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Abstract. Theoperationatraffic controlproblemcomesup in a numberof dif-

ferentcontexts. It involvesthe coordinatednovementof a setof vehiclesandhas
by andlarge the flavor of a schedulingproblem.In trying to apply scheduling
techniquego the problem,onenotesthatthis is a job-shopschedulingproblem
with blocking, a type of schedulingoroblemthatis quite unusualln particular
we will highlighta conditionnecessaryo guarante¢hatjob-shopschedulesan
be executedn the presencesf theblockingconstraintBasedon theinsightthat
thetraffic problemis aschedulingoroblem we canderive thecomputationatom-
plexity of theoperationatraffic controlproblemandcandesignsomealgorithms
to dealwith this problem.In particular we will specifyavery simplemethodthat
workswell in fast-timesimulationcontexts.

1 Intr oduction

Assumea setof vehicles(or physicalagents)with startingplaces startingtimes,and
(perhapsnultiple, sequentialgoallocations.The problemis now to move thevehicles
asfastaspossibleto the respectie goallocations.This is a problemone encounters
whentrainsin arailway systemhave to be coordinatedwhenairplaneshave to be co-
ordinatedin the air or on the ground,whenautonomoushguidedvehicles(AGVs) in
a factory or warehouséhave to be coordinatedor whena multi-robot group coordi-
natesthe movementof the singlerobots.Interestingly the problemdoesnot comeup
in traditionalAl planningdomainssuchasLogistics(or moregenerallytransportation
domains[3]). In thesedomainswe never assumethat there are capacityrestrictions
for locations which impliesthatvehiclesneverinterferewith eachotherwhenmoving
around.

In all traffic controlproblemswe candistinguishbetweenrthe strategic, thetactic,
andtheoperational level. Thesdevelsreferto thetime spanof aday, a few hours,and
a few minutes,respectiely. We are mainly interestedn how to solwe the short-time
problem,whichis, of courseanon-line problemin the sensehatwe do not know the
completeinput beforewe startto solve the problem.However, we will consideronly
the staticvariantof the problemin the sequel.

In orderto solve the problem,we will make somesimplifying assumptionsThis
will help usin finding a satisfycingsolutionin acceptabldime andwill at the same
time provide uswith enoughflexibility in the solutionthatwill allow to accommodate
new information.



The main simplificationwe consideris that we assumehat the road mapfor the
movementf the vehicleshasbeenfixedin advance Iln generalponemaywantto find
solutionsindependentlyf a roadmap.However, this problemcanbe computationally
verydemandinglf we areoperatingn atwo-dimensionaltectangulaenvironmentand
wantto coordinatethe movementof two-dimensionabbjects the decisionof whether
agoalconfigurationcanbereacheds PSRACE-completd4].

Assumingthattheroadmapis fixed simplifiesthe problemconsiderablyHowever,
the problemof finding the minimal numberof stepsoneneedso move all vehiclesto
the goallocationsis still NP-hardaswitnessedy the generalized 5-puzzle[10]. For
thisreasonwe will simplify this problemevenmore We will assuméhattheroutesthe
vehiclestake arepre-plannedindthatwe only have to schedulethe movementsalong
theseroutes.Although this restrictionsoundsvery severe, it is often usedin traffic
contets. Furthermorealthoughsimplifying the problemevenmore,it is still NP-hard
to find anoptimalsolution(aswe show belaw). Theresultingproblemis similarto the
multi-robotpath-coodinationproblem[5, p. 379].

Therestof the paperis structuredasfollows. In Section2, we formalizethe traffic
controlproblem We thenintroducein Section3 terminologyandnotionsfrom schedul-
ing andshaw thatthetraffic problemis ajob-shopschedulingoroblemwith a blocking
constraintwhichimpliesthatthe problemis NP-hardIn Sectiord, wewill have alook
atconditionsthatguarante¢heexistenceof a solution,andin Section5 we have alook
at methodsthat allow for “f ast-time”simulations Finally, in Section6, we reporton
someexperimentadatausingthosemethods.

2 The Traffic Control Problem

Eachtraffic systems basednaspecificinfrastructue thatprovidesfacilitiesonwhich
traffic movementdake place,for exampleroads,airwaysor watermays.An infrastruc-
tureis oftenrepresentedsasimplegraphG = (V, E), whereV is asetof intersections
orway-pointsandE asetof legs.In this paperhowever, we represenéninfrastructure
asagraphwherethenodescorrespondo a setof resource®® = {r1,...,r,}. Forour
purposethis allows for a moreadequatenodelingof infrastructuralelementssuchas
intersectionsasdepictedn Figurel.

(a) Graphrepresentation (b) Resourceepresentation

Fig. 1. Differentrepresentationsf anintersection

With V = {vy, ..., v, } we denoteafleetof vehiclesthatmove alongtheresources
of agiveninfrastructurewhereeachv; € V is associateavith a starttime¢; andan



arbitrarybut fixedroutep; = (pi1--.,pik;) € R* thatmightbetheresultof apath
searchin theinfrastructureor retrievedfrom aroutelibrary, for example. Theminimum
time it takesv; to travel alongresourcep; ; is denotedoy 7; ;. A traffic problemP =
(R,V) isasetR of resourcesnda setV of vehicleswith their associatedtarttimes
androuteslf vehiclesneverleavetheinfrastructureP is calledaclosedtraffic problem,
whereasn anopentraffic problemvehiclesenterandleave theinfrastructure.

