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omAbstra
tThe synthesis of elevator 
ontrol 
ommands is a diÆ-
ult problem when new servi
e requirements su
h asVIP servi
e, a

ess restri
tions, nonstop travel et
.have to be individually tailored to ea
h passenger. AIplanning te
hnology o�ers a very elegant and 
exiblesolution be
ause the possible a
tions of a 
ontrol sys-tem 
an be made expli
it and their pre
onditions ande�e
ts 
an be spe
i�ed using expressive representationformalisms. Based on the spe
i�
ation, a planner 
an
exibly synthesize the required 
ontrol and 
hanges inthe spe
i�
ation do not require any reimplementationof the 
ontrol software. In this paper, we des
ribethe appli
ation and investigate how 
urrently avail-able domain-independent planning formalisms 
an 
opewith it. Introdu
tionThe design of modern elevator systems requires new
exibility in meeting the demands of 
ustomers. Anelevator is not only a me
hani
 devi
e to implementthe verti
al transport within a building, but be
omes anintegrative part of the logisti
s infrastru
ture a buildingo�ers to its inhabitants. This means to provide a varietyof transport modes to passengers and to integrate theelevator into the se
urity 
on
ept of the building.In order to meet the needs of passengers, their desiresand requirements have to be identi�ed by the elevatorsystem. For this purpose, S
hindler Lifts Ltd. has devel-oped Mi
oni
-10TM|an elevator system based on so-
alled Destination Control where passengers input theirdestination before they enter the elevator, 
f. Figure 1.Mi
oni
-10TM has been introdu
ed into the market in1996. More than 100 installations have been sold world-wide, in parti
ular for upper range buildings with thou-sands of inhabitants and large elevator groups, e.g., theRo
kefeller Center, New York, or Coeur Defense, Paris,where its transportation quality and passenger interfa
eare unrivaled.A 10-digit keypad is installed in front of the eleva-tor group where passengers enter the 
oor they want totravel to, e.g., 22. After input of the destination, theelevator 
ontrol system sele
ts an elevator for the trans-port of the passenger, whi
h meets all requirements of

Figure 1: A Mi
oni
-10TM keypad allows passengers toenter their destination before they enter the elevator. Adisplay informs the passenger about the elevator thatwill o�er the most suitable transport.this passenger and o�ers the fastest and most 
omfort-able ride. The identi�
ation of the elevator, usually a
apital letter su
h as A,B,C, . . . is displayed on the in-put terminal indi
ating to the passenger whi
h elevatorto take. An indi
ator in the door frame of the 
ar 
on-�rms the destination this elevator will serve. This way,
rowding of passengers in front of and within elevator
ars is avoided. The performan
e of the elevator systemis improved, be
ause passengers with identi
al destina-tions 
an be grouped together and 
an thus rea
h theirdestination faster and more 
omfortable.Mi
oni
-10TM 
an identify ea
h passenger as an indi-vidual being and obtain the following information abouther personal needs or servi
e requirements, before shehas even entered the elevator:



1. The origin 
oor of the passenger is known from theposition of the Mi
oni
-10TM input terminal.2. The destination 
oor is known from the number thepassenger has input over the keypad.3. If the wheel
hair button is pressed on the terminal,the system knows that spe
ial support for the disabledis requested. For example, it a
tivates spoken indi
a-tion of 
oors within the elevator in order to fa
ilitatethe orientation of blind passengers. It informs theelevator that longer door opening and 
losing timesshould be observed and assigns more free spa
e in theelevator 
abin in order to a

ommodate a wheel
hair.Additionally, when identi�
ation devi
es are used,more individual requirements 
an be asso
iated to ea
hpassenger:� The 
apa
ity requirement is taken into a

ount whensele
ting the elevator the passenger will be assignedto. For example, a passenger requires large spa
ebe
ause she arrives with a shopping trolley.� Con
i
ting Passenger Groups: Some groups of pas-sengers should not meet within the elevator. For ex-ample, the room servi
e delivering the breakfast anda room maid emptying trash bins should not meetin the elevator of a hotel for hygieni
 reasons. Thismeans, if a passenger who belongs to a parti
ularprespe
i�ed group requests transportation, the 
on-trol must 
hoose an elevator su
h that no en
ountersbetween 
on
i
ting passengers 
an o

ur inside a 
ar.� Attended Travel: Some passengers are not allowedto travel alone in the elevator, e.g., 
hildren. Thismeans, at any moment of their travel, an a

