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Abstract. We present TALplanner, a forward-chaining planner knowledge about the initial state. Currently, only part of this expres-
based on the use of domain-dependent search control knowledgdvity is allowed by TALplanner. The intention is to incrementally
represented as temporal formulas in the Temporal Action Logicextend the planner to handle larger subsets of TAL, testing the ex-
(TAL). TAL is a narrative based linear metric time logic used for tensions empirically using existing benchmarks when possible and
reasoning about action and change in incompletely specified dyextending benchmarks when necessary.

namic environments. TAL is used as the formal semantic basis for This paper reflects the methodology by extending the sequential
TALplanner, where a TAL goal narrative with control formulas is version of TALplanner to a version which generates concurrent plans
input to TALplanner which then generates a TAL narrative that en-and by extending the expressivity of plan operators to allow the rep-
tails the goal formula. We extend the sequential version of TALplan+esentation of a number of different resource types. The extensions
ner, which has previously shown impressive performance on standaw@te verified and tested for efficiency by extending a planning bench-
benchmarks, in two respects: 1) TALplanner is extended to generatmark from the logistics domain, generating new domain-dependent
concurrent plans, where operators have varied durations and intesearch control formulas and testing the extensions against the unex-
nal state; and 2) the expressiveness of plan operators is extended tended benchmark without use of concurrency or resources.

dealing with several different types of resources. The extensions to

the planner have been implemented and concurrent planning with res .
sources is demonstrated using an extended logistics benchmark. 92 TAL: TEMPORAL ACTION LOGICS

In W.Horn (ed.): ECAI 2000. Proceedings of the 14th Euro-  The approach we use for reasoning about action and change is as
pean Conference on Artificial Intelligence, 10S Press, Amster-  to|1ows, First, represent a narrative description as arsef labeled
dam, 2000. statements in a surface languagéND), a high-level language for
representing observations, action types (plan operators), action oc-
1 INTRODUCTION currences, dependency constraints, and domain constraints. Second,
generate the corresponding thedsy= I' UT'qng in L(FL), an order-
Recently, Bacchus and Kabanza et al. [3, 4, 10] have been insorted first-order language with a linear, discrete time structui®.
vestigating the use of modal temporal logics to express domainthe translation off into £(FL) using theTransfunction [7], andlf,q
specific search control knowledge for a forward-chaining planneis a set of foundational axioms including unique names axioms and
called TLPLAN, an approach similar to the negative heuristics usedtemporal structure axioms. Third, deal with the well known frame,
by Kibler and Morris [12]. TIPLAN has demonstrated impressive qualification and ramification problems via a circumscription ax-
improvements in efficiency when compared to many recent planiom which is easily reducible to a 1st-order formula via syntactic
ners such as Blackbox [11] and IPP [14], the best performers in thgansformation. Lef™ be the result of applying a circumscription
AIPS’98 planning competition [1] (see [4] for comparisons). policy to the dependency constraints and action typeB and let
In [8], we began exploring a somewhat different approach, repreA’ = I A I'iq. Then,a is entailed byY iff A/ = a. (See [7] for

senting not only control rules but also operators, goal statements, anbtails regarding TAL and [15] for an implementation.)
domain constraints using TAL (Temporal Action Logics [7]), a fam-

ily of narrative-based first-order temporal logics for reasoning about

action and change in incompletely specified dynamic worlds. The re3 TALPLANNER
sulting planner, TALplanner [8, 25], takes a TAL goal narrative as
input and generates a new narrative where a set of TAL action occu
rences (corresponding to plan steps) have been added.

Since earlier TAL logics had no provision for goals or control rules,
(e define an extended surface languAgiRD)* which provides two
. .__hew statement classes: Intended goal statements (laigekepand
f | tics f I s of th ficati f lanni ggoal control statements (labelegdtrl), described in the following
@ formal semantics for all parts of the specification of & planningy ., g pcections. This is n line with the TAL philosophy of adding
P ! P A Very P 9 macros but keeping the underlying base languagé.) unchanged.
planners and formally verifying the correctness of generated plans. ? A h
In fact. TAL i highl ve f I lowing th 4- TALplanner takes a goal narrative descripti@h” in L(ND)* as
T A e o e e om0 G Qerates & pla atah, v (D). f GG
~'ing L pera A GNgyer are the sets of intended goal statements and goal control state-
tion, non-deterministic effects, incompletely specified timing of ac- . . .
tions, delayed effects, concurrent actions, qualifications to action ments i\, then (assuming the planner is successful) the generated
side-’effectg of actions, state and domain cyocrqlstraints and incomple lan narrativeVy is (GN'\ (GNigoar U GNgeurt)) U GNoce, WhereGNoce

' ' P'EIE the set of action occurrences (plan steps) generated by the planner.

