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Abstract

This paperdescribeshe operationaplanningof comple multi-agenttransporta-
tion problems. Basedon a simple hierarchicalagent-basednodel, agentsexecute
transportatiorordersspecifiedby clients. Hatzackand Nebel[3] pointedout a cor-
respondencevith job shopscheduling. Using this correspondencthey are ableto
useschedulingheuristicsto computesafetraffic flows, usinga fixed route for each
transportatioragent.We adopttheir approactandshowv a significantimprovementin
casealternatve routesareconsideredy theagents.

1 Intr oduction

This paperfocuseson the operational planning of complex multi-agenttransportation
problems.Suchtransportatioproblemsconsistof a (i) staticinfrastructue, (i) transport
agentsandcustomersvith (i) transportationorders. Theinfrastructures specifiedby a
setof locations roadsbetweerthem,globaltravel times,anddistance®n theroads.The
transportatioragentsare autonomousgentscapableof moving caigo from oneplaceto
anothemplace.Thecustomersreableto placetransportatiorrders.Someof theseorders
may be known far in advance,someof them have to be executedalmostimmediately
Customersare alsofree to retractor modify propertiesof their ordersin advance. The
following propertief anorderaredistinguished{i) its pickupanddeliverylocation,(ii)
its pickup anddelivery time-windaws, (iii) its revenuesdf it is executedwithin thetime
windows and(iv) its penaltiedf it is rejectedor atransporiagentfails to executeit within
thetime windows specified.

The problemnow is to constructa dynamic plannerthat is ableto find a feasible
androbust plan for handlingthe ordersandalsois ableto reacton incidents(changes
of orders failuresof agents)o minimize theirimpacton the total performancé Here,
the performanceof the planneris specifiedasthe sumof the coststhe agentswill make
to executeall the ordersreceved. The costof an individual agentexecutinga series
of orderswill dependon the total distancetraveled, the time neededo travel andthe
revenues/penaltieassociatedvith the ordersexecuted. An optimal planner of course,
will try to minimizethetotal costsassociatedvith executingthe ordersreceved.

1The problemcanbe easily generalizedo include non-constanpenalties dynamicinfrastructure yariable
numberof transportagentsand caigo units, andvariablecapacities.However, sincethis planningproblemis
complicatecenoughasit is, we have choserto excludetheseaspectgor now.



1.1 Approach

Evenmuchsimplerproblemghanthis problemareeasilyshavn to beintractabld?], i.e.,
assuming? # NP, they arenot optimally solvablein an efficient way. We have chosen
to searchfor clever heuristics,i.e., problemsolving methodsthat producefeasible,not
necessarilypptimal, solutions.

We modelthe describedplanning problemusing a simple hierarchical agent-based
model. On the highestlevel, we have oneor moretactical planningagent$ responsible
for takingcareof incomingordersandallocatingthemto individualtransportatioragents.
Thetransportatioragentsake carefor the operational planningandorderexecutionusing
the infrastructureand handlingincidents. Suchan transportagent/ operationalplanner
may be a truck driver or a computerprogramrunningon an AGV (AutomatedGuided
Vehicle). Eachoperationaplannercanonly seethatpartof the planit is allocatedto by
thetacticalplanner

The operationabplanneris alsoresponsibldor communicatingary (expected)devi-
ationsfrom the ordersasthey areassignedo the tactical planner suchthat the tactical
plannercanadequatelyadjustplanswhennecessarySinceoperationablannersoperate
on aninfrastructurejt may havze meango communicatewith the infrastructureg.g. for
AGVsto claim partsof aterminalor for trucksto obtaintraffic information.

As we remarledbefore,both plannergogetheraim at finding a solutionminimizing
thetotal costof executingthe orders. The advantageof the hierarchicalapproachs that
the partitioninto tacticalandoperationablanningaspectsiicely correspondso the two
mainfactorsdeterminingthe total performanceof the planningsystem:a distribution of
ordersoveragentsuchthatthetotalamountof profit will bemaximizedindtheexecution
of eachorderby anagentsuchthatits executioncostsareminimized

1.2 Applications

Thereis alargevarietyof transporproblemditting into thissimplemodel. All theseprob-
lemsareorderbasedhave pickup anddelivery specificationsandconsiderautonomous
transportatioragents We have explicitly accountedor thefollowing problems.

e Taxiplanning:herecustomersrepassengerspecifyingapickuptimeandlocation,
andadelivery location. Thetaxi compary hasa numberof taxis (transportagents)
available. Thegoalis to minimize bothtravel costsandcustomemvaiting times.

