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Abstract

ConGolog is a logical programming language for agents that
is defined in the situation calculus. ConGolog agent control
programs were originally proposed as an alternative to plan-
ning, but have also more recently been proposed as a means
of providing domain control knowledge for planning. In this
paper, we present a compiler that takes a ConGolog program
and produces a new basic action theory of the situation cal-
culus whose executable situations are all and only those that
are permitted by the program. The size of the resulting the-
ory is quadratic in the size of the original program — even
in the face of unbounded loops, recursion, and concurrency.
The compilation is of both theoretical and practical interest.
From a theoretical perspective, proving properties of Con-
Golog programs is simplified because reification of programs
is no longer required, and the compiled theory contains fewer
second-order axioms. Further, in some cases, properties can
be proven by regressing the program to the initial situation,
eliminating the need for a higher order theorem prover. From
a practical perspective, the compilation provides the mathe-
matical foundation for compiling ConGolog programs into
classical planning problems, including, with minor restric-
tions, into the Plan Domain Definition Language (PDDL),
which is used as the input language for most state-of-the-art
planners. Moreover, Hierarchical Task Networks (HTNs), a
popular planning paradigm for industrial applications can be
represented as ConGolog programs and can thus now also
be compiled to a classical planning problem. Such compila-
tions are significant because they allow the best state-of-the-
art planners to exploit ConGolog and HTN search control,
without the need for special-purpose machinery.

1 Introduction

ConGolog (De Giacomo, Legpance, & Levesque 2000)
is a logical programming language for specifying high-
level agent control, that is defined in the situation calsulu
ConGolog’'s Algol-inspired programming constructs allow
a user to program an agent's behavior while leaving parts
of the program underconstrained or “open” through the use
of non-deterministic constructs. These underconstraieed
gions of the program are later filled in by a planner. Such
integration of planning and programming has proven useful
in a variety of diverse applications including soccer phayi
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robots (Ferrein, Fritz, & Lakemeyer 2004), museum tour-
guide robots (Burgardt al. 1999), and Web service compo-
sition (Mcllraith & Son 2002).

By way of illustration, consider a simple delivery prob-
lem in which we have an (infinite capacity) truck and the
task is to deliver packages from point A to point B. A classi-
cal planning problem would simply specify the initial state
and the goal state. Using ConGolog, we can provide the fol-
lowing program that constrains the space of possible plans,
while still leaving some work to the planndf.not at point
A, drive the truck to point A; while there are packages at
point A, pick a package and load it onto the truck; drive to
point B; while there are packages on the truck, pick a pack-
age and unload it from the truck.

A basic action theory of the situation calculus induces a
tree of possible action sequences or situations. A ConGolog
program further constrains the tree to those that adhere to
the program. In this paper we propose an algorithntéon-
piling ConGolog programs into basic action theories of the
situation calculus whose tree of executable situations cor
responds exactly to the one described by the program. We
prove the correctness of the compilation and show that its
output is of size quadratic in the size of the original pro-
gram. As a result, we provide semantics for ConGolog with-
out TransandFinal predicates, used to define ConGolog's
standard transition semantics.

The compilation is of both practical and theoretical sig-
nificance. From a practical perspective, the compilation
provides the mathematical foundation for compiling Con-
Golog control knowledge into the Planning Domain Defini-
tion Language (PDDL) (McDermott 1998),de factostan-
dard planning problem specification language. This in turn
enables state-of-the-art planners to exploit powerfutrbn
knowledge without the need for special-purpose machinery
within their planners. We have recently shown how this can
be done for a subset of the language without concurrency
and procedures (Baier, Fritz, & Mcllraith 2007). The exper-
imental results showed that state-of-the-art plannergaam
significant speed-ups from that. The current compilation of
ConGolog (including concurrency and procedures) can be
seen as an extension of this work — though some restrictions
apply when compiling into PDDL. This paper also provides
the theoretical justification for the previous compilation

ConGolog has been used for a variety of purposes, all of



which can now benefit from this newly built connection to
modern planners. For instance, Hierarchical Task Networks
(HTN) have been translated to ConGolog (Gabaldon 2002).
In combination, this translation and our compiler provide t
means for compiling HTN control knowledge into a classical
planning problem. We anticipate this contribution to be of
significant interest to the planning community.

Another practical advantage resulting from our compila-
tion is that the compiled theory allows us to reason about the
executions of programs using regression. This has a variety
of interesting applications, including execution moritgr
(Fritz & Mcllraith 2007).

From a theoretical perspective, the compilation elimi-
nates the need for ConGolog’s tedious reification of pro-

Action Precondition Axioms: are first-order axioms that
specify the conditions under which an action is possi-
ble. There is one axiom for each actienof the form
Posga(X),s) = Ma(X,s) whereM,(X,s) is a formula with
free variables among s.

Finally, we say that a situatiosis executable denoted
in the language asxecutablés), if all actions in the history
of s have their preconditions satisfied in the situation where
they are performed.

Although any situation calculus action theory is second-
order, many reasoning tasks can be reduced to first-order
theorem proving by using regression (Reiter 2001). Prop-
erties that hold in all executable situations can be shown by
induction over situations (Reiter 1993).

grams, as well as the second-order axioms necessitated by

its transition semantics. This facilitates proving prajesr

of programs (e.g. reachability, invariants, terminatider-

ther, since programs themselves can now be regressed, som
proofs can be reduced to first-order theorem proving through
the use of regression (cf. Reiter 2001).

This paper focuses on mathematical foundations. Pseudo-
code for our compilation is included in the appendix and
an implementation is available on our web sii&r. cs.
toronto.edu/kr/). Experimental evidence in support of
our basic approach can be found in our previous paper
(Baier, Fritz, & Mcllraith 2007).

2 Background
2.1 The Situation Calculus

The situation calculus is a family of many-sorted logicatla
guages for specifying and reasoning about dynamical sys-
tems (Reiter 2001). Its basic elements are situations, ac-
tions, and fluents. A situation ististory of the primitive
actions performed from a distinguished initial situatign
The functiondo(a,s) denotes the situation resulting from
performing actiora in situations, inducing a tree of situa-
tions rooted ing. Fluents are relations and functions that
take a situation argument (e.§.(X, s)), and are used to de-
fine the state of the world.