1 Department of Computer and Information Science, bpikg University, Thus, GNigoa and GNyer are only used in the plan synthesis algo-
SE-581 83 Linkjping, Sweder{jonkv,patdo,pahas}@ida.liu.se rithm, and the output of the planner is a plte@\D) narrative.




The planning algorithms presented in this paper are sound in ththan progressed, as in th&Lplan/non-modal algorithm [8]. We in-
sense that if a narrative descriptify is returned givel\ as input,  troduce a temporal constatit and ensure that it is always bound
thenA),, | Trang([t] A GNigoal), whereA)y, is the circumscribed  to the timepoint of the ladiixed state — the last state that is guar-
logical theory inL(FL) corresponding tdV,, andt is the end time-  anteed not to be changed by the addition of new operators. Then,
point of the last action occurrence éiVocc. Completeness is a more control rules can be contextualized by referring tpensuring that
difficult issue and depends on the control rules used for each domaimpotentially valid plan prefixes are not discarded prematurely. For ex-
ample, the control formula above can be writterWaso[t < t. A
. " [t] carry(o) A Al[at(robby, 1) A goal(at(o,1))] — [t + 1] —carry(o)].

3.1 Goals InE(ND) Each approach has advantages and disadvantages in terms of com-
As demonstrated by TiLAN, domain-dependent control rules are putational complexity. Although a naive progression algorithm might
often more effective if they can refer to the intended goalPTAN do better than a naive formula evaluator, as demonstrated in bench-
allows this by using a goal modality, but since TAL is not a modal mark tests [8], we have found that evaluation enables certain opti-
logic, TALplanner handles it differently. Due to lack of space, we Mizations that are more difficult to apply to a progression algorithm,
will present a restricted translation that requires conjunctive goals. making the current TALplanner implementation significantly faster

An intended goal statemeint £(ND)* is a conjunction of expres- When using evaluation. An additional advantage is the significantly
sions of the formf = v. This defines the set of goal states. Negative lower memory usage due to not needing to store a progressed control

goals of the form~f can be written ag = false. formula in each search node. Developing and analyzing optimization
For each fluentf : dom; x --- x dom, — dom, we add a  choices is currently being pursued as an active research issue.
corresponding goal fluemoal; : dom; x --- x dom, x dom — In the remainder of the paper, we will concentrate on the use of

{true, false}. The intention is thagoal; (Z, v) should be true exactly ~evaluated control formulas. The next section pres@Atplan/non-
when the goal requires thgi{Z) = v. To achieve this, we make modal, a variation of the algorithm presented in [8]. In the following
each goal fluent durational with default valtsse. By translating ~ Sections, we extend this algorithm with resources and concurrency.
the intended goal statement_, f;(Z;) = v; into the dependency
constraintvt. I([t] A?—; goaly, (T;,v;) = true), we force the ap-
propriate goal fluents to be true; all other goal fluents remain fals

Finally, the set of atomic expressionsfi{ND)* is extended to in- We will now present a sequential plann lan/ dal. based
cludegoal expressionsf the formgoal(f(Z) = v), translated into vV pre d P B-plan/non-modal,

_ N . . on a combination of those found in Bacchus [4] and Kabanza [10].