¢ AGV planning:AutomaticGuidedVehiclesdrive on aterminalto move containers
from a ship to several stacksandvice-versa.Besidedoadingandunloadingships
quickly, the useof routesby AGVs must satisfy somerestrictions,so the route
planningmustbeexplicitly doneby the AGVsthemseles.

e Arrival anddepartureschedulingthisis anexamplewherecustomersreidentical
totransportatioragents Eachagentasanairplanespecifiesaanarrival anddeparture
time window for a givenairport. Thetacticalplanningagentsarethe runway man-
agersof anairportassigningime-slotsfor arrival anddepartureon a givenrunway,
trying to satisfythe time-windows specified. The goalis to maximizethroughput
andminimizewaiting timesof airplanes.

2A tacticalplanneris a facility of a collectionof agentsand canbe implementecby eithera humanor an
automategrocess.



Elsavhere we have discussednoredetailsof thehierarchicaplannerarchitecturgl].
In this paperwe will concentrateon the operationalplanningdetails, discussingsome
heuristicshe agentanight useto comeup with afeasibleplan.

2 Operational Planning

A transportatioragenta hasto executethe ordersassignedo it by the tactical planner
usinganinfrastructure This infrastructurel = (R, A) consistf a setof resourcesk —
representindpcationsroadsandroadcrossings-andasetA thatdefinegsheaccessibility
relation,e.g. (p1,p2) € A denoteghatresourcep, is accessiblérom resourcep;. Fur-
ther, thereis asetH C R of homelocationswhich arespecialresourcesvith unlimited
capacity To eachagenta, oneof theselocationsh, € H is assignedlenotingits home
(initial) location®. For eachresourcer € R, thecostfunctionC : R — N returnsthe
cost C(r), measuredn time units,for atransportagentto travel throughresourcer.

An ordero = (f,s,Ts,d, Ty) consistof a sourcelocations € R in which afreight
f mustbe picked-upanda destinatiorlocationd € R wheref is to be delivered. Both
the pick-up anddelivery musttake placewithin time interval T, = [lts, uts] andTy =
[lt4, utq) respectiely®. Thedeadlineut, of theordero is alsodenotedy ¢, .

In orderto executeordero assignedo it, agenta hasto find a routefrom its current
locationto the pickup locationandfrom thereto the destination. Sucha route Rt, =
((p1,t1), (p2,t2),-..) of a —wheret; < t;11 and (p;, pir1) € A —is specifiedasa
sequencef resource-tim@airs,wheret; denotethetime atwhich a entergheresourcé
pi € R.

Sincethe agentsusea commoninfrastructure resourceconflictsarelikely to occutr
Sucha conflictis saidto occurif atleasttwo agentusethe sameresourceatoverlapping
time intervals. To solve conflictsagentscaneitherchangeheir routesor insertdelayg in
their routesto avoid overlappingintervals.

Theresultof insertingdelays suchthatconflictsareresoled,into agenta’sroute Rt,
is calledasdeduleSd, = ((p1,11), (p2,15),...), wheret; <t ;.

In the absencef otheragentsanagenta is ableto selectan optimal route OptRt,
guaranteeinghe earlieststartand completiontime for eachorder With respectto this
optimal route, the delay of ordersin a schedulecan be defined. The delay at the i-th
resourceusedin scheduleSd, is definedas:

t(Sd,,1) — t(OptRt,, 1) i=1
delay(OptRt,, Sdq,i) = ¢ [t(Sda, i) — t(OptRE,,i)]— (1)
[t(Sd,,i — 1) — t(OptRt,,i —1)] i>1,

wherefunction¢(Sd, i) selectghetime of scheduleSd atindex i.