A basic action theoryn the situation calculusD, com-
prises fourdomain-independent foundational axigrasd a
set ofdomain-dependent axiom&oundational axioms de-
fine basic properties of the tree structure of situation (fu
details can be found in Reiter's book (2001)), and contain
one second-order induction axiom required to properly de-
fine the tree of situations. Included in the domain-depethden
axioms are the following sets:

Axioms for the Initial State: sentences relativized to situa-
tion &, specifying what is true in the initial state.

Successor State Axiomsprovide a parsimonious represen-
tation of frame and effect axioms under an assumption of the

2.2 Golog and ConGolog

éBoIog is a programming language defined in the situation

calculus. It allows a user to specify programs whose set
of legal executions specifies a sub-tree of the tree of situ-
ations of a basic action theory. From a planning point of

view, it can be used to provide an effective way of prun-

ing the search by specifying the skeleton of a plan. Golog
has an Algol-inspired syntax extended with flexible non-

deterministic constructs. Its constructs are shown below.

a primitive action
o? test conditiorp
(&1;02) sequence
if @then & elsed, conditional
while ¢ do &’ loops
(&) non-deterministic choice
.0 non-deterministic choice of argument

*

non-deterministic iteration
{P1(t1,01);...;Pa(th, 0n); 0} procedures
While deterministic constructs enforce the occurrence
of particular actions, non-deterministic constructs de-
fine “open parts” that are completed using planning.
In particular, the non-deterministic choice of argument
nv.d introduces aprogram variable vthat may oc-
cur in & in place of an object. For instance
while (3b).OnTabléb) do riv. OnTablgv)?;Removév) could be
a program that removes all blocks, one-by-one from a table.
ConGolog adds concurrency to Golog, by allowing addi-
tional constructs:

(&l &) concurrent execution
(01)) %) prioritized concurrency
ll concurrent iteration

Concurrency is defined as action interleaving. For example,
the program(a || (b;c)) admits three executionstbc bag
andbca

ConGolog introduced a so-calléhnsition semanticéor

completeness of the axiomatization. There is one successorprograms. The semantics of a progranis given through

state axiom for each fluerf, of the formF(X,do(a,s)) =

®e (X, a,s), where®e (X, a, s) is a formula with free variables
amongX, a,s. ®e (X, a,s) characterizes the truth value of the
fluentF (X) in the situatiordo(a, s) in terms of what is true

in situations. These axioms can be automatically generated
from effect axioms.

two predicateslrangd,s,d’,s') andFinal(d,s). The for-
mer states that in situatia@programd can perform a step,
resulting in a remaining progra@’ and new situatiors'.
The latter states th@ can be legally terminate im De Gia-
como, Lesprance, & Levesque (2000) provide the complete
axioms for the semantics; we show some of them below.



For a primitive action we havelranga,s,d’,s)
Posgals],s) A 0’ = nil AS' = do(a]s],s), andFinal(a,s)
False One important role dfinal is with sequences:

Trang &;; 8,,8,0,9)
(3y)-8" = (v: &) ATrang(d,s,y,S) V
Final(8y,s) A Trang &,,s,0’,9).
For concurrency constructs we have:

Trang &, || &,s,9',9)
(3y).8" = (v[| &) ATrang(dy,s,y,8) v
8 = (&]ly) ATrang&,s, y,s))
Trang &) &,s,0',9)
(3y).8" = (v))&) ATrangdy,s,y,8) V &' = (&1))Y)
A Trang &,s,y,s) A (AL,S"). Trangdy,s,{,9")
Trangd!,s 8',9)
(3).0' = (v|| 8!) ATrang3,s,y.5)
The first two programs are only “final” when both subpro-
grams are, while the third can be terminated at will:
Final(&, || &,s) = Final(d1,s) AFinal(,,s)
Final(&1))6,,) = Final(dy,S) A Final(d,, S)
Final(3!,s) = True

A transition semantics facilitates the interleaving ofgmam
interpretation (planning) and execution, and reasonimyib

sensing actions. The downside of this semantics is its re-
quirement to reify programs: programs are represented as

terms, in order to quantify over them. The other shortcom-
ing is the requirement of an additional second-order axiom
for defining the transitive closure dfans denotedlrans'.
This axiom is needed to define tB® predicate that defines
the situations that result from executing a program:

def

Do(d,s,s) = (39').Trans'(d,s,0’,5) AFinal(d',s).

We refer to the axioms defining the transition semantics as
ZconGolog This includes the mentioned second-order axioms
and axioms required for reification of programs.

3 From ConGolog to Basic Action Theories

In this section we describe an algorithm for compiling a
given ConGolog program into a basic action theory. For
readability, we focus our description on the intuitions be-
hind the algorithm. The actual pseudo code of the algorithm
can be found in the appendix, and a Prolog implementation
is available from our website.

Our algorithm accepts as input a basic action th@and
a ConGolog prograr® = {Py(f1, g, ); . ..;Pa(th, dr,); Omain}
containingn procedure definitions with formal argumefts
and procedure bodgr, and a main programmain. It out-
puts a new basic action thedBp whose tree of executable
situations corresponds to the sub-tree of situatior3 that
are executions odmain in D.

The intuition behind our compilation is to model the dy-
namics of a ConGolog program as a Petri net with an infinite

stack, and then represent this Petri net and the stack as a ba-
sic action theory in the situation calculus. Roughly, aiPetr
net is a finite state automaton that can be in more than one
state at the same time. To reflect that, in Petri net terminol-
ogy, states are callepglacesand active places are marked
by tokenswhich move from place to place using transitions.
The total number of tokens can change during execution,
for instance to model concurrency. To model the dynam-
ics of ConGolog programs, we use a so-cattetbredPetri

net, where tokens have unique identifiers. We do not define
the Petri net induced by a program formally, but only use it
for illustration. Intuitively, places in the Petri net resent

the current position in the execution of the program (i.e., a
sort of program counter), while (labeled) transitions sfyec
which actions are legal at each stage during the execution.
Each token represents one of possibly several concurrently
executing threads. Given a progrdm our algorithm gen-
erates the axioms required to model the underlying Petri net
as a basic action theory. To this end, we create (1) special
bookkeeping predicates, to represent the Petri net and the
stack, and (2) additional actions, to represent some of the
transitions of the machine.

It is important to note that our algorithm operates only
syntactically on the given inputs. In particular, it doeg no
perform any type of reasoning within the provided basic ac-
tion theory, which makes it easy to show that our algorithm
has modest complexity (see below).