ompa-nying person must be present in the 
ar.� Nonstop Travel: For some passengers one might o�era nonstop trip to their destination, i.e., the elevatordoes not exe
ute intermediate stops to serve otherpassengers, but immediately rea
hes the destinationof the passenger. For example, blind passengers knowthis way that the next stop is performed at their des-tination.� VIP servi
e: Another passenger might be identi�edas a VIP who is served by the elevator system withhighest priority. For example, �re�ghters or medi
alemergen
y personal should be subje
t to VIP servi
e.Other passengers may be delayed, i.e., they have towait longer for transportation or might be requiredto travel a detour when boarding together with theVIP. VIP servi
e always 
omprises nonstop travel.� Dire
t travel: An annoying situation for a passengerin an elevator (ex
ept from the total brake-down ofthe system) o

urs when she is transported oppositeto the desired dire
tion. For example, instead of go-ing up from the lobby to the sky de
k after the pas-senger has boarded in the lobby, the elevator travelsdown in order to pi
k up other passengers who haverequested a trip from the parking garage to the sky

de
k. To avoid su
h 
onfusing situations, we some-times want to spe
ify the requirement of dire
t travel,whi
h informs the elevator that detours are not al-lowed (while intermediate stops are still possible) aslong as a 
ertain passenger is on board.� A

ess restri
tions: A visitor in a building with a
ertain se
urity standard might be subje
t to a

essrestri
tions that the elevator system should observe,e.g., some 
oors are never served when 
ertain pas-sengers are present in the elevator.Given this information, the elevator 
ontrol softwareis required to assign the passenger to an elevator su
hthat all requirements are satis�ed. The presen
e of newfun
tionalities su
h as spa
e requirements, a

ess re-stri
tions, or VIP servi
e makes this a tri
ky 
omputa-tional problem. Today, elevator systems 
an o�er theseservi
es only in a very limited way by permanently ortemporarily restri
ting the use of elevators. For ex-ample, today's VIP servi
e is implemented by takingan elevator out of standard servi
e, then sending thiselevator to the VIP passenger, and|after the passen-ger has arrived at her destination|turning the elevatorba
k to standard operating mode. It is impossible tointegrate and embed these fun
tionalities dire
tly intothe usual normal operation of a group of elevators.At S
hindler, we are 
urrently developing new 
ontrolsoftware, whi
h is able to guarantee these new fun
tion-alities and at the same time further improves on the per-forman
e of elevator systems. One part of this proje
thas been devoted to the evaluation of new te
hnologiesthat 
an handle the above mentioned requirements andthat are open to future 
hanges of elevator systems.AI planning te
hnology is one of the promising 
andi-dates who has been in our fo
us. We are parti
ularlyinterested in domain-independent planning approa
hes,be
ause only these seem to o�er the 
exibility to inte-grate future 
hanges without requiring a major 
hangeof algorithms and software. The basis of our investi-gation is the PDDL planning formalism (M
Dermott& others 1998), whi
h emerged as the 
ommon plat-form for domain independent planners during the lastyears. In the following, we will des
ribe our appli
ationin more detail and use PDDL to present one possibleway of formalizing it.On a �rst glan
e, the elevator 
ontrol problem ap-pears like a typi
al s
heduling problem where the trans-portation jobs of the individual elevator 
ars have to bes
heduled and optimized. But we obtain a very dif-�
ult instan
e of a s
heduling problem where severaljobs (the transportation requests) have to be s
heduledin parallel on the same ma
hine (the elevator). In this
umulative s
heduling problem we are also fa
ed withvariable duration times of the individual jobs, be
ausehow long a passenger will need to rea
h her destinationis in
uen
ed by the parallel s
heduling. Consequently,none \o�-the-shelf" algorithms are available to solveour problem.When analyzing the problem from a planning per-



spe
tive, it also seems to bear mu
h of a typi
al plan-ning task:The initial state spe
i�es where the elevator and thepassenger are lo
ated. The goal is to serve all passen-gers. Possible a
tions in this domain model the opera-tions of the elevator system. Interestingly, elevator 
on-trol appears to be a typi
al representative of a numberof dis
rete 
ontrol problems, whi
h 
an be su

essfullyaddressed using a planning approa
h, 
f. the 
ontrolof spa
e 
rafts des
ribed in (Weld 1999). In this idealte
hni
al environment, almost 
omplete and reliable in-formation is available. Besides this, state 
hanges aredis
rete and the number of possible states and a
tions israther limited. The problem of embedding planning (oruntil today, the 
omputation of situation-spe
i�
 