We definethe earliestcompletiontime M, for ordero to be the time at which the
ordero is executedby theresponsibleagenta in its optimalrouteOpt Rt, andC, thereal
completiontime (asderivedfrom scheduleSd,,).

SHomelocationsareintroducedto avoid deadlockslueto agentsthat claim certainresourcegor ever after
(or before)they executedall theirtransportatiororders.

“4For simplicity, we assumehatthis costis the samefor every agenta.

SWe assumehatlit, < Its +mp anduty > uts + mp, wheremp is the minimal processingime for the
order Thatis, in principle,the executionof anordercanstarton ary time pointin 7.

6Notethatp; is releasedy a attimet; 11, SO[t;, t;+1) is theintenal during p; is claimedby a.

70f course assuming finite numberof agentssuchdelayedroutesavoiding conflictsalwaysexist.



Thetaskof eachoperationaplanneris to find a scheduldor its orderthatminimizes
theorderstardiness.

2.1 Resolvingresourceconflicts

Hatzackand Nebel[3] pointedout a correspondencbetweencomputingconflict-free
scheduledor the transportagentsand a particular schedulingvariant called Job Shop
Sdedulingwith Blocking. In their paperthey subsequentlyseda fastjob-shopschedul-
ing heuristicto obtainconflict-freetransportouting schedulesln this sectionwe briefly
explicatethis correspondence.

Schedulings concernedvith theoptimalallocationof asetR of scarceaesourceso a
setof actvities (jobs) J overtime. Eachjob j € J requiressomespecificsetR; C R of
resourcesindfor eachresourcer € R; thedurationt, ; neededor j to user is specified.
Typically, eachresource: canbeusedonly by onejob j atthe sametime.

A solutionto sucha problemis a schedulg i.e., anallocationof intenals[o; i, ¢; k]
to eachjob j; € J for usingresourcer;, suchthatthe constraintgnon-overlappingand
minimal duration)aresatisfied.

In ajob shopschedulingoroblemeachjob j; consistsof a sequencef k; operations
(04,15 --,04,k; ), Whereoperationo; ; needsresourcer; ; € R for p; ; time units, with
rij # i1 fori =1,..., k;_1. Blokingmeansghatajob j continuego claimresource
r after processingif the next resourcer’ it needsis not available. During thattime, no
otherjob canuseresourcer.

Now the similarity with the transportatiorproblemdiscussedibove s clear: Let the
jobscorrespondo agents: € A thathave to executearoute Rt, asasequencef opera-
tions. Eachoperation(p;, t;) in factis arequesfor using’ theresourcep; duringthetime
interval [t;, tiy1).

A feasibleconflict-freeschedulds a setof agentschedules{ Sd, } .c g thatis conflict-
free. Schedulingheuristicsfor job-ship schedulingproblems therefore,canbe usedto
computeagentschedulesn which resourcesre claimedby at mostoneagentat a time
therebyavoiding ary resourceconflictsfrom a givenset{ Rt, } .c r of agentroutes.

In their paperHatzackand Nebel applieda very fastdelay minimizing heuristi® to
obtainsucha setof agentschedulesThis heuristicwill beusedaspartof a morerefined
routing heuristicfor our operationaplanningproblem.

2.2 An operational multi-agent planner

Unlike HatzackandNebel,we have to accountfor the time windows Ts andT; andour
objective is to minimize the tardinesssummedover all agents. Moreover, we assume
our agentsto be intelligent enoughto apply reroutingif the delay causedby resource
conflictresolutionbecomedoo costly. Thereforewe will discussarefinedheuristicthat
is capableto dealwith (i) time windows, (i) reroutingaswell asdelayingroutesand (iii)
triesto minimizetardinessWe describehis heuristicin a distributedmulti-agentsetting.
Uponreceving anordero eachagenta executesAlgorithm 1. First, (line 3) theagent
computegheshortespathalongthe sourceanddestinatioriocationsof thenewly arrived
order Then,(line 4), it createsa schedule- usingthe schedulingheuristic— basedn this
route. It negotiateswith otheragentsaboutthe orderin which the agentsmay compute

8we assumehe minimumtime neededor a to usep; to begiven.
9This heuristicincrementallyinsertsjobs/operationin a first-come-firssened manneiinto the schedule.



their schedule.This orderis determinedyy the differenceof their deadlinesandearliest
possiblecompletiontimes ¢, — M,. Next, whenall agentshave computeda schedule,
someagentshave a possibility to changetheir route. Agentsareonly allowedto change
theirrouteif they changedt lessthanmax_alternatives timesalreadyandtheirschedule
still violatestheordersdeadline.Theagenthatis allowedto changéts routetriesto find
the shortesroutethatavoidsthe resourcehatcausedhe biggestdelay'®. After anagent
changests routeall agentgeschedule.