The compilation proceeds in five steps.

(Step 1)For each procedung (tj,, . .. g d,) in P we call

(an,ij) = COMP(&Dj,{tjl,...,tjkj },O,Pj)

where{t;, , ... ,tjkj} are the formal parameters of the proce-

dure, and§pj is the body oP,-.1 The functioncomp, defined
in Appendix A, takes as input a ConGolog program, a set of
program variables, an integer used as a program counter, and
a procedure name, used to distinguish different contekts. |
outputs a set of sentences, and an integet j, intuitively
denoting the value of the program counter after the program
terminates. The set of sentences is later processed ftother
generate the axioms @y, but before we get to this, let us
consider the functio@oMpP in more detail.

coMmP is defined recursively over the structure of pro-
grams. Starting from an initial place labeléd, main),
coMmP incrementally constructs the Petri net, generating
new network places as it recurses over the structure of the
program. AssumecOMP is currently at a place labeled
with (i, p), wherei is the program counter angd a pro-
cedure name, and that it encounters a primitive acfion
in the program. Then, it adds a new place to the Petri
net labeled with(i + 1,p) and a transition from the cur-
rent place to this new place, labeled with comp gen-
erates and returns several sentences which will later be in-
cluded as axioms dPp. First, it generates a sentence about
the preconditions of. In the described case it generates

PosgA(th),s) — Threadth,s) A statgth,s) = (i, p) which

For simplicity of presentation we assume that procedures do
not contain additional procedure definitions.



These tokens are joined back together when both programs
have finished executing (Figure 1(b)).

The greatest challenges we faced while devisiagp,
were caused by the interaction of various advanced pro-
gramming constructs, in particular program variables; pro
cedures, and iterative concurrency. We elaborate briefly on
these difficulties.

Procedure calls are realized using two new actiocall and

T T kil |

sequence

(a) Petri net fowhile ¢ do (if  then a elseb); c.

o> 8
spaw JOIH@
@

(b) Petri net ford, || &,

Figure 1: Two example Petri nets.

states that we can execufein threadth if th denotes an
active thread and its token is i, p). (Note that we give

an extra argument to each action, denoting the thread it is
being performed in.) It further generates an appropriate ef
fect, stating that wher is performed in(i, p), the token
moves to(i + 1, p). The sentence generated in this case is
statgth,do(A(th),s)) = (i + 1, p) < stateth,s) = (i, p).

Example 1. Consider the program of Figure 1(a), where
specialtestactions are used to transition to a sub-net con-
ditioned on a formula, andoopallows unconditional tran-
sitions? To keep the presentation simple, we only show the
sentences produced by the algorithm for the transitiona fro
state 1— 2 and 7— 8.

For transition 1— 2, if ¢ does not mention program vari-
ables, the algorithm generates the following sentences:

Posgtestth, 1,2, main),s) — (Threadth,s) A @(s)A 1

statgth,s) = (1,main)), @

statgth, do(tes{th, 1,2, main),s)) = (2, main). )
And for the transition 7- 8 we get:

Posgc(th),s) < (Threadth, s) A stateth,s) = (7,main)), (3)
stateth,do(c(th),s)) = (8, main) «— statgth,s) = (7, main). (4)

In the remaining steps of the compilation (see below), the
successor state axiom for thatefluent is formed and pre-
condition axioms are put into normal form. If i® the
precondition axiom forc was Posgc,s) = M¢(s), then the
new precondition axiom i®p is Posgc(th),s) =Mc(s) A @,
where¢ stands for the right-hand side of Equation 3. §

So far, the Petri net is equivalent to a simple automaton,
since we've only been concerned with a single token. This

changes when one considers concurrency. Concurrency is
modeled using threads, where each thread is represented by

return. The former moves the token of the current thread
to the initial place of the called procedure, whitturn
returns it to the next state of the current program, once the
token has reached the final state of that procedure. Since
the compilation of the procedures themselves needs to be
independent from the context from which they are called,
we do not know the return state during compile time, but
need to store it during runtime instead. Since procedures
can be recursive, we require a stack, containing all (recur-
sive) return states. The stack is realized using two func-
tional fluentsstacKth, v, s) andsp(th, s), where the former
denotes the content of the stack entries, and the latter is a
stack-pointer, always pointing to the next free stack posi-
tion.

Concurrency is realized by using explicit thread names.

Each action is given an additional parameterdenot-

ing the thread it is executed in. This is necessary since
there may be situations where two threads intend to ex-
ecute the same action next. Once that action executes,
we need the thread name to disambiguate which thread
actually proceeded. Thread names are also required for
other purposes, like program variables, described be-
low. The active threads are denoted by the relative fluent
Threadth, s), initially only one thread]Q], is active. A
new thread is created by tkpawnaction, which also sets

up some new data structures (fluents) for the new thread,
for instance its own procedure stack. Two threads are
joined back by the actiojoin.

For thread names, we use lists of numbers. The main
thread ig0], and its direct children are callgd, N] where

N is the number of the child. Thk-th child of then-

th child of the main thread is callef®,n,k]. This is
more complicated than increasing a single thread counter,
which would have been an alternative, but has the advan-
tage that thread names can be reused after threads termi-
nate. With numbers, for instance, an infinitely running
program with concurrency would require infinite num-
bers. This would also more severely limit the ability to
compile into PDDL.

Prioritized concurrency is governed by a new fluBnb
which indicates any threads that take priority over others.
A thread can only proceed when no prioritized thread can
perform its next action.

an identifiable token in the net. For instance, the basic con- Program variables as created byr constructs, are realized

currency construay, || & puts the current token in the initial
state of the sub-Petri net recursively generateddiorand
creates a new token which it puts into the initial statéof

2Names used for test actions in this example are simplified for
clarity. Refer to the pseudo-code for more details.

using the fluent8oundx, s) andmapx,s) =y. The for-
mer states whether a variable is bound or free, and if
bound, map states its value. The parameteis a tuple
(th,y,v) whereth denotes the thread this variable was cre-
ated in,y the stack position, and is the name as men-
tioned in the program (e.g.ntv.8). Thread names are



required to disambiguate in cases likev.5)!l where in a transition by itself, but needs to be immediately followed
each thread a new variable of the same name is created.by a transition on its body, or otherwise backtrack to a place
Similarly stack positions are required when program vari- before the test.

ables are created in recursive procedures. (Step 6)Since all thePosssentences have been removixi,

The combination of program variables and threads was NOw only contains sentences describing effects of actions.
particularly challenging, since program variables may be On these, Step 6 applies Reiter's solution to the frame prob-
used in different context than where they were created. lem, to produce successor state axioms.

