num(ca,bank2)=1

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )

7: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=2 num(ca,bank2)=1

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 )

8: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=3 num(ca,bank2)=0

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 )

9: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=1 num(ca,bank2)=2

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )
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10: num(mi,bank1)=1 num(mi,bank2)=2 num(ca,bank1)=1 num(ca,bank2)=2

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=1 ,ho wman y(ca )=1 )

11: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=0 num(ca,bank2)=3

loc(boat)=bank2

yes

A.2 Solution for Tw o Boats

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 1.05 seconds (prep 0.24 seconds, search 0.81 seconds)

capacity(boat)=2 capacity(boat1)=1

0: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=3 num(ca,bank2)=0

loc(boat)=bank1 loc(boat1)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 )

cross(boat1,to=bank2,how many (mi) =0, howm any( ca) =1) departing(mi,bank1)=0

departing(mi,bank2)=0 departing(ca,bank1)=3 departing(ca,bank2)=0

1: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=0 num(ca,bank2)=3

loc(boat)=bank2 loc(boat1)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 )

cross(boat1,to=bank1,how many (mi) =0, howm any( ca) =1) departing(mi,bank1)=0

departing(mi,bank2)=0 departing(ca,bank1)=0 departing(ca,bank2)=2

2: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=2 num(ca,bank2)=1
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loc(boat)=bank1 loc(boat1)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )

cross(boat1,to=bank2,how many (mi) =1, howm any( ca) =0) departing(mi,bank1)=3

departing(mi,bank2)=0 departing(ca,bank1)=0 departing(ca,bank2)=0

3: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=2 num(ca,bank2)=1

loc(boat)=bank2 loc(boat1)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )

cross(boat1,to=bank1,how many (mi) =1, howm any( ca) =0) departing(mi,bank1)=0

departing(mi,bank2)=2 departing(ca,bank1)=0 departing(ca,bank2)=0

4: num(mi,bank1)=2 num(mi,bank2)=1 num(ca,bank1)=2 num(ca,bank2)=1

loc(boat)=bank1 loc(boat1)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )

cross(boat1,to=bank2,how many (mi) =0, howm any( ca) =1) departing(mi,bank1)=2

departing(mi,bank2)=0 departing(ca,bank1)=1 departing(ca,bank2)=0

5: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=1 num(ca,bank2)=2

loc(boat)=bank2 loc(boat1)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 )

cross(boat1,to=bank1,how many (mi) =0, howm any( ca) =1) departing(mi,bank1)=0

departing(mi,bank2)=0 departing(ca,bank1)=0 departing(ca,bank2)=2

6: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=3 num(ca,bank2)=0

loc(boat)=bank1 loc(boat1)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 )

cross(boat1,to=bank2,how many (mi) =0, howm any( ca) =1) departing(mi,bank1)=0

departing(mi,bank2)=0 departing(ca,bank1)=3 departing(ca,bank2)=0
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7: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=0 num(ca,bank2)=3

loc(boat)=bank2 loc(boat1)=bank2

A.3 Solution for F our Missionaries and F our Cannibals

% Verifying that the problem is not solvable...

% Verifying the given invariant...

% Shifting atoms and clauses... done. (0.00 seconds)

% After shifting: 326 atoms (including new atoms), 1186 clauses

% Writing input clauses... done. (0.08 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 0.09 seconds (prep 0.03 seconds, search 0.06 seconds)

No solution with maxstep 1.

% Verified the invariant.

% Verifying that initial state satisfies the invariant...

% Shifting atoms and clauses... done. (0.00 seconds)

% After shifting: 44 atoms (including new atoms), 91 clauses

% Writing input clauses... done. (0.04 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 0.02 seconds (prep 0.02 seconds, search 0.00 seconds)

capacity(boat)=2
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0: num(mi,bank1)=4 num(mi,bank2)=0 num(ca,bank1)=4 num(ca,bank2)=0

loc(boat)=bank2

% Initial state satisfies the invariant.

% Verifying that every goal state does not satisfy the invariant...