Remark To determinewhich agentis to schedule(or reroute)first, the agentshave

to negotiatewith eachother This canbe implementedusinga bladkboard. In Algo-

rithm 1 this is specifiedby the Announce...Value and CollectValues functions. The

Announce...Value functionsput the valueof anagenton the (sorted)blackboardwhile

the CollectValues function either returnsall valuesof all agentsor at leastsomein-

dicationwhetherthe agentis at the top of the list. Further an agentcan storeon the

blackboardwhetherit is satisfiedor not (Announce(Un)Satis fied, in otherwords,
whetherthe agentmeetsthe order’s deadline)andwhetherit hascomputeda schedule
(AnnounceHasSchedule).

In Algorithm 2, agenta createsa scheduléasednits route Rt, andusinginforma-
tion obtainedrom theinfrastructure GivenapartialscheduléSd, = ... (pg,i—1,ti,) ™ ...
it scheduleghe next resourceasgivenin route Rt, andthenrecursvely scheduleghe
restof theroute. Time ¢;, is the time at which the previousresourcep, ;_; is claimed.
Timet is atleastC(p,,;—1) later(theminimaltime atwhichresource, ; canpossiblybe
claimed).TheresultisthescheduleSd, = ... (pq,i—1,ti,) " (Pa,i,t) ~Schedule(a, t1I(R)t,).

Sometimesthe operationaplannerdoesnot find a feasiblesolutionthatexecuteshe
orderwithin its time-windows. Algorithm 2 doesnot dealwith this problem.lt is there-
sponsibilityof thetacticalplannerso,if suchaproblemarisesthetacticalplannerdecides
whetherthetransportagentshouldexecutethe orderanyway or cancelthetransportation.

3 Results

In this sectionwe shav experimentatesultsof usingtheschedulingheuristicto computea
safetraffic flow, while allowing eachagenta fixed numberof time to selectanalternatve
route. The infrastructureusedfor the experimentsis displayedin Figure 1. This hub-
and-spok alike infrastructureconsistf a setof four completelyconnectectities of five
locationseachanda few inter-city connections.Eachcity hasone homelocation, viz.
theonewithout connectiongo othercities. In eachhomelocationtherearefive transport
agentswhich yields a total of twenty agentsn eachprobleminstance.The agentshave
to carryoutoneorderwith arandomlychosersourceanddestinatioriocation. Thetime-
windows arefixedandthe samefor all transportatiororders.

Figures2(a) and 2(b) shaw statisticaldataaboutthe experiments.Figure 2(a) gives
informationaboutthetardinessummecdbver all agentswhichis definedas

B 0 ifC,<d,
TA= ;4 { C,— ¢, otherwise, @

10Therouteremainsunchangedf this resources obligatoryfor the agentto reachits goal.



Algorithm 1 process(Agent, Ordero = (s, Ts,d, Ty))

L1.
L2.
L3.
L4.

L5.
L6.