Consider for instancev.(v= 1?|| v=2?). This program ~ The resultis a set of precondition and successor state ax-
is unexecutable since thes refer to the same variable, ioms, describing the dynamics of all procedures’ Petri.nets
which from the perspective of the second thread belongs We also add the axiostate[0], ) = (0, main), stating that

to a different thread. We realize this through “pointers”, initially the main thread, denoted], is in the initial place of

formalized as a functional fluepipo. the Petri net of thenainprocedure.
. . While our compilation makes several second-order ax-
To compile the main procedure we call

ioms, specific to ConGolog's transition semantics, unneces

(aXmain, imain) = COMP (Smain, #,0, main), sary, it does require second-order to define natural numbers
and lists. The former is used to address the elements of the
which yields the final program countépain, Which corre- stack, the later to give names to threads. We assume stan-
sponds to a particular “final” place of the Petri net. Thidwil  dard definitions for these. These can be avoided when both
be used as a goal: if there is a tokerjimain, main), the pro- recursion, and the number of concurrent threads is bound by
gram has executed successfully, which roughly corresponds a constant. This restriction is also required for furtheneo
to theFinal predicate in ConGolog. pilation to PDDL (see below).

(Step 2) Thus far we have generated program-specific sen-  Let Dy be the result of compilin@ into D. We can show
tences, describing the dynamics of the Petri net. There the following theorems which state that the compilation is
is also a number of program-independent sentences thatpoth correct and succinct. The proofs can be found in (Fritz,
we require, which intuitively state the default dynamics of Baier, & Mcllraith 2008).

the involved bookkeeping actions (see Appendix B for de- Theorem 1. Let Sbe any ground situation term &f. Then

tails)_. We den_ote these ag&.ommonand define the sa&iX as D |= DO(8main, So, S) iff there is a ground situation ters in
2xmainJ U; ax;j U axcommon- Dy such thatS = filter,(S) andDp |= executabléS) and
The remaining steps of the compilation aggregate the sen- (3th).Threadth, S) A statdth, S') = (imain, Mmain).

:.ences' X to producelt)?[, P“?duc'”.g.t?‘”l t?et precondi- Herefilter, (') is a function that removes from the sit-
lon axioms, successor state axioms, initial state axi ' uation terms’ any actions not defined i®. This removes

unique names axioms. . : :

. . all bookkeeping actions frors, in order to compare the se-
(Step 3)Recall that procedure calls require two new actions quence of cgnt%ined domain actions wéth P
call andreturn. The effect axioms for both are domain inde- For the next theorem we define the size of a program as

]E)ende"nt and thus t'mécommon arlld gt‘e pgecondltl?jnt aX|omts the number of program constructs it contains plus the num-
or call are generated bgomP. In Step 3 we need to create ber of logical connectives mentioned in conditions. Simi-

the precondition axioms faeturn, which is possible in all larly, the size of an axiom is measured by the number of
final states, i.e. for each proceduPecompiled in Step 1, Iogiéal connectives it contains

we enableeturnwhenstatgth,s) = (ij,P)). } ] ] ]
(Step 4) For each place of each Petri net, all conditions Theorem 2. If the size of P is n andD containsm axioms
under which any action can execute in this place and con- €ach of size<k, thenDp containsO(n) +maxioms each of
text are recorded. We generate axioms for a new fluent Size€O(k+n).

trang(th, s), which indicates whether in situatica given Theorem 3. If the size ofP is n, then the time required to
threadth can perform its next action. This definition is only  compute the compilation i®(n?).

required in conjunction with prioritized concurrency, and Intuitively, recursive procedure calls, while—loops, €on

can be skipped if this language feature is not used. currency and other seemingly problematic constructs do not
(Step 5)For each primitive actior (including bookkeep- incyyr g significant increase in the size of the output, begaus
ing actions), Step 5 removes all sentenBessAs) «— ¢ of the syntactic nature of the compilation and the carefal us
from AX and combines them into a new precondition axiom o hookkeeping fluents and actions to model the desired be-
for A, by: (@) disjoining allg's, (b) conjoining the result-  payiors. Similarly, the requirement for second-orderddgi

ing formula with any preexisting preconditions fAr and define loops is cast into the induction axiom included in the

(©) conjoining_ the result with an additional expressiortth_a foundational axioms of the situation calculus, through the
governs priority among threads and allows forced execution | sa of bookkeeping fluents and actions.

of a selected thread. The latter is used to enable priaditize

concurrency, explicitly prohibiting threads from exeagti 4  Analysis

for which there is a thread with higher priority that can ex- i i

ecute its next action. This condition is also used to ensure 4.1 Theoretical Merits

so-calledsynchronizedvhile’s and if’s. Roughly, the latter To prove properties of a ConGolog progrémwe now have
means that testing the conditions of these constructs is not two alternatives. We can reason using the original traorsiti



semantics of ConGolog, represented as a fixed set of axioms ConGolog semantics, as was done by Shapiro, &esyce,

ZconGolog OF We can use the new basic action the®ry
resulting from applying our compilation, extended with-nat
ural numbers and listsT{» can be generated automatically
by our compiler implementation, which is available on our
website.) At first glance, usingconcologmay look simpler
since the axioms irEconcolog @re independent of the pro-
gram. However, we argue that reasoning itself is actually
simplified when usin@p.

One advantage dPy is that it defines the dynamics of a
program in terms of fluents. For example, any executable sit-
uations for which Dp = statg[0],s) = (imain, main), with
imain @S defined above, is a legal execution of the program.
Regressing the conditiostatd [0],S) = (imain,main) over
the actions comprising, together with all involved action
preconditions, results in a formula over the initial sitoat
S. Following Theorem 1 and Reiter's Regression Theo-
rem, this formula is equivalent to the question of whether
the actions comprising are a legal execution of the pro-
gram. More generally, using regression we can determine

conditions under which a given sequence of actions (whose

parameters don't need to be ground) will satisfy a given
formula while executing the program. These queries could
not be answered using regression in the transition sensantic
since neither the semantics of Golog nor ConGolog were in
terms of regressable formufae One practical application
for this is noted in Section 4.2.