V¢.[t] goals (T, v) = true. Thus, goal expressions can be used in con- . . o
. - : ... Although there are many differences, the most important distinctions
trol rules as well as in domain constraints and operator precondltlonsr that the alorithms are modified for the TAL familv of logi nd

and their semantics is integrated with that of TAL. are thatihe algo 'S are modined for the amily otlogics a
the notion of a narrative, and that formula evaluation is used in place

of progression. The current algorithm has the following restrictions:

&  SEQUENTIAL TALPLANNER

3.2 Control rulesin L(ND)*
e The initial state must be completely specified.
Unlike traditional search heuristics based on a single state, Ak 4 Actions must be deterministic (but can be context-dependent).
uses control formulas in a linear modal tense logic to place cony pependency constraints (and side effects) are not allowed.
straints on the entire state sequence induced by a plan prefix, and pomain constraints must be of the fordt,z [t < t. —
also allows formulas to refer to the given goal. There are four tempo- (¢ 7(z) <+ ¢)]. This provides the possibility to use defined pred-
ral modalities (until), & (eventually) B (always), and> (next), as icates (essentially, state variables defined in terms of formulas).
well as agoal modality. A plan prefix can be seen as inducing an infi-
nite state sequence, where the final state is repeated an infinite nurowever, we do allow actions with duration and internal state
ber of times. This sequence can be seen as a model, and control rulsisanges. Also, although the goal formula translation from Sec-
can be viewed as model filterers that rule out state sequences thn 3.1 only handles conjunctive goals, the algorithm itself and its
cannot lead to plans or that lead to suboptimal or redundant plans. current implementation allows arbitrary goals. Many existing plan-
As an example, consider the gripper domain, where a robot witthers have much less expressivity, even with these constraints.
a number of grippers moves objects between rooms. If some Olfnput:An initial goal narrativeg\V.
_the obJect_s the _robot is carrying should be_ln the (_:urrent roomOutput:ApIan narrative\, which entails the goah GNigoa.
it should immediately drop one of those objects — it should not
move to another room. For the special case of a robot with a sin- + procedure TALplan/non-modal(GN) _
. ) . cc + {} // Visited states for cycle checking
gle gripper, this can be expressed using the modal control rule,3 Open « ((0,0,GN')) // Stack (depth-first search)
OVolcarry(o) A Jl[at(robby, [) A goal(at(o,[))] — © —carry(o)]. 4 while Open # () do
A plan prefix should be retained unless it can be shownettat 5 (r 7' GN') + pop(Open)
ery plan beginning with this prefix will violate some control rule. In - 6 N « (GN \ (GNigoal U GNgcn))
TLPLAN, this is achieved by using formula progression and view- 7 if Al ¢, _.y = Trang = A GNgen) then

ing a plan prefix as a state sequence whose last state is an idle stat@.  if A\, = Trang([7] A GNigoar) then return A/

The TALplan/modal algorithm [8] uses a similar approach, although 9 if (state at timer’ for N') ¢ acc then

the progression algorithm is somewhat different due to the use of acLO acc « acc U {(state at time-' for N')}

tions with duration and internal state. In this approach, the temporall Expand(GN/, 7', Open)

modalities can be viewed as special types of macro operators whosnme explanations may be in order. Line 7 checks whether the nega-
semantics is defined by the translation into pl&{iND) [8]. tion of the control rules is entailed, or, equivalently, whether any

However, due to the use of explicit time in TAL, it is also possible control rule is violated. Lines 9—11 are responsible for redundancy
to specify control rules in terms of formulas to be evaluated rathechecking and expansion: If a plan prefix satisfying the control rules



does not achieve the goal and is not redundant, then we push its sut? elseExpand(GN, T, 7T, T, Open)
cessors on the stack. Naturally, the search strategy can easily be matB ~ for s from 7 — 1 downto 7 do
ified to use breadth-first search or various forms of heuristic search14  if Ay, —sp ¥ Trang— A GNgen) then