% Shifting atoms and clauses... done. (0.00 seconds)

% After shifting: 44 atoms (including new atoms), 91 clauses

% Writing input clauses... done. (0.04 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 0.02 seconds (prep 0.01 seconds, search 0.01 seconds)

No solution with maxstep 0.

% Every goal state does not satisfy the invariant.

% Verified that the problem is not solvable for any number of steps.

A.4 Solution for the Boat Carrying Three

A.4.1 Fiv e P airs

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 10.32 seconds (prep 0.25 seconds, search 10.07 seconds)

capacity(boat)=3

0: num(mi,bank1)=5 num(mi,bank2)=0 num(ca,bank1)=5 num(ca,bank2)=0

213



loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=1 ,ho wman y(ca )=1 )

1: num(mi,bank1)=4 num(mi,bank2)=1 num(ca,bank1)=4 num(ca,bank2)=1

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )

2: num(mi,bank1)=5 num(mi,bank2)=0 num(ca,bank1)=4 num(ca,bank2)=1

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=3 )

3: num(mi,bank1)=5 num(mi,bank2)=0 num(ca,bank1)=1 num(ca,bank2)=4

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 )

4: num(mi,bank1)=5 num(mi,bank2)=0 num(ca,bank1)=2 num(ca,bank2)=3

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=3 ,ho wman y(ca )=0 )

5: num(mi,bank1)=2 num(mi,bank2)=3 num(ca,bank1)=2 num(ca,bank2)=3

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=1 )

6: num(mi,bank1)=3 num(mi,bank2)=2 num(ca,bank1)=3 num(ca,bank2)=2

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=3 ,ho wman y(ca )=0 )
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7: num(mi,bank1)=0 num(mi,bank2)=5 num(ca,bank1)=3 num(ca,bank2)=2

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 )

8: num(mi,bank1)=0 num(mi,bank2)=5 num(ca,bank1)=4 num(ca,bank2)=1

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=3 )

9: num(mi,bank1)=0 num(mi,bank2)=5 num(ca,bank1)=1 num(ca,bank2)=4

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )

10: num(mi,bank1)=1 num(mi,bank2)=4 num(ca,bank1)=1 num(ca,bank2)=4

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=1 ,ho wman y(ca )=1 )

11: num(mi,bank1)=0 num(mi,bank2)=5 num(ca,bank1)=0 num(ca,bank2)=5

loc(boat)=bank2

A.4.2 Six P airs

% Verifying that the problem is not solvable...

% Verifying the given invariant...

% Shifting atoms and clauses... done. (0.00 seconds)

% After shifting: 513 atoms (including new atoms), 2013 clauses

% Writing input clauses... done. (0.20 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.
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% Solution time: 0.19 seconds (prep 0.06 seconds, search 0.13 seconds)

No solution with maxstep 1.

% Verified the invariant.

% Verifying that initial state satisfies the invariant...

% Shifting atoms and clauses... done. (0.00 seconds)

% After shifting: 62 atoms (including new atoms), 146 clauses

% Writing input clauses... done. (0.13 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 0.05 seconds (prep 0.04 seconds, search 0.01 seconds)

capacity(boat)=3

0: num(mi,bank1)=6 num(mi,bank2)=0 num(ca,bank1)=6 num(ca,bank2)=0

loc(boat)=bank1

% Initial state satisfies the invariant.

% Verifying that every goal state does not satisfy the invariant...

% Shifting atoms and clauses... done. (0.00 seconds)

% After shifting: 62 atoms (including new atoms), 146 clauses

% Writing input clauses... done. (0.12 seconds)

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.
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% Solution time: 0.04 seconds (prep 0.04 seconds, search 0.00 seconds)

No solution with maxstep 0.

% Every goal state does not satisfy the invariant.

% Verified that the problem is not solvable for any number of steps.