Another advantage of reasoningZis is that the compi-
lation eliminates the need for ConGolog’s tedious (second-
order) reification of programs, as well as the second-order
axioms found inZcengolog for defining theTrans and the
Trans' predicates. As such, proving properties of programs
in Dp is not much different from proving properties in the
standard situation calculus. In some cases (e.g., when prov
ing a property of a particular execution trace) we can apply
regression. In more general cases (e.g., when proving-invar
ants), we can simply use induction over situations (Reiter
1993). In fact, we have proven properties of simple Golog
programs by representirnB, in the higher-order theorem
prover PVS (Owre, Rushby, & Shankar 1992). In PVS, sit-

& Levesque (2002), one is forced to effectively simulate an
execution of the program by incrementally evaluating the
transitive closure of th&ranspredicate. On the other hand,
in case we want to prove a property that holds during the
whole execution of a program using our compiled theory,
we have to resort to induction over situations. The course of
the proof in this case is very similar to the one that would
be obtained in the framework of Shapiro, Lésance, &
Levesque (2002).

To demonstrate the feasibility of proving properties of
programs using automated theorem provers, we modeled
one of the Golog example programs in the blocks world used
by Liu (2002). This program consists of a while loop that
non-deterministically moves blocks until there is only one
block on the table. The task is to prove that there is a single
tower in the final situation. This could be proven automat-
ically by PVS in fractions of a second. Liu also obtained a
very simple proof but appealing to a Hoare-style proof sys-
tem on top of ConGolog's semantics.

4.2 Practical Merits

ConGolog to PDDL A practical consequence of the com-
pilation is the possibility of further compiling the resalj
action theory into other action languages, like PDDL. The
advantage of this approach is the possibility of using the
fastest state-of-the-art planners to accomplish the pignn
needed while interpreting ConGolog programs. This is not
only of interest to the agent programming community but
also for the planning community, since ConGolog can be
used to express domain control knowledge.

In previous work we have shown that it is possible to com-
pile Golog programs without procedures into PDDL (Baier,
Fritz, & Mcllraith 2007), and shown that Golog domain con-
trol knowledge can speed up search of standard planning
benchmarks. In the compilation proposed in this paper we
are considering the richer variant ConGolog, that alloves pr
grams with possibly recursive procedures, and with various
forms of concurrency. Unfortunately, these additionsal t
gether cannot be compiled directly into current versions of

uations, natural numbers, and lists, can be easily defined asPDDL. The main reason is that PDDL does not provide the

recursive data-types. We found the lack of reificatio®in
together with the limited number of second-order axioms
made theorem proving less laborious and more intuitive than
previous attempts to prove properties of Golog programs in
PVS (Shapiro, Lesgrance, & Levesque 2002).

In our translated domain it is particularly simple to prove
a property about a specific point during the program’s ex-
ecution. The main reason for this is that in our compiled
theories we can refer to points in the program’s execution
by referring to the states of the Petri net that represersetho
points. For example, proving a property about the situa-
tions that result from executing the program to termination
reduces to proving that a certain formula is true for every
situation in which we are at the Petri net place that corre-

functionality for defining unbounded data structures, Whic
we need, for example, for representing the stack for proce-
dure calls.

Recent versions of PDDL support natural numbers, but
these cannot be used as arguments to predicates, since num-
bers are not considered objects of the domain. The prag-
matic reason for this restriction is to avoid the possipidif
infinite branching factors (Fox & Long 2003, p. 68) since
actions could take numerical arguments. Since our compila-
tion does not introduce infinite branching factors, we lvelie
that PDDL could be extended accordingly to allow the full
expressiveness of ConGolog and HTNs. We hope that our
work may convince the planning community that such an
extension would lead to a significant increase in the expres-

sponds to the end of the program. When proving these types siveness of PDDL.

of properties using the second-order axioms of the original

3(Rei’[er 2001, p. 62) defines regressable formulae.

It is still possible to translate ConGolog into PDDL if we
are willing to either disallow recursion and iterative canc
rency or limit the depth of recursion and the number of con-



currently executing threads. The second option is probably Our approach enables the compilation of HTNs into basic
the most interesting one, since in practical applications i  action theories and — when bounding recursion — to PDDL.
which finite plans are needed, we will not require the power Compiling HTNs to PDDL is beneficial, as it provides the
of infinite recursion. The main challenge in this case, is to means of combining their expressiveness with modern plan-
generate a theory in which the stack and the lists which are ning techniques.
used to represent thread names are bounded. The following  Several HTN variants have been proposed in the litera-
are the main aspects that are needed to translate to PDDL. ture, and one particular one has been previously translated
1. All fluents that represent counters (e.g., the stack point  to ConGolog (Gabaldon 2002). Here we consider the HTN
fluent) are now represented bglational fluents, an ar-  formalism described by Ghallab, Nau, & Traverso (2004),
gument of which corresponds to the value of the counter. using a compelling subset of the language for constraints
The value of the counter is represented by a PDibk allowed by the SHOP2 planner (Naat al. 2003), which
ject We generate finitely many objects for counters, and obtained a second place in the 2002 International Planning

a static predicate to indicate the successor for each counte Competition. The translation of this flavour of HTN to Con-
object. Golog is almost trivial.

2. All other functional fluents (like e.gmapandstate are _Inthe variant of HTN planning that we consider, we dis-
represented in PDDL as relational fluents. In particular, tnguishthree entities, which are specified by the ussesks,

the relational fluent fostate contains one argument for ~ OPerators andmethods. Tasks represent parametrized ac-
each element of th@, p) pair. tivities to perform. They can berimitive or compound

S . . . Primitive tasks are realized by operators, actions that can

3. Threads, vyhlch in our.basm action theories are repre- po physically executed in the domain. Compound tasks

sented as lists, and which are employed as arguments t0yee( to be decomposed using one of possibly several ap-

actions are represented in PDDL as (bou_nded) lists of size plicable methods. A methoth is of the form (:method