TheExpand algorithm is responsible for finding all successors of a 15 Expand(GN, 7, s, T, Open)
plan prefix. Here, this is done by finding all operator instances whos@uccessors may be added at any timepoint betweand 7. Note
preconditions are satisfied at tirsein GV Different implementa-  that they are pushed on the stack in reverse temporal order, since we
tions of Expand can provide different lookahead, decision-theoretic prefer invoking operators as early as possible. The case vdiere

and filtering mechanisms for choice of actions. states up t@ are fixed must be treated separately (lines 7-12): Only
1 procedure Expand(G\, s, Open) here can a plan possibly be found, and only here can redundancy
2 N < GN \ (GNigoal U GNgetr) (cycle) checking be performed. The ordering relatener-or-equal
3 forall a(z) € ActionTypes(N) do is described in Section 5.2.
4 forall [s,t] a(c) € Instantiate(s,a(z)) do As discussed above, tEepand algorithm must be modified some-
5  if Al | Trang([s] precond(a(c))) then what to prevent the search tree from containing redundant pairs of
6 Open < Open U {(s,t,GN U {[s, ] a(¢)})} plan prefixes (line 5 below). Alsa; must be updated and stored in

each search nodenéx(t,7) in line 7).
5 TALPLANNER AND CONCURRENCY 1 procedureExpand(GN, 7, s, 7, Open)

2 N« gN\ (g-/\/igoal ) gNgctrI)

In this section, we will show how TALplanner has been extended to 3 for all a(Z) € ActionTypes(N') do

generate concurrent plans. 4 forall [s, ] a(E)_E Instantiate (s, a(Z)) do
Since TALplanner is fundamentally based on forward chaining, ° if s # 7 or a(c) > lastact(N) then
[+

t
if Al\s = Trang[s] precond(a(c))) then

O ) > 6
the definition of the set of successors for each plan prefix (or, equiv he push (s, t, max(t,7), GA" U {[s,£] a(2)}) on Open

alently, the definition of the search tree) is one of the most important
features of the planning algorithm.

Generally, letp = ([s1,t1] 01;... ;[sn,tn] 0.) be a (possi- 5.1 Concurrency and Control Rules
bly empty) plan prefix. Then, any successor must be of the for
([s1,¢1] 01;--- ;[Sn,tn] On;]s,t] 0), where the precondition afis
satisfied at its invocation timepoist> 0. If n > 0, we also require
thats > s,: We never try to invoke a new operator earlier than an
existing operator. Thus, all states up to and includipgare fixed
and will never be modified in any successopoftvhich is important
for the efficiency of the implementation.

Meontrol rules should normally only be applied to fixed states, since if
a violation depends on a non-fixed state, it might be possible to “re-
pair” it by adding a new concurrent action that modifies the non-fixed
state. However, there are control rules for which this can never be the
case. Consider the gripper rule discussed in Section 3.2. Clearly, once
the robot has picked up an object that was already in its goal location,
; . - adding actions to the plan prefix cannot possibly undo this violation.
Sequential planning adds the condition that= ¢, (or s = 0 Fortunately, many control rules do have this property. Although

if n = 0): A new action is always invoked exactly when the previ- , . . . ; S
O : . . ... _this could sometimes be detected automatically, especially in trivial
ous action finished executing. For concurrent planning, this condition - . .
. Lo : cases such as the gripper control rule discussed above, this has cur-
must be relaxed. Let be the maximum of all ending timepoints of

all actions inp. The states from,, up to7 may all be different, due to rently been left as a topic for future research. Instead, TALplanner al-

: k : S . . . lows rules to be marked amrepairable For such rules, the planner

actions having effects in their intermediate states, but since nothlng _ L
- . . U .., dlways uses, = 7 rather thart. = s, which increases performance
can change aftef there is no point in considering successors with . o .
_ . _ by allowing the planner to detect violations earlier.

s > T. Thus, we require that, < s <T.

There is an additional difficulty associated with successors where
s = s,: The search tree could contain redundant pairs of plan pre5.2 Concurrency and Resources
fixes such ag]0, 3] o1; [0, 3] 02) and([0, 3] o02;[0, 3] 01). To avoid
this redundancy, we assume the existence of a total erder oper-
ator instances, and if = s,,, we require thab > o,.

Although resources can be modeled in plain TAL, the formaliza-
tion can be quite complex, especially when concurrency is involved.

. o S . To facilitate the use of resources, we therefore introduce two new
This definition induces a possibly infinite search tree, which can b

. . ) cros inL(ND)*. The macro is used for declaring re-
traversed using standard search strategies such as breadth first seql, "1‘1 (ND) resource g

 vari forms of heuristi rch methods. In the algorithms b 8urce fluents and their maximum and minimum allowed values,
Ic())w ?/vgl\j\zllisesdz tt?lfjirsst gei??hc rel ?n Oori:ontro? fllJIgeos to fun:\'/vhile theoperator macro allows for a more structured way of defin-
: P - Felying P ing operators and their preconditions, effects, and resource usage.
nodes that would not take us closer to the goal.