A.5 Solution for Con v erting Cannibals

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 9.34 seconds (prep 2.24 seconds, search 7.10 seconds)

capacity(boat)=2

0: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=3 num(ca,bank2)=0

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 )

departing(mi,bank1)=0 departing(mi,bank2)=0 departing(ca,bank1)=2

departing(ca,bank2)=0

1: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=1 num(ca,bank2)=2

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 ) convert(bank1)

departing(mi,bank1)=0 departing(mi,bank2)=0 departing(ca,bank1)=0

departing(ca,bank2)=1

2: num(mi,bank1)=4 num(mi,bank2)=0 num(ca,bank1)=1 num(ca,bank2)=1

loc(boat)=bank1
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ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )

departing(mi,bank1)=2 departing(mi,bank2)=0 departing(ca,bank1)=0

departing(ca,bank2)=0

3: num(mi,bank1)=2 num(mi,bank2)=2 num(ca,bank1)=1 num(ca,bank2)=1

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )

departing(mi,bank1)=0 departing(mi,bank2)=1 departing(ca,bank1)=0

departing(ca,bank2)=0

4: num(mi,bank1)=3 num(mi,bank2)=1 num(ca,bank1)=1 num(ca,bank2)=1

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )

departing(mi,bank1)=2 departing(mi,bank2)=0 departing(ca,bank1)=0

departing(ca,bank2)=0

5: num(mi,bank1)=1 num(mi,bank2)=3 num(ca,bank1)=1 num(ca,bank2)=1

loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )

departing(mi,bank1)=0 departing(mi,bank2)=1 departing(ca,bank1)=0

departing(ca,bank2)=0

6: num(mi,bank1)=2 num(mi,bank2)=2 num(ca,bank1)=1 num(ca,bank2)=1

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=1 ,ho wman y(ca )=1 )

departing(mi,bank1)=1 departing(mi,bank2)=0 departing(ca,bank1)=1

departing(ca,bank2)=0

7: num(mi,bank1)=1 num(mi,bank2)=3 num(ca,bank1)=0 num(ca,bank2)=2

loc(boat)=bank2
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ACTIONS: cross(boat,to=bank1,howma ny(m i)=1 ,ho wman y(ca )=0 )

departing(mi,bank1)=0 departing(mi,bank2)=1 departing(ca,bank1)=0

departing(ca,bank2)=0

8: num(mi,bank1)=2 num(mi,bank2)=2 num(ca,bank1)=0 num(ca,bank2)=2

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )

departing(mi,bank1)=2 departing(mi,bank2)=0 departing(ca,bank1)=0

departing(ca,bank2)=0

9: num(mi,bank1)=0 num(mi,bank2)=4 num(ca,bank1)=0 num(ca,bank2)=2

loc(boat)=bank2

A.6 Solution for W alking on W ater

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 1.59 seconds (prep 0.31 seconds, search 1.28 seconds)

capacity(boat)=2

0: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=3 num(ca,bank2)=0

num(jc,bank1)=1 num(jc,bank2)=0 loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 ,how many (jc )=0)

departing(mi,bank1)=0 departing(mi,bank2)=0 departing(ca,bank1)=2

departing(ca,bank2)=0 departing(jc,bank1)=0 departing(jc,bank2)=0

1: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=1 num(ca,bank2)=2

num(jc,bank1)=1 num(jc,bank2)=0 loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 ,how many (jc )=0)
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departing(mi,bank1)=0 departing(mi,bank2)=0 departing(ca,bank1)=0

departing(ca,bank2)=1 departing(jc,bank1)=0 departing(jc,bank2)=0

2: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=2 num(ca,bank2)=1

num(jc,bank1)=1 num(jc,bank2)=0 loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 ,how many (jc )=0)

departing(mi,bank1)=0 departing(mi,bank2)=0 departing(ca,bank1)=2

departing(ca,bank2)=0 departing(jc,bank1)=0 departing(jc,bank2)=0

3: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=0 num(ca,bank2)=3

num(jc,bank1)=1 num(jc,bank2)=0 loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 ,how many (jc )=0)

departing(mi,bank1)=0 departing(mi,bank2)=0 departing(ca,bank1)=0

departing(ca,bank2)=1 departing(jc,bank1)=0 departing(jc,bank2)=0

4: num(mi,bank1)=3 num(mi,bank2)=0 num(ca,bank1)=1 num(ca,bank2)=2

num(jc,bank1)=1 num(jc,bank2)=0 loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 ,how many (jc )=0)