on-trol) and exe
ution has been solved long ago, 
f. (Closs1970). Modeling of a PassengerA passenger 
an be in three di�erent states:1. The passenger is waiting in front of the elevator door.The elevator has to stop �rst at the passenger's origin
oor and subsequently at the passenger's destination
oor.2. The passenger has boarded the elevator. She is insidethe elevator 
ar and traveling to her destination 
oorthat remains to be served.3. The passenger has left the elevator at her destina-tion 
oor. She has been su

essfully served by theelevator.We introdu
e four predi
ates that 
hara
terize a pas-senger:� boarded(?p) is true if passenger ?p has boarded theelevator, false otherwise.� served(?p) is true if passenger ?p has left the elevatorat the desired destination 
oor, false otherwise.� origin(?p,?f) and destin(?p,?f) are stati
 predi
atesthat spe
ify the origin and destination 
oor of a pas-senger. They are obtained from the input terminaland 
annot be 
hanged by the planning system.Note that a passenger is waiting if she is neitherboarded nor served. The three possible states of apassenger|waiting, boarded, served are 
hara
terizedby the following truth value distribution of the predi-
ates boarded and served:waiting boarded servedserved(?p) FALSE FALSE TRUEboarded(?p) FALSE TRUE FALSEWe also introdu
e an additional predi
ate that willbe used later on to model the a

ess restri
tions thatapply to a passenger within a building:� no-a

ess(?p,?f) is a stati
 predi
ate and says thatpassenger ?p has no a

ess to 
oor ?f .

In order to model the individual servi
e requirementsthat we introdu
ed in the previous se
tion, we exploitthe type hierar
hy that is available in PDDL.Every passenger is �rst of all of type passenger. Ifshe is subje
t to further servi
es, she belongs to one orseveral of the following subtypes of passenger:� going up: This and the subsequent type 
hara
teriza-tion are used to make the travel dire
tion of a passen-ger expli
it. A passenger of the type going up travelsupwards.going down: A passenger of the type going downtravels downwards.Both subtypes will be used to guarantee that the re-quirement of dire
t travel 
an be ful�lled.� going nonstop: As the name suggests, a passenger ofthis subtype is subje
t to nonstop travel.� vip: A passenger of this subtype is subje
t to VIPservi
e and travels with highest priority and nonstopto her destination, i.e., she is served before any otherpassengers are served.� never alone: A passenger of this subtype is subje
tto the requirement of attended travel.� attendant: A passenger of this subtype is a pos-sible 
andidate to a

ompany a passenger of typenever alone.� 
on
i
t A, 
on
i
t B: We introdu
e two 
on
i
tinggroups of passengers, whi
h should never meet in the
ar. More groups 
an be added easily, but this willrender the planning tasks more and more diÆ
ult.Modeling of a Planning TaskA spe
i�
 planning task 
an now be spe
i�ed as follows:The de
laration of obje
ts together with their typesinforms the system about the passengers who have re-quested the elevator servi
e and spe
i�es the 
oors thatexist within the building.The initial state des
ription 
ontains an origin and adestin fa
t for ea
h passenger. It also 
ontains boardedfa
ts for all passengers who have boarded the elevator.If a

ess restri
tions apply, the 
orresponding no-a

essfa
ts also get spe
i�ed. Furthermore, we have to makeexpli
it the topologi
al stru
ture of the building by in-trodu
ing an above(?f1; ?f2) predi
ate, whi
h spe
i�esfor ea
h pair of 
oors that above 
oor ?f1 lies 
oor ?f2.This representation is not very elegant, but here weare limited by the pure logi
al representation language.We 
annot spe
ify a transitive above relation, but needto expli
itly enumerate its transitive 
losure. Finally,the position of the elevator is spe
i�ed by introdu
inga lift-at(?f) fa
t.The goal for the planning system is to a
hieveserved(?p) for all passengers ?p. Figure 2 shows anexample in PDDL syntax.In this example, we are given a building with 7 
oors.We only 
onsider the planning problem of a single ele-vator. This elevator is 
urrently lo
ated at 
oor 1 and