There are five kinds of resource effects. At any deldyom its

Input: An initial goal narrativeg\’. invocation timepoint, an operator caroduceresources (which can-
Output: A plan narrative\,, which entails the gogh\ GNigoar- not be consumed untik-1). Resources can m®nsumedtt, which
1 procedure TALplan/conc(GN) ) leaves room for more production &t+ 1. Resources can hbigor-
2 acc + {} // Visited states for cycle checking  oeq eitherexclusivelyor non-exclusivelyshared with other non-

3 Open «+ ((0,0,0,GN)) // Stack (depth-first search)

4 while Open # () do exclusive borrowers). Finally, resources carabsignedh new value.

Resources and resource effects are translated into fluents, plain ac-

5 (r,7',7,GN) < pop(Open) . : . :
6 N« GN'\ (GNigoar U GNyen) tion effects, and domain constraints. The tra_ns_latlon also uses control
7 it Aluge.—ry E Trang= A GNgen) then rules to ensure that resource values are within the allowed range at
8 state « (state at time for ) all times. Due to lack of space, the translation is not shown here.
9 if not exists state’ € acc: better-or-equal(state’, state) then With resources, plain cycle checking is generally too weak. For
10 acc < acc U {state} example, if moving consumes fuel, moving frairto b to a leads
11 if Al = Trang[7] A GNigoa) then return N to a new state where less fuel is available. Therefore, each resource



can be associated with a prefereno®re less or none Here, we [+dist(airport1,airport2)/5] moving(plane,airport2) := false

would always prefer to have more fuel. This induces a partial orderrhe city of, dist andsize features define parameters of the problem.
on statespetter-or-equal, used in the planner. Since resources canThe use_of resource ensures that an object is never used in conflict-
be used in preconditions, effects, control rules, and goals, generahg concurrent actions (in other words, it provides a form of mutual

ing preferences automatically can be quite complex for non-trivialexclusion). Loading and unloading packages into or from a vehicle
domains and has currently been left as a future research topic.

6 THE LOGISTICS DOMAIN

borrows theuse_of resource non-exclusively, allowing several load-
ing or unloading actions involving the vehicle to take place concur-
rently. Actions that move the vehicle borrow the resource exclusively,
so that it can never be moved to two different destinations at the same

In the standard logistics domain, a number of packages can be trangme, or moved during loading or unloading. Vehicles also have lim-
ported by truck between locations in the same city and by airplangeq carrying capacity, modeled using tiece resource. Unloading
between cities. The goal is normally to deliver each package from '%roduces space, while loading consumes space; the precondition that

initial location to its destination.

This domain is naturally concurrent. For example, different ve-

there must be enough space is implicit.
The following domain constraints define abbreviations used in the

hicles can be moved and different packages loaded and unloadeghntro rules: An object needs to be moved by plane froem if its

relatively independent of one another. This kind of concurrency exyestinatiorioc2 is in another city, and it needs to be unloadetbat
ists in many standard domains, and has motivated approaches suchifgy; is in the same city as its destination.

partial-order planning and Graphplan’s use of parallel actions [18, 61,4,m forail t [t

] move-by-plane(obj, locl) <->

However, few planners have considered the duration of concurrenéxists loc2 [ goal(at(obj, loc2)) & ([t] city-of(loc1) == city_of(loc2)) ]
actions. To create efficient plans, a planner must be able to plan a sgjom forall t [ [t] unload-from-plane(obj, loc1) <->
guence of several “short” actions, like loading, driving and unload- exists loc2 [ goal(at(obj, loc2)) & ([t] city-of(loc1) == city_of(loc2)) ]
ing a truck, in parallel with a “long” action, like flying an airplane The following control rules are inspired by those used byPTAN,
between distant cities. Assuming all actions to have unit duration i$ut have been modified for concurrency and the use of vehicles with

very restrictive.

limited space. Briefly, an airplane should remain where it is until all

The logistics domain is also easily extended to include resourcegackages that should be moved by the plane, and that actually fit into
For example, the carrying capacity of different vehicles is an examplehe plane, have been loaded; note the explicit reference to resources.

of a property most naturally modelled as a resource.