no_alternatives < 0
AnnouncePresence(a)
Rt, < ShortestPath(hq,s) ™ ShortestPath(s,d) ™ ShortestPath(d, hy)
while Sd, = nil do
L4.1. AnnounceSlackV alue(a, 3‘%)
L4.2. V « CollectV alues()
L4.3. if agenta hasminimalvaluein V' then
Sd, < Schedule(a, Rt,)
AnnounceHasSchedule(a)
if C» < ¢, then
AnnounceSatis fied(a)
else
AnnounceUnsatis fied(a)
Wait until all agentshave a schedule
while 3b € A : Unsatisfied Agent(b) do
L6.1. // determinewhich agentchangests route
L6.2. if no_alternatives > mazx_alternatives then
AnnounceSatis fied(a)
L6.3. elseifC, > ¢, then
AnnounceUnsatis fied(a)
AnnounceT ardinessV alue(a,Co — o)
V « CollectValues()
if agenta hasmaximalvaluein V' then
forbidden < argmax;. g, delay(Rta, Sda,1)
reroute(Rt,, forbidden)
increaseno_alternatives
L6.4. // reschedulall agents
L6.5. while Sd, = nil do
AnnounceSlackV alue(a, ";Iiu")
V « CollectValues()
if agenta hasminimalvaluein V then
Sd, < Schedule(a, Rt,)
AnnounceHasSchedule(a)
if Co < ¢o then
AnnounceSatis fied(a)
else
AnnounceUnsatis fied(a)
L6.6. Waituntil all agentshave a schedule

where ¢, is the deadlineof agenta’s order and C, the time at which agenta really
completegheorder Theaveragepercentagef delay asshavn in Figure2(b), is defined

as

C, — M,
b= = | Al €)
a€A °



Algorithm 2 Schedule(Agent, RouteRt,)

L1. (pa,,t1) = hd(Rta)
L2. if Sd, = nil then
t2 +tl
L3. else
(Pa,i—1,t1) = last(Sd,)
t2 < t1 + c(pa,i-1)
L4. t + minsent > t2 A NotClaimed(pa,i—1, [t1,t))
L5. while =scheduled do
Sdy « Sda ™ (pa,i,t)
if Schedule(a,tl(Rt,)) then
scheduled + true
else
Retractlastscheduledesourcdrom Sd,
t—t+1

_City2 .

Figurel: Theinfrastructureusedto gatherexperimentaresults.

In casethe agentsare not allowed to selectan alternative route (the leftmostbarin
both figures) eachtransportagentsdrives that route that would have beenthe optimal
routeif therewere no otheragents. The schedulingapproachof Hatzackand Nebelis
usedto createrouteswithout conflictsconsideringall agentdn the system.

The secondbar shows a significantimprovementif eachagenthasat mostone op-
portunityto changéts route. The meantardinessummedbover all agentddecreaseBom
233.87 to 153.38. Furthermorethe averagepercentagef delay decreasefrom 47.12
to 40.15. Note that the time to completean ordero for agenta is determinedby the
earliestcompletiontime M, andthe delaycausedy solving conflictswith otheragents.
Theindicationthatthe tardinessummedover all agentsdoesnot further decreasevhile
incrementingthe maximumnumberof alternatve routesof the agentdeadsto our ex-
pectationthatit will not be possibleto find a solutionwith a significantlylower average
delaypercentageA possiblesxplanationis thatonechanges sufficientto spreadhetraf-
fic throughthe (simple)infrastructureand no gain canbe achieved by reroutingagents.
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Figure2: Statisticaldataof the experiments(averagedover 100 generategroblemin-
stancesError barsindicate95% confidencentervals).

Furtherresearchs neededo clarify this obsenation.

4 Conclusion

We have describeda distributed algorithm for the operationalplanning of multi-agent
transportatioproblems HatzackandNebel[3] discusse@similarproblem whereafleet
of vehiclesmustexecutea setof transportatiororders.They discosereda transformation
of their transportatiorprobleminto a job shopschedulingproblemwith blocking.

Our problemdefinition also specifiestwo time-windows for eachorder Eachorder
mustbe picked up within a time-windov anddeliveredwithin a time-windov. However,
the sameapproachas Hatzackand Nebel usedcan be applied. Further we enriched
theirideaby allowing agentdo reroutea fixed numberof times. This shaved significant
improvementsalreadyfor at mostoneopportunityto reroutefor all agents.

In the future, we planto executemoreexperimentsn orderto discover why thereis
nossignificantimprovementf therearemorethanonealternative routesconsideredby the
agentsWe needto experimentwith differentkind of infrastructuresandvaryingnumber
of ordersperagent.Furthermorea comparisorwith our otheroperationaplannerusing
theD** algorithm[1], whichis avariantof the D* algorithm'! of Stentz[4], is desired.
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