(de�ne (problem example)(:domain mi
oni
)(:obje
ts p4 - passengerp3 - vipp6 - going upp2 - going nonstopp1 - 
on
i
t Ap5 - 
on
i
t Bf1 f2 f3 f4 f5 f6 f7 - 
oor)(:init(above f1 f2) (above f1 f3) (above f1 f4)(above f1 f5) (above f1 f6) (above f1 f7)(above f2 f3) (above f2 f4) (above f2 f5)(above f2 f6) (above f2 f7) (above f3 f4)(above f3 f5) (above f3 f6) (above f3 f7)(above f4 f5) (above f4 f6) (above f4 f7)(above f5 f6) (above f5 f7) (above f6 f7)(origin p1 f2) (origin p2 f2) (origin p3 f1)(origin p4 f7) (origin p5 f5) (origin p6 f6)(destin p1 f4) (destin p2 f6) (destin p3 f4)(destin p4 f2) (destin p5 f3) (destin p6 f7)(no-a

ess p4 f3) (no-a

ess p4 f4) (no-a

ess p4 f6)(lift-at f1))(:goal(forall (?p - passenger) (served ?p))))Figure 2: Spe
i�
ation of an elevator planning problemin PDDL.6 passengers are waiting for transportation.1 The typede
laration informs the planner about the spe
i�
 ser-vi
e modes that apply to ea
h passenger. Passengers 1and 5 should not meet ea
h other be
ause they belongto di�erent 
on
i
t sets. Passenger 3 is a VIP who mustbe served �rst, while passenger 2 must travel withoutintermediate stops. Passenger 6 travels upwards and isthus subje
t to dire
t travel, while other passengers 
anpossibly travel detours. Passenger 4 is not allowed torea
h 
oors 3, 4, and 6 as spe
i�ed in the initial fa
ts.The A
tions in the Elevator DomainAn elevator 
an perform three basi
 tasks: it 
an travelupwards, it 
an travel downwards, and it 
an stop at aspe
i�
 
oor.2Two main features need to be modeled: First, weneed to say when an elevator is allowed to stop at agiven 
oor and se
ond, we need to spe
ify what e�e
tsthis stop will have. The domain model is groundedon basi
 assumptions about the rational behavior ofpassengers:1Note that no boarded fa
ts are 
ontained in the initialstate of the example, i.e., the elevator is initially empty.2At a more �ne grained level, an elevator 
an also openand 
lose doors, but we do not need to go into su
h a detaileddes
ription be
ause a stop 
an be seen as 
omprising theopening and 
losing of the doors and it would also make theplanning problem for a planning system mu
h harder.

� If an elevator stops at a 
oor, then all passengerswho are waiting at this 
oor for transportation, willusually enter the 
ar unless no spa
e is available.� All passengers who are inside the 
ar will leave itwhen the 
ar stops at their destination 
oor.We observe that the behavior of passengers 
annot beplanned|an elevator 
annot for
e a passenger to travelbeyond the desired destination on
e it has stopped atthis 
oor. Furthermore, only a stop of the elevator (in-
luding the opening and 
losing of the doors) 
an im-pose a 
hange of state of a passenger.We introdu
e now a �rst basi
 variant of the stopoperator, whi
h re
e
ts our observations. In this vari-ant, no spe
i�
 pre
ondition is required to stop and the
onditional e�e
ts of the operator model the typi
al be-havior of passengers:stop(?f :
oor):pre
ondition:e�e
t 8?p:passenger origin(?p,?f) ^ : served(?p)) boarded(?p)8?p:passenger destin(?p,?f) ^ boarded(?p)) : boarded(?p) ^ served(?p).We want to emphasize that the state transitionsof passengers from :served(?p) to boarded(?p) andfrom boarded(?p) to :boarded(?p)^served(?p) are side-e�e
ts of the stop operator and are|to the best ofour knowledge|most adequately modeled using quan-ti�ed 
onditional e�e
ts. We also remark that two stopsare ne
essary in order to a
hieve the two state transi-tions ea
h passenger must pass through and that pas-sengers with 
oin
iding origin or destination 
oors 
anbe served with the same stop. A planning system isnow able to plan a sequen
e of stop a
tions su
h thatall passengers rea
h their destination. It remains tomodel the individual servi
e requirements that belongto ea
h passenger. This 
an be a
hieved by adding ad-ditional pre
onditions to the stop operator that limitits appli
ability to only legal situations.Modeling of Servi
e RequirementsIn order to model the individual servi
es, the plannerneeds to supervise additional 
onditions when passen-gers 
hange their state:1. A passenger is waiting at her origin. If the elevatorstops, the passenger will board the elevator and 
an
ause a possible 
on
i
t with other passengers whoare also boarding or who are traveling in the elevatorand will not leave the 
ar at this stop.2. A passenger is traveling in the elevator 
ar and hasnot yet rea
hed her destination. If the elevator per-forms an intermediate stop in order to serve otherpassengers, the entry of these passengers 
an 
ause a
on
i
t with the traveling passenger.