departing(mi,bank1)=2 departing(mi,bank2)=0 departing(ca,bank1)=0

departing(ca,bank2)=0 departing(jc,bank1)=0 departing(jc,bank2)=0

5: num(mi,bank1)=1 num(mi,bank2)=2 num(ca,bank1)=1 num(ca,bank2)=2

num(jc,bank1)=1 num(jc,bank2)=0 loc(boat)=bank2

ACTIONS: cross(boat,to=bank1,howma ny(m i)=0 ,ho wman y(ca )=1 ,how many (jc )=0)

walk(walk_to=bank2) departing(mi,bank1)=1 departing(mi,bank2)=0

departing(ca,bank1)=0 departing(ca,bank2)=1 departing(jc,bank1)=1

departing(jc,bank2)=0

6: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=2 num(ca,bank2)=1

num(jc,bank1)=0 num(jc,bank2)=1 loc(boat)=bank1
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ACTIONS: cross(boat,to=bank2,howma ny(m i)=0 ,ho wman y(ca )=2 ,how many (jc )=0)

departing(mi,bank1)=0 departing(mi,bank2)=0 departing(ca,bank1)=2

departing(ca,bank2)=0 departing(jc,bank1)=0 departing(jc,bank2)=0

7: num(mi,bank1)=0 num(mi,bank2)=3 num(ca,bank1)=0 num(ca,bank2)=3

num(jc,bank1)=0 num(jc,bank2)=1 loc(boat)=bank2

A.7 Solution for the Bridge

% Calling mChaff spelt3... done.

% Reading output file(s) from SAT solver... done.

% Solution time: 0.7 seconds (prep 0.29 seconds, search 0.41 seconds)

capacity(boat)=2

0: num(mi,bank1)=5 num(mi,bank2)=0 num(ca,bank1)=5 num(ca,bank2)=0

loc(boat)=bank1

ACTIONS: useBridge(useBridge_from= bank 1,us eBr idge _to= ban k2,

useBridge_howmany(mi)=0, useB ridg e_h owma ny(c a)= 2) departing(mi,bank1)=0

departing(mi,bank2)=0 departing(ca,bank1)=2 departing(ca,bank2)=0

1: num(mi,bank1)=5 num(mi,bank2)=0 num(ca,bank1)=3 num(ca,bank2)=2

loc(boat)=bank1

ACTIONS: useBridge(useBridge_from= bank 1,us eBr idge _to= ban k2,

useBridge_howmany(mi)=2, useB ridg e_h owma ny(c a)= 0) departing(mi,bank1)=2

departing(mi,bank2)=0 departing(ca,bank1)=0 departing(ca,bank2)=0

2: num(mi,bank1)=3 num(mi,bank2)=2 num(ca,bank1)=3 num(ca,bank2)=2

loc(boat)=bank1

ACTIONS: cross(boat,to=bank2,howma ny(m i)=2 ,ho wman y(ca )=0 )
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useBridge(useBridge_from =ban k1,u seB ridg e_to =ba nk2, useB rid ge_h owma ny( mi)= 1,

useBridge_howmany(ca)=1) departing(mi,bank1)=3 departing(mi,bank2)=0

departing(ca,bank1)=1 departing(ca,bank2)=0

3: num(mi,bank1)=0 num(mi,bank2)=5 num(ca,bank1)=2 num(ca,bank2)=3

loc(boat)=bank2

ACTIONS: useBridge(useBridge_from= bank 1,us eBr idge _to= ban k2,

useBridge_howmany(mi)=0, useB ridg e_h owma ny(c a)= 2) departing(mi,bank1)=0

departing(mi,bank2)=0 departing(ca,bank1)=2 departing(ca,bank2)=0

4: num(mi,bank1)=0 num(mi,bank2)=5 num(ca,bank1)=0 num(ca,bank2)=5

loc(boat)=bank2
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