9qual toa parametér Moreover, actions, instead of hav- ;. d(m) pu(V) t(V)... pn(Y) ta(V)) where the head spec-

ing a single thread parameter, are now represented as hav-ifies the task with formal argumerigo which this method

ing k additional parameters, where théh parameter of g 5ppjicable p; (V) are preconditions and eagkv) is a list

the action corresponds to théh parameter of the thread 4 g p_tasks. As in SHOP2, we give an if~then—else seman-

list. We emulate lists with fewer thanelements by using s 1o methods: iy (V) holds, then the task is decomposed

a special constamiao (not-an-object) to represent a posi-  jnig the sub-taskg; (V). Otherwise,p,(V) is tested and so

tion of the list that is not occupied by any object. Finally, 5 For a method to be applicable to a given task instance,

effects of the actionspawn and join, which modify the the task’s actual parameters have to unify with the method’s
current thread, can be straightforwardly modified to use f5rmga| parameters, and at least opehas to be satisfied.
this new representation. Each list of sub-task(V) can be a nesting afordered and

4. The precondition of theall andspawnactions are mod- :unordered lists, stating restrictions on the order in which
ified such that they will not be possible if the capacity of these tasks can be carried out.
the stack/thread list is already at its maximum. Space prec|udes us from providing the formal

Our PDDL translation is defined for ConGolog programs, translation algorithm of these HTNs to ConGolog
that are assumed to operate over a preexisting PDDL domain here, but roughly the construction proceeds as fol-
and problem specification. Thus, we assume that, instead of lows: For each methodn, we create a new procedure
receiving a basic action theory as input, the algorithm re- M(V,if p1(V) then & else if...else (pn(V)?;dn)), where
ceives a PDDL domain and problem definition describing & is the following program representing sub-tagk
preconditions and effects of actions, and the initial analgo  Recursively, iftj is an :ordered set of tasks, ther is
state of the planning problem. The steps of the compilation Simply the sequence of these tasks. Otherwisg, if an
procedure that integrate the basic action theory with the ou  :unordered set, thend is the concurrent execution of
put of the program compilation are trivially modified for the ~ all of these. For instance(:unordered a (:ordered
PDDL case. Thus, new bookkeeping actions are added, andb1 b2) (:ordered c; ¢z cz)), would be translated to:
existing domain actions receive additional parametess, pr (&l (b1;b2) || (c1;C2;¢3)). Since there may be more than
conditions and effects as necessary. More details on the gen one method applicable to a given task, we translate each
eral setup of this compilation can be found in (Baier, Fritz, taskinto a non-deterministic choice over all of its apfiea
& Mcllraith 2007). procedures(m|my|...|my).

. . An HTN represented in such a way as a ConGolog pro-
(HE-?SII tﬂeﬁ(ﬁgl‘ & ':I'erjarlcgéza_l G-I;lzzsl:;bNel\tlggrkz 'f’t'a;\r/lzrss?o gram can thus be compiled into a basic action theory just as

2004) are a popular planning formalism used to provide do- easily, and by limiting the recursion depth of methods, we
, X can again compile the resulting theory further into PDDL.

main control knowledge to a planner by representing plan-

ning solutions in a hierarchical fashion. They have broad Execution Monitoring A third practical merit of our com-

applications, including classical planning (Neial. 2003) _pllatlon |s_that it aIIOV\_/s usto I_|ft existing execution meor-

and web service composition (Kuteral. 2004). The HTN ing techniques used in planning for monitoring the executio

formalism has been in a sense divorced from classical plan- of ConGolog programs.

ning since state-of-the-art planners do not handle HTNs.  Monitoring the execution of a plan amounts to tracking



the state of the world, recognizing discrepancies betweent His approach is similar to ours in the sense that the out-
expected state of the world according to the model assump- put can be viewed as representing a finite-state automaton.
tions made during planning and the actual state of the world, However, the output is not a logical theory, the approach
and determining whether a recognized discrepancy warrants cannot handle concurrency, and there are no immediate ap-

plan modification. One promising strategy is to annotate the
plan in each step with a sufficient and necessary condition
for its validity with respect to reaching the goal. Impligit

or explicitly, many execution monitoring approaches in the

literature apply this technique and derive these condition

by regressing the goal over the remaining actions of the plan

plications like planning.

There is also related work on the compilation of HTNs
into ConGolog and PDDL. As previously noted, Gabal-
don (2002) presented a means of translating the general
HTN formalism of Erol, Hendler, & Nau (1994) into Con-
Golog. In this paper, we showed how the HTN formalism

We have shown that this can be generalized to the case where(Ghallab, Nau, & Traverso 2004) with the popular SHOP2

not only the validity of a plan, but also its optimality must
be monitored (Fritz & Mcllraith 2007).

When an agent is controlled by a Golog or ConGolog pro-
gram, we need to monitor more than just the stated final state
goal. Also, the constraints on the agent’'s course of action

(Nau et al. 2003) language for constraints could be trans-
lated into ConGolog and in turn compiled into PDDL. We
limited ourselves to SHOP2 constraints because of its prac-
tical interest; this syntax also eliminated the need for-add
tional predicates. Nevertheless, we could have just alyeasi

imposed by the program must be satisfied. Those tasks canused Gabaldon’s more involved translation to ConGolog to

be accomplished using regression on our compiled theory.
Hence, we can adapt existing regression-based technigues t
the problem of monitoring the execution of ConGolog pro-
grams without any extra machinery.

5 Discussion and Related Work

In this paper we proposed an algorithm for compiling ar-
bitrary ConGolog programs into basic action theories in
the situation calculus. The size of the resulting theory is
guadratic in the size of the compiled program, and contains
a simpler set of axioms that avoids the need for program
reification and reduces the number of second-order axioms.
The compilation presents a significant contribution for at
least two reasons. First, it provides the mathematical-foun
dations for compiling powerful ConGolog and HTN search
control into basic action theories of the situation calsulu
These can in turn be translated into other action formalisms
including, with minor restrictions, PDDL. Such a transla-
tion enables most state-of-the-art planners to exploitggow
ful domain control knowledge without the need to construct
special-purpose machinery within their planner. The com-
piler is available for download from our web site. Second,
in eliminating the need for reification, the translated tlyeo
facilitates automated proof of program properties in syste

compile general HTNs with bounded recursion into PDDL.
Of further note, recently Lekdv& Navrat (2007) provided

a linear translation of a restricted acyclic subset of HTtd in
STRIPS. Their translation generates a Turing machine with
a finite tape represented in STRIPS.