Consequently, the pre
ondition of the stop operatorneeds to be augmented su
h that when a stop is plannedat a 
oor ?f , the planner 
he
ks if any passengers arestill waiting or if traveling passengers will remain inthe elevator. The following disjun
tion formalizes both
onditions:9?p : passenger � waiting for the elevatorz }| {:served(?p) ^ origin(?p; ?f) � _� boarded(?p) ^ :destin(?p,?f)| {z }traveling in the elevator �It is important to observe that the predi
ates ori-gin(?p,?f) and destination(?p,?f) are stati
 and 
an beevaluated already during instantiation.The implementation of the servi
e requirements re-quires to supervise passengers at the di�erent stops(origin, intermediate, destination) they have to transitthrough, 
f. Figure 3.servi
e origin interm. stop destin.
on
i
ting passengers � �attended travel � � �a

ess restri
tion � �vip �nonstop travel �
apa
ity requirement �dire
t travel �Figure 3: Supervision of servi
es at the origin, interme-diate, or destination stop of a passenger who is subje
tto the servi
e.Con
i
ting Passenger GroupsAt ea
h stop, the elevator has to make sure that ajoint travel of two passengers, who belong to 
on
i
tinggroups is impossible. This means, if a passenger ?p ofthe 
on
i
t set A is waiting at 
oor ?f or if ?p is trav-eling in the 
ar and the 
oor ?f is not her destination,then all passengers ?q of the 
on
i
t set B must satisfythe following 
onditions:1. ?q is not on board of the elevator2. ?q has already rea
hed her destination, i.e., she is inthe served state, or her origin is another 
oor than?f .If ?q is not on board of the elevator, then no 
on
i
t
an be 
aused if ?p enters the same 
ar. If ?q has al-ready rea
hed her destination, then no 
on
i
t 
an be
aused by a simultaneous boarding of both passengersand also the situation that ?p is in the elevator (andwill remain there!) and ?q is boarding 
annot o

ur.On the other hand, a passenger leaving an elevator 
anresolve a potential 
on
i
t when a 
on
i
ting passengerwants to board at the same 
oor. Con
i
ting passen-gers at 
oors di�erent to the 
urrently planned stop
annot 
ause a 
on
i
t. We add therefore the followingpre
ondition to the stop operator:

9 ?p : 
on
i
t A �:served(?p) ^ origin(?p; ?f)� _�boarded(?p) ^ :destin(?p,?f)�) 8 ?q : 
on
i
t B :boarded(?q) ^[served(?q) _ :origin(?q; ?f)℄The same 
ondition must be formulated for all pas-sengers of the 
on
i
t set B in order to model the sym-metry of this requirement:9 ?p : 
on
i
t B �:served(?p) ^ origin(?p; ?f)� _�boarded(?p) ^ :destin(?p,?f)�) 8 ?q : 
on
i
t A :boarded(?q) ^[served(?q) _ :origin(?q; ?f)℄Attended TravelThis servi
e requires that a passenger is never alone in-side the elevator 
ar. A simple solution is to 
hoosean attendant who has to travel together with this pas-senger. A more elegant solution is to make sure thatother passengers board and travel a part of the routetogether with the passenger. This means, the attendant
an even 
hange during the travel of the passenger whois subje
t to this servi
e.Thus, when stopping at a 
oor ?f the following
onditions must be satis�ed: If ?f is the origin of a\never alone" passenger ?p and ?p is still waiting at ?for if ?p is in the 
ar and ?f is not her destination, thenthere must be another passenger ?q who is of type atten-dant and who satis�es one of the following 
onditions:1. ?q is in the elevator and ?f is not her destination or2. ?q is still waiting and her origin is ?f .In the �rst situation, the attendant will remain in the
ar, while in the se
ond 
ase, the attendant will boardthe 
ar a

ording to our model of behavior. We obtainthe following pre
ondition for the stop operator:h9 ?p : never alone �:served(?p) ^ origin(?p; ?f)�_ �boarded(?p) ^ :destin(?p,?f)�i)h9 ?q : attendant �:served(?q) ^ origin(?q; ?f)�_ �boarded(?q) ^ :destin(?q,?f)�iA

ess Restri
tionsThe multi-fun
tional use of modern buildings requiresto integrate se
urity elements into the elevator 
ontrolsoftware, e.g., we want to make sure that passengers
annot a

ess 
oors they are not allowed to rea
h byusing the elevator. This means, an elevator 
an onlystop at a 
oor if no a

ess restri
tion is known for allpassengers who are on board. When assuming that pas-sengers 
an never wait in restri
ted areas, then onlyboarded passengers have to be supervised:8?p : passenger hboarded(?p)) :no-a