6.1 Plan Operators, Resources and Control Rules

It should only move to locations where it needs to deliver or pick up
packages. If a package is at its destination, it should not be moved.
A package should only be loaded onto a plane if a plane (rather than
a truck) is needed to move it, and should only be unloaded if it is in

In keeping with the standard formulation, the following features, its destination city. Similar control rules are needed for trucks.
resources and operators describe the domain. Note that TAL iS aiontrol :unrepairable forall t, plane, loc [

order-sorted logic, and all variables are typed; the types usddcare
with subtypeairport, city, andthing. The typething has subtypesbj
and vehicle (which in turn has subtypessuck and plane). The fol-

[t] at(plane, loc) & exists obj [
(at(obj, loc) & move-by-plane(obj, loc) & size(obj) <= space(plane)) |
(in(obj, plane) & unload-from-plane(obj, loc)) ]

-> [t+1] at(plane, loc) ]

lowing is written using macros id(ND)* and can be translated into  #control :unrepairable forall t, plane, loc [

TAL formulas. Note thaft] « means thai holds at timet.

#feature at(thing, loc), in(obj, vehicle), moving(vehicle, loc): boolean
#feature city_of(loc): city
#feature dist(loc, loc), size(obj): integer

#resource use-of(thing) :domain integer :min 0 :max 1 :preference :none
#resource space(vehicle) :domain integer
:min 0 :max capacity(vehicle) :preference :more

#operator load(obj, vehicle, loc) :at t

:precond [t] at(obj, loc) & at(vehicle, loc)

:resources [+1] :borrow-nonex use_of(vehicle) :amount 1,
+1] :borrow use_of(obj) :amount 1

+1] :consume space(vehicle) :amount size(obj)
-effects [+1] at(obj, loc) := false, [+1] in(obj, vehicle) := true

#operator unload(obj, vehicle, loc) :at t

:precond [t] in(obj, vehicle) & at(vehicle, loc)

:resources [+1] :borrow-nonex use_of(vehicle) :amount 1,
+1] :borrow use_of(obj) :amount 1

+1] :produce space(vehicle) :amount size(obj)
:effects [+1] in(obj, vehicle) := false, [+1] at(obj, loc) := true

#operator drive(truck, locl, loc2) :at t
:precond [t] at(truck, locl) & city-of(loc1) == city_of(loc2) & loc1 != loc2
:resources [+1,+dist(loc1,loc2)/2] :borrow use_of(truck) :amount 1,
-effects [+1] at(truck,locl) := false,
[+1,+dist(loc1,loc2)/2-1] moving(truck,loc2) := true,
[+dist(loc1,loc2)/2] at(truck,loc2) := true
[+dist(loc1,loc2)/2] moving(truck,loc2) := false

#operator fly(plane, airportl, airport2) :at t
:precond [t] at(plane, airportl) & airportl != airport2
:resources [+1,+dist(airportl,airport2)/5] :borrow use_of(plane) :amount 1,
-effects [+1] at(plane,airportl) := false,
[+1,+dist(airportl,airport2)/5-1] moving(plane,airport2) := true,
[+dist(airportl,airport2)/5] at(plane,airport2) := true

([t] at(plane, loc)) ->
([t+1] at(plane, loc))
| exists loc2 [
([t+1] (at(plane, loc2) | moving(plane, loc2))) &
([t+1] exists obj [ in(obj, plane) & unload-from-plane(obj, loc2) ])]
| exists loc2 [
([t+1] (at(plane, loc2) | moving(plane, loc2))) &
([t+1] exists obj [ at(obj, loc2) & move-by-plane(obj, loc2) &
size(obj) <= space(plane) ]) &
(forall p2 [[t+1] (at(p2, loc2) | moving(p2,loc2)) -> p2 = plane])]]
#control :unrepairable forall t, obj, loc [
[t] at(obj, loc) & goal(at(obj, loc)) -> [t+1] at(obj, loc) ]