Finally, there is related work on proving properties
of Golog/ConGolog programs. Shapiro, Lésgnce, &
Levesque (2002) used PVS to prove properties of ConGolog
programs appealing to a direct representation offttens’
second-order axiom, and by reifying programs. As a result
it is possible to use induction to prove properties that hold
during the execution of programs, but it is not straightfor-
ward to prove properties that hold at particular points & th
execution (e.g., at the end of the program). As we've seen
above, in our case proving any of these properties is done
as with any property of the situation calculus. Also of note,
Liu (2002) introduced a Hoare-style proof system for prov-
ing properties of Golog programs (without concurrency).
The motivation for this approach was similar to ours: to
minimize second-order reasoning. As a consequence, prov-
ing properties is facilitated in this formalism too. Redgnt
ClaRen & Lakemeyer (2008) proposed an interesting algo-
rithm for proving properties of non-terminating Golog pro-
grams expressed in a logic that resembles CTIo prove

such as PVS as well as, in some cases, enabling propertiessuch properties, they construatlzaracteristic graphwhich

to be proven by regression of ConGolog programs followed
by (first-order) theorem proving in the initial situationeR
gression of ConGolog programs has practical application to
execution monitoring.

There are several pieces of related work. In previous work
we provided a compilation of Golog programs without pro-
cedures into PDDL (Baier, Fritz, & Mcllraith 2007), show-

ing that notable speedups can be obtained in planning bench-

marks. Our current work significantly extends the aforemen-
tioned compilation by showing how ConGolog programs
(with procedures and extended with useful features like con
currency) can also be translated into classical planning, u
der certain restrictions. While our previous work exploited
automata in the translation, the added expressivity of Con-
Golog necessitated the use of Petri nets.

Funge (1998) provided a compilation of Golog programs
into Prolog, to make program interpretation more efficient.

resembles our Petri nets. With our compiled domains and by
using known translations of LTL into planning goals (e.g.
(Baier & Mcllraith 2006)) we could prove similar proper-
ties, but restricted to only finite executions.
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A Definition of comp

We here provide the pseudo-code for ttemp function of

Step 1 of our compilation. It takes four inputs: a program

an integeri used as a program counter, a saif program
variables (introduces using theconstruct, see below), and
the name of the procedure this program belongsctojt
outputs a set of first-order sentences and a new integer. We
will further process the sentences in the subsequent steps
of the compilation, eventually producing the axioms of the
new theory. The integer represents the value of the program
counter at the end of the program. Note that we here present
the details only for the simplified case of the so-called non-
synchronized versions of while—loops and if—then—else Th
synchronized versions require rather complex additiorzal m
chinery, including some form of backtracking.

function comp(9,1,e,c)

Output: atuple(ax,i’) with ax a set of sentences, an integer
1: Switch o:
2: nil: return (0,1)
3: A(ty,....tn) (WhereAis not a procedure
ax = {PosgA(th,xq,...,Xn),S) «—
Threadth, s) A stateth, s) = (i,¢)A
BOUND(e, [t1,...,tn], X1, -, Xn]),
statgth,do(A(th,X),s)) = (i+1,¢) «
statdth) = (i,¢)}

NG



U BIND (e, T, X, do(A(th,T),s))
return (ax,i+1)
(@?): return (TEST(@,i,it+l e, c),i+l)
(01;82):
(ax1,i1) = COMP(d1,1,e,c¢)
return (axqUaxp, i)
(01|):
(ax1,i1) = COMP(&y,it+1,e,c)
(axz,i2) = COMP (&, 11+1e,c)
ax = { NOOP(i,i+1,¢),NOOP(i,i1+1,c),
NOOP(ijg,ip+1,c),NOOP(ip, ip+1,c)}
return (axUaxg Uaxp,iz+1)
(if pthen &, elsed,):
(ax1,i1) = COMP(dy,it+l,e,c)
(axz,i2) = COMP (&, 11+1e,c)
ax = {TEST(¢,i,it1l,e,c),
TEST(“(’L i7 i1+17 e7 c)’
NOOP(ig,12,¢)}
return (ax;UaxpUax,ip)
(while ¢ do &):
(ax,i1) = COMP(&’ i+l e,c)
return ({TEST(@,1i,i+1,e,c), TEST(—@,1i,i1,e,c),
NOOP(ij,i,¢)}Uax,iq)
(8):
(ax,i1) = COMP(&',i,e,c¢)
return (axU{NoOOP(i,i1+1,¢),NOOP(iq,1i,c)},i1+1)
(r(v,0)):
(axg,i1) = comp(d,i+l,eU{v},c)
ax = {Posgpi(th,v,c,i+1),s) —
Threadth, s) A stateth, s) = (4, ¢),
Posgfree(th,v,c,i1,s) «
Threadth, s) A stateth,s) = (i1-1,¢)}
return (axUaxj,i1)
P(ty,...,tn) (whereP(xy,...,Xn) is a procedurg
s’ = do(call(th,P,i+1,c),s)
ax = {Posgcall(th,P, i+1,c),s) «—
Threadth, s) /\state{th S)
U BINDPROC(e, [t1,. .., tn], [X1, . -
return (ax,i+1)
(3 || &):
(ax1,i1) = COMP(&y,it+l,e,c)
(aX27 i2) = COMP(627 i+l e, C)
ax = {Posgspawrith,c,i+1,i1+1),s) «
Threadth, s) A statelth, s) = (4, ¢),
Posgjoin(th,c,ip+1),s) —
Threadth, s) A stateth, s) = (i1,c)A
state[child p(th, s)-1|th],s) = (i2,c)}U
{pipo(th’,0,v, do(spawrith, c,i+1,11+1),s)) =y —
th’ = [childp(th, s)|th] Ay = pipo(th, sp(th, s), V) }vee
return (ax; UaxpUax,ip+1)
(81): return comp (nil || icond(8),1,e,c)
(icondd)):
(ax1,i11) = COMP(J,i+1,e,c)
ax = {NOOP(i,i1+1,c),
Posgspawrith, c,i,i+1),s) —
Threadth, s) A stateth, s) = (4, ¢),
Posgjoin(th,c,11+2),s) —

=(i,¢)}

7XnLS)

Threadth, s) A stateth, s) = (i1+1,c)A
(childp(th,s) = 0v
statg[childp(th, s)-1|th],s) = (i1,¢))}U

{pipo(th’,0,v,do(spawrfth, c,i+1,i1+1),s)) =y «
th’ = [childp(th, s)|th] Ay = pipo(th, sp(th, s),V) }vee
return (axyUax,i+2)