ess(?p; ?f)i



An alternative representation of a

ess restri
tions ispossible when using types, e.g., we introdu
e a subtypevisitor and then modify the above pre
ondition to8?p : visitor boarded(?p))?f 6= 
1 ^ : : :^?f 6= 
kwhere 
1 to 
k are those 
oors, whi
h visitors are notallowed to rea
h.Nonstop TravelIf a passenger has boarded the elevator, who has to betransported dire
tly to her destination 
oor, i.e., with-out intermediate stops, then the next possible stop ofthe elevator must be the destination of this passenger.This is a
hieved by adding the following pre
onditionto the stop operator:8 ?p : going nonstop hboarded(?p)) destin(?p; ?f)iTwo passengers requesting nonstop travel at the sametime are treated equally, i.e., one of them has to a

eptan intermediate stop if they travel in the same elevator.VIP Servi
eA VIP servi
e 
an be o�ered in di�erent ways. In thefollowing variant, we require that a VIP request over-rides all other requests and that the elevator must im-mediately serve the VIP origin and destination 
oors.This means that other passengers are delayed and mayeven travel a detour if their type 
lassi�
ation does notex
lude detours. After all VIPs have rea
hed their des-tination, the remaining transportation requests 
an beserved. This implies that either only empty elevators
an serve VIP requests or an elevator is 
urrently serv-ing only passengers, for whi
h no dire
t travel is re-quired. The additional pre
ondition that we add to thestop operator expresses that a stop is possible at a 
oor?f if either all VIPs have already rea
hed their destina-tion or if ?f is the origin or destination of a VIP whois known to the planner.8 ?p : vip served(?p)_9 ?p : vip origin(?p; ?f) _ destin(?p; ?f)So far, we have modeled the following servi
es: a

essrestri
tion, nonstop travel, vip servi
e, attended travel,and 
on
i
ting passengers. These features 
an be han-dled by extending the stop operator with additionalpre
onditions, whi
h we introdu
ed above. The formal-ization is based on the 
ommonly agreed features ofPDDL, whi
h are also supported by various planners,e.g., IPP, PRODIGY, SGP, or UCPOP. Figure 4 sum-marizes the extended operator and displays it in PDDLsyntax.Beyond the Expressivity of PDDLThree main aspe
ts remain to be modeled, whi
h willyield us beyond what 
urrent domain-independent plan-ning systems 
an handle:

(:a
tion stop:parameters (?f - 
oor):pre
ondition(and (lift-at ?f)(imply (exists (?p - 
on
i
t A)(or (and (not (served ?p)) (origin ?p ?f))(and (boarded ?p) (not (destin ?p ?f)))))(forall (?q - 
on
i
t B)(and (not (boarded ?q))(or (served ?q) (not (origin ?q ?f))))))(imply (exists (?p - 
on
i
t B)(or (and (not (served ?p)) (origin ?p ?f))(and (boarded ?p) (not (destin ?p ?f)))))(forall (?q - 
on
i
t A)(and (not (boarded ?q))(or (served ?q) (not (origin ?q ?f))))))(imply (exists (?p - never alone)(or (and (origin ?p ?f) (not (served ?p)))(and (boarded ?p) (not (destin ?p ?f)))))(exists (?q - attendant)(or (and (boarded ?q)(not (destin ?q ?f)))(and (not (served ?q)) (origin ?q ?f)))))(forall (?p - going nonstop)(imply (boarded ?p) (destin ?p ?f)))(or (forall (?p - vip) (served ?p))(exists (?p - vip)(or (origin ?p ?f) (destin ?p ?f))))(forall (?p - passenger)(imply (no-a

ess ?p ?f) (not (boarded ?p))))):e�e
t (and(forall (?p - passenger)(when (and (boarded ?p) (destin ?p ?f))(and (not (boarded ?p)) (served ?p))))(forall (?p - passenger)(when (and (origin ?p ?f) (not (served ?p)))(boarded ?p)))))Figure 4: STOP Operator in PDDL Syntax.First, we introdu
ed the servi
e that passengersshould travel dire
tly without detours, whi
h has notbeen respe
ted so far. This requirement implementsa kind of fairness strategy, whi
h guarantees thatpassengers|on
e they have boarded the elevator|willapproa
h their destination and never visit 
oors thatare not lo
ated between their origin and their destina-tion. In 
ertain situations where dire
t travel renders aplanning problem unsolvable, we would also like to relaxthis restri
tion and allow a passenger to travel small de-tours, with \small" being situation- and/or passenger-dependent.Se
ondly, the 
apa
ity of the elevator 
ars needs tobe respe
ted. So far, our domain model assumes thatall passengers who are waiting in front of the elevatorwill board when the 
ar stops and doors open. But thisis only true, if the 
ar has enough spa
e available in