#control :unrepairable forall t, obj, plane [
[t] lin(obj, plane) & forall loc [ at(obj, loc) -> !move-by-plane(obj, loc)] ->
[t+1] lin(obj, plane) ]

#control :unrepairable forall t, obj, plane [
[t] in(obj, plane) & forall loc [at(plane, loc)-> lunload-from-plane(obj, loc)] ->
[t+1] in(obj, plane) ]

7 TEST RESULTS

We have tested both THLAN and TALplanner in a number of stan-
dard planning domains using suitable control rdlésere, we will
concentrate on the 30 logistics problems from the AIPS’98 planning
competition [1]. For three of those problems, AilaN ran out of
memory; the others required between 0.4 seconds and 17 hours to

2 All tests were performed using a Pentium 11-333 PC with 256 MB of mem-
ory, running Windows NT.



complete.TALplan/non-modal proved to be considerably more effi- assumption built into the planner and introducing limited types of
cient, creating a 274-operator plan for the most complex problem irside effects and nondeterministic plan operators.

under 0.7 seconds using less than 10 MB of memory.

With a use_of resource for mutual exclusiofTALplan/conc re-
quired around 0.9 seconds for the most complex problem.

Finally, we have teste@ALplan/conc on extended logistics prob-
lems based on the same 30 problems but using the operators ar%]
control rules presented above. Trucks had 5 units of space, whilgz)
planes had 25 units. Package sizes were between 1 and 3, and dis-
tances varied between 1 and 25. Due to certain optimizations not yet3l
being implemented for actions with variable duration, TALplanner 4]
now needed around 11 minutes to complete the most complex prob-
lem. Once these optimizations have been implemented, we expect
performance to improve by at least an order of magnitude. [8]

TALplanner also had a very successful showing at the AIPS-ZOOO[G]
Planning Competition, where it won the “Distinguished Planner”
award in the domain dependent planning track and first place in thgz)
Schindler Miconic-10 Intelligent Elevator Control planning compe-
tition. For the results of the competition and a view of comparative
graphs, see Bacchus [2].

Further test results for TALplanner and complete domain specifi-
cations for a number of planning domains will be available on the

(8]

WWW [25]. [9]
8 RELATED WORK [10]
Planning with domain-dependent control information, and[11]

“knowledge-based planning” in general [30], has for a Iong[lz]
time been investigated in the context of HTN planning [29, 26],[13]
case-based planning, and some kinds of reactive planning [5]. The
idea of planning with domain information in the form of control rules [14]
in the “classical” state-space setting in fact dates back to 1981 [12],
although it is only more recently that the idea has re-emerged anHS]
been applied to forward-chaining [4] and SAT-based [9] planners.
Time and resource reasoning has been integrated in several HTN
planners €.g.SHOP [20]). In classical planning, though many plan- [16]
ners form parallel plang(g.Graphplan [6] and descendants), not so (17]
many treat operators with non-unit durations and internal state. Sev-
eral approaches in this directiong.Deviser [27], Zeno [21], IXTeT
[16] and TripTic [23], are based on partial-ordered planning com{18]
bined with temporal constraint reasoning. A more recent approach is
Temporal Graphplan [24]. (19]
Resources, or rather continuous state variables, have been intgo]
grated in several different planning approaches, for example in the
Graphplan based RIPP [13] planner, constraint propagation [22{21]
integer-linear programming [28] and a combination of LP and SAT, 2]
encoding [31]. HSTS [19] and parcPlan [17], both constraint-base&2

planners, integrate time and resources in a coherent framework.  [23]
[24]
9 CONCLUSIONS
[25]

We have presented a forward-chaining planner, TALplanner, with §6]
formal semantics based on the use of a temporal action logic (TAL).
TALplanner has been extended to generate concurrent plans and!
deal with a number of different resource types. The planner is fully
implemented and has been demonstrated and tested using an gg]
tended logistics benchmark. Empirical results have previously shown
that TALplanner is one of the fastest and most memory efficient?9]
domain-dependent planners currently being developed. The new ex;
tensions increase the suite of application domains where the planner
can be used. We are currently working on relaxing the closed world
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