731 (&))%):

74: (ax1,11) = COMP(dy,i+1,e,c)

75: (ax2,12) = COMP(&p,i1+1,e,c)

76: ax = {Posgspawr{th,c,i+1,i1+1),s) «

77 Threadth, s) A stateth, s) = (i, ¢),

78: Posgjoin(th,c,iy+1),s) «—

79: Threadth, s) A stateth,s) = (i1, c)A

80: state [child p(th, s)-1]th],s) = (i2,¢),

81: Prio(th, th’, do(spawr(th, c, i+1,11+1),5)) «
82: th’ = [childp(th, s)|th],

83: —Prio(th, th’,do(join(th, c, i5+1),s)) «

84: th’ = [child p(th, 9)-1]th] }u

85: {pipo(th’,0,v,do(spawrfth, c, i+1,i;+1),s)) =y «
86: th’ = [childp(th, s)|th] Ay = pipo(th, sp(th, S), V) }vee
87: return (ax;UaxpUax,ip+1)

88: EndSwitch

In the algorithm we use the auxiliary functions defined
in Algorithm 1 to create additional transitions in the gen-
erated Petri net, which may be conditiontds)) or uncon-
ditional (noop. In Algorithm 1, @(s)|y denotes the for-

Algorithm 1 ConGolog2BAT: Auxiliaries
function TEST(¢,i1,12,e,¢)
V={(v,xv) | V€ e A @ mentionsv}
s’ = do(tes(th, i1, i2,c,X),s)
return {statgth,s’) = (ip,c) « Trug
Posgtes(th, i1,12, ¢,X),s) « statgth,s) =
Threadth, s)A
Aux,)ev[Boundpipo(th, sp(th, s),v,s),s) —
map(pipo(th, sp(th,s),v,s),s) = xv] A @(s)|v }
U {Bound p,s’) < p = pipo(th,sp(th,s),v,s),
map(p,s’) = xy — p= pipo(th,sp(th,s),V,
end function

I/l xy a new var.

(i1,0)A

)}(v,xv)ev

function NOOP(ig,12,¢)
return {Posgnoopth,i1,12,¢),s) «
Threadth, s) A statdth,s) = (i1, ¢),
statelth,do(noop(th, 11,12, ¢),s)) = (ip,c) « True}
end function

mula resulting from substituting each occurencevaby

xy for every pair(v,x,) € V. The following conditions are
required for handling program variables in the positions
of an actual argument of an action, or appearing in tests.

def
BOUND(e, [t1,...,tal, [x1,... . %n]) = As, sts,geX) = t5 A
Ay, st ¢, ce[BOUNAPIPO(th, SpIth, ), £5.5),5) —
map(pipo(th,sp(th,s), t;,s),s) = xi]
BIND (e, [t1,...,tn],[X1,...,%n],s’) def

{Boundp,s’) < p= pipo(th,sp(th,s), t;,S),

map(p,s’) = xi < p = pipo(th,sp(th,s), t3,9)}j st t;ece
BINDPROC(e, [t1,...,tn], [X1,...,%n],s) def
{pipo(th,y,x;,s") = p —

y = sp(th,s)+1A p= pipo(th,sp(th,s), t5,8)}j st.t;ce

U {Boundp,s’) « p = (th,sp(th,s)+1,x;),

map(p,s’) =z« p= (th,sp(th,s)+1,xj) Az=t;(9),

pipo(th,y, Xj 73) = (th7y7 Xj) —y= smthv s)+1}j s.t.tj&e
Note that inBIND PROC the variables; serve as actual pa-
rameters and; as formal parameters, and that we apply
call-by-valueby evaluating all actual parameters which are
not program variables before passing them to the procedure.



B Program-Independent Axioms

The default dynamics of the involved bookkeeping actions,
which are program independent, are described by the fol-
lowing axioms (cf. Step 2 of the compilation described in
SeCtion 3) aXcommon=— {
sp(th,do(call(th,x1,%2,X3),8)) =y < y = sp(th,s)+1,
statgth,do(call(th, P x1,X2),s)) =y «— y = (0,P),
stacKth,v,do(call(th,xq,i,c),s)) =y« y=(i,c) Av=sp(th,s)+1,
statgth, do(return(th),s) = y « y = stacKth, sp(th,s), s),
sp(th,do(return(th),s)) =y « y = sp(th, s)-1,
Threadth’, do(spawrith, x;, X2, X3),8)) « th’ = [childp(th, s) th],
sp(th’, do(spawrith, X1, X2, X3),S)) = y «—

y = 0Ath = [childp(th,s)|th],
childp(th, do(spawrith, x1, x2,X3),s)) =y« y=childp(th, s)+1,
childp(th’, do(spawrfth, x1, X2, X3),8)) = Y <

y = 0Ath’ = [childp(th, s)|th],
Forcedth’, do(spawrith, X1, X2, X3),S))

Forcedth) Ath" = [childp(th, s)|th],
statgth’, do(spawrith, ¢, xq,i),8)) =y «

y = (i,c) Ath’ = [childp(th, s)|th],
statgth, do(spawrith, c,i,x;),s)) =y <y = (i,c),
Prio(th', x, do(spawr{th, X1, X2,X3), S)) <

th’ = [childp(th, s)|th] A Prio(th, x),
Prio(x, th’, do(spawr{th, X1, X2, X3),S)) «—

th’ = [childp(th, s)|th] A Prio(x, th),
—Threadth’,do(join(th, X, %2),s))

childp(th,s) > 0Ath’ = [childp(th, s)-1|th],
childp(th,do(join(th,x1,x2),s)) =y «

childp(th,s) > 0 Ay = childp(th, s)-1,
Forcedth,do(join(th, x1,%2),s)) < Forced[childp(th, s)|th],
pipO(th/, Vv, Z, dO( pl(th7 Z X17X2)as)) =Yy

y=(th,v,2) Ath’ =thAv=sp(th,s),
state(th,do(pi(th, x1, c,i),s)) =y — y=(i,c),
—Bound(th,v,z),do(free(th, z,x2,X3),5)) < v = sp(th,s),
statgth, do(freg(th, xq, ¢,i),s)) =y —y = (i,c),
Thread([0],S) < True,
statg[0], ) = (0,’main’) < True,
sp([0]. So) = 0 True
stacK[0],0,S) = 'final’ — True,
childp([0], S) = 0 — True}