order to a

ommodate all passengers. Otherwise, someof them will be left behind and even worse, the plannerhas no information about whi
h of the passengers areinside the 
ar and whi
h of the passengers are still wait-ing. It has to assume that all designated passengers areon board and thus must stop at all their destinations.But this is in fa
t the wrong behavior as the elevatorshould only serve destinations of passengers who areindeed on board, while destinations of passengers whoare left behind 
an be 
an
eled, but their origin has tobe served again by this or another 
ar. It is thereforene
essary to make sure that there is enough spa
e toa

ommodate all waiting passengers.Third, we would like to generate plans that satisfy ad-ditional 
riteria, i.e., they must not only be 
orre
t, butalso be optimal solutions given an optimization fun
tionthat is externally de�ned.Dire
t Travel without DetoursThe requirement of dire
t travel 
an be modeled in sev-eral ways. When restri
ting ourselves to PDDL, weneed to introdu
e two additional operators that modelthe upward and downward movements of the elevatorand for ea
h dire
tly traveling passenger we need to addthe information whether she is traveling downwards orupwards by typing her as going up or going down.The lo
ation of the elevator is represented using thelift-at(?f) predi
ate and the stop operator requires asan expli
it pre
ondition that the elevator must be at thedesignated 
oor. The above(?f1; ?f2) predi
ate, whi
hwe introdu
ed in the beginning, spe
i�es that 
oor ?f2lies above 
oor ?f1.The additional up and down operators guaranteethat the elevator never travels opposite to the dire
tionof a passenger whose traveling dire
tion has been madeknown to the system.up(?f1; ?f2:
oor):pre
ondition lift-at(?f1) ^ above(?f1; ?f2) ^8 ?p:going down : boarded(?p):e�e
t lift-at(?f2) ^ : lift-at(?f1).down(?f1; ?f2:
oor):pre
ondition lift-at(?f1) ^ above(?f2; ?f1) ^8 ?p:going up : boarded(?p):e�e
t lift-at(?f2) ^ : lift-at(?f1).Alternatively, one 
an de�ne a total ordering over the
oor names by mapping names to ordinal numbersord : ?f �! Nand then augment the pre
ondition of the stop op-erator by a test, whi
h veri�es that a passenger withdire
t travel never visits 
oors that are not lo
ated(ordered) between her origin and destination, i.e., thenumber of ea
h 
oor has to lie in the interval havingas bounds the numbers asso
iated with the origin andthe destination of this passenger. Su
h a representationwould avoid the introdu
tion of additional operators

and keeps plans shorter and only 
omposed out of stopa
tions. But unfortunately, we found no representationformalisms neither planning algorithms whi
h supportthis kind of reasoning.Spa
e Requirements and Elevator Capa
itySo far, the boarding and exiting of passengers o

urs asa side e�e
t of a stop of the elevator. This means, the
apa
ity of the elevator is a resour
e, whi
h is a�e
tedby a universally quanti�ed 
onditional e�e
t. There areno reasonable ways of modeling the 
apa
ity in a purelylogi
al formalism. As a work around one 
ould identifyspa
e areas in the elevator and model them with a log-i
al 
onstant. Ea
h passenger would then be allo
atedto a parti
ular spa
e in the elevator. But many plan-ning systems would then start to permute passengersover spa
es during sear
h. Although, symmetry analy-sis su
h as it is available in STAN (Fox & Long 1999)
an prevent this, su
h a domain representation appearsrather questionable.There are a few investigations in the re
ent plan-ning literature (Wolfman &Weld 1999; Kautz & Walser1999; Rintanen & Jungholt 1999; Walser, Iyer, &Venkatasubramanyan 1999; Vossen et al. 1999; Koehler1998) whi
h investigate resour
e-optimal or resour
e-
onstrained planning, but none of them 
an handle 
on-ditional resour
e e�e
ts. The elevator domain is an in-teresting example of a real-world resour
e-
onstrainedplanning problem, where the planner needs to respe
tthe available spa
e in the elevator, but no optimiza-tion of the spa
e usage is required. To model the spa
e
onstraint one 
ould introdu
e a resour
e variable $C�whi
h re
ords the availability of free spa
e in the el-evator. It obtains an initial value, whi
h equals theelevator 
apa
ity if the 
ar is empty. For ea
h pas-senger, we know her individual 
apa
ity requirements$C(?p) or assume a standard value. Boarding passen-gers de
rease the value of $C�, while exiting passengersin
rease it relatively to the 
apa
ity that is availablebefore the elevator stops. To make sure that the valueof $C� never ex
eeds the prede�ned limit, one 
ouldeither use a representation language that de
lares pre-de�ned intervals for resour
es and an algorithm that
he
ks that no world state violates these de
larations.Alternatively, the planner has to verify the available
apa
ity in the ante
edent of the 
onditional e�e
t.Generation of Optimal PlansThe la
k of optimization 
apabilities is an importantmissing feature in today's planning systems. For ex-ample in this domain, one would like to minimize thetraveling or waiting times for all passengers. Given aplan as an ordered sequen
e of stops, one 
an easily de-termine its traveling 
osts be
ause we know how longa ride between two given 
oors will take (the planner
ould look up the 
orresponding values in an externallymaintained database), how long ea
h stop needs to lastsu
h that all passengers 
an enter and exit, and whi
hof the passengers will enter and exit a

ording to their



modeled behavior. It is not very diÆ
ult to developa domain-spe
i�
 sear
h algorithm whi
h is 
ombinedwith a bran
h-and-bound approa
h to a
hieve any de-sired optimization. But domain-independent plannerstotally la
k this feature and are|if at all|able to gen-erate shortest plans, e.g., if they are based on Graph-plan. Con
lusionsThe advantage of using a general purpose planner liesin the availability of an automated reasoner, whi
h isable to solve the desired planning tasks within somereasonable time. No implementational work is ne
es-sary and all e�ort 
an be 
on
entrated on the domainrepresentation. The formal semanti
s of plan represen-tation languages allowed in our 
ase to study di�erentinterpretations of the various servi
e requirements andto develop a formal spe
i�
ation for them. One 
an nowformally prove that the domain representation possesses
ertain properties. For example, it meets the require-ment that all passengers will rea
h their destinationif their behavior 
orresponds to the underlying model,whi
h is normally the 
ase. A formal proof is possi-ble by formulating and proving invariants of domainproperties that are valid over all states. Unfortunately,this has to be done by hand be
ause no domain mod-eling tools are available. There are a few attempts de-s
ribed in the literature, e.g., (Biundo & Stephan 1996;1997) but this aspe
t of planning has not been in themain fo
us of planning resear
h. Besides this, we donot know if the above representation is the best possibleone. Even further, it is also not 
lear whi
h propertiesde�ne the quality of a domain model and how they 
anbe evaluated.The strengths and weaknesses of today's domain-independent planning systems are the following:+ experimental tool to explore domain spe
i�
ations,+ general-purpose problem solver,+ representation languages allow to model quite 
om-plex behaviors,+ formal semanti
s of representation languages sup-ports spe
i�
ation of behaviors and proof of domainproperties,- no support of metri
/resour
e 
onstraints,- no 
onsideration of 
ost fun
tions during planning,- la
k of optimization 
apabilities. requirements.We hope the domain provides an interesting testbedfor other resear
hers. The operators have 
omplex pre-
onditions and e�e
ts, and we have identi�ed openissues PDDL 
annot handle. The PDDL domainis available at http://www.informatik.uni-freiburg.de/~koehler/elev.tar.gz. The domain 
an be s
aled a
rossseveral dimensions and modi�
ations and extensionsshould be easy to in
orporate:� In
reasing numbers of passengers and 
oors 
an bespe
i�ed.

� The topologi
al stru
ture of the building 
an be
hanged. Instead of simple verti
al hoist ways one
an also des
ribe a bran
hing stru
ture in whi
h a po-tentially unlimited number of elevator 
ars 
an move.� Di�erent subsets of servi
e requirements 
an be used(together with the 
orresponding typing of passen-gers) and also new servi
es 
an be added.The 
urrent development at S
hindler is not based ona domain-independent planning algorithm, but uses aproblem-spe
i�
 optimization algorithm. It is based onthe domain model we introdu
ed here, but translatesthe de
larative spe
i�
ation of the servi
e requirementsinto a pie
e of 
ode. We 
onsider the loss of de
lara-tivity and the dependen
y on a spe
i�
 implementationto be the main disadvantage of domain-spe
i�
 solu-tions. Ea
h slight 
hange in the spe
i�
ation requiresmodi�
ations of the software, whi
h also renders the ex-perimentation with inhouse simulation tools mu
h morelabor-intensive. Referen
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