The actof v; moving alongresourcep; ; is called movementactivity a; j, which
allows usto modelthe movementof all v; € V asamovemeniplan [a; 1,- .., a;k;]-
A traffic flow ariseswhenvehiclesmove from their startpositionat their assignedtart
time andtravel alongtheir specifiedrouteto their final position.Formally, atraffic flow
F is a setof movementactivities a; ; to which atime intenval [o; ;, ¢;, ;] hasbeenas-
signedwritten (v;, p; j, [03,5, $i,;])- Foranorderlymovemenbf vehiclesthefollowing
conditionshave to be satisfied:

031 >t 1)
Gij — 0ij > Tijj (2
Gij = 0ijr1,5 €{1,..., ki — 1} 3)

Theseconditionassurehatthe movementof v; € V doesnot startbeforeits assigned
starttime ¢;, thattheactualtravel time ¢; ; — o; ; onresource; ; doesnotfall shortof
theminimumtravel time 7; ;, andfinally thatthe givenorderof movementactiities is
preseredwithoutatemporalgap.

Forexamplejf P = (R, V) isatraffic problemwith, V = {vi,v2}, R = {r1,r2,73,74,75},
andtheconnectionbetweertheresourcessshovn in Figure2 (a), then

_ { (v1,71,[0,10)), (v1, 72, [10, 20]), (v1, 73, [20, 30]), }
<’02, T4, [07 10])7 <U2a T2, [107 20]>a <U27 75, [20’ 30]>

is atraffic flow for P thatsatisfiesconditions(1) - (3), illustratedin Figure2 (a).

[r r r r r 3
1 1 3 4

(@) (b)

Fig. 2. lllustrationof traffic flows

If we take a closerlook at F', we canseethat vehiclesv; andwvs planto usethe
sameresourcer, simultaneouslySuchconflicts can be excludedwith the following
condition:

Pij = Prs = G455 = Qp s V [O'z',j, ¢i,j] N [O'T,s, ¢T,s] =0 (4)



However, thereis anothertype of conflict thatis an artifact of our movementmodel.
Considertheinfrastructureasin Figure2 (b) andthefollowing traffic flow:

F= { <U17T17 [07 10]>7 <vla T2, [107 20])7 <U17T33 [205 30])7 <’U17T47 [307 40])7 }
- <’U2, T4, [0, 10]), <’U2, rs, [10, 20]), <’U2, Tro, [20, 30]), <’U2, T1, [30, 40])

Although this traffic flow satisfiesconditions(1) - (4), both vehiclesare going to ex-
changetheir positionsat resources, andrs, which obviously leadsto a frontal colli-
sion,assketchedn Figure2 (b). Suchsituationsareavoidedif thefollowing condition
is satisfied:

Pij = Prs+1 A Pijr1 = Prs = Pij 7 Orst1 (5)

We saythat a traffic flow is safeif it satisfiesconditions(1) - (5). In general,safety
hasto be establishedy explicitely resolvingconflicts, eitherby delayingvehiclesor
assigningnew routesto them? Suchinterventioncanbe doneby humancontrollersor
automaticallyapplyingrule-baseaonflictresolutionstrateies,for example.

Conflictresolutionaffectsthe efficiency of traffic flows, e.g.,whenavehiclehasto
stopin front of anintersectiorin orderto give way to anotherone.Thereis a variety of
criteriafor assessingfficiency of traffic flows. From an infrastructuralpoint of view,
an optimal utilization of availableresourcess desirablewhich, for a givensetof ve-
hicles,canbe achiezed by minimizing the latesttime at which a vehiclecompletests
movement.Froma vehiclepoint of view, the mostefficient traffic flow minimizesthe
delayaccumulate@n theway from its startto finish position.

Thecompletiontime C; anddelay D; of vehiclev; aredefinedasfollows:

-C;= ¢i’llcci’
- Di = 5 (80— 0i) — 7]

Basedon thesedefinitions themaximuncompletiortime Cp,, andthetotal delayT D
canbedefined:

— Cmax = maxi <i<n Ci,
~TD=%" D,

A traffic flow F'is optimalfor T'D or Cpax, if it minimizesthe givenoptimality crite-
rion.

3 Schedulingthe Movements:Job-ShopSchedulingwith Blocking

Schedulingis concernedvith the optimal allocationof scarceresourcego actiities
overtime [6]. As we will seein this sectionthereis a closeanalogybetweerfinding
a safeand optimal traffic flow for a given traffic problemandfinding a feasibleand
optimalscheduldor a certaintype of schedulingproblem.

A schedulingoroblemP = (M, J) is asetof machinesM = (u1, ..., ux,) anda
setof jobsJ = (ji,...,Jn) thathave to be processedn machinesn M.2 Typically,

! Sincewe assumeoutesto befixed,we do not considetthe possibility of re-routingvehicles.
2 For ageneraintroductionto schedulingthereexistsa numberof textbooks[1, 2, 8].



schedulingproblemsareclassifiedn termsof aclassificatiorscheme{a|3|v} [9]. The
first field a = ayay describegthe machineervironment.If oy = O, we have anopen
shopin which eachjob j; consistof asetof operationgo;,1, . . . , 0;,1; } Whereo; ; has
to beprocessedn machineu; for p; ; time units,but theorderin which theoperations
areexecutedis irrelevant.If oy € {F, J}, anorderingis imposedon the setof oper
ationscorrespondindo eachjob. If a; = F, we have a flow shop in which eachjy;
consistof a sequencef m operationgo; 1, .. ., 0;,,) ando; ; hasto beprocessedn
p; for p; ; timeunits.If a; = J, we have ajob shop in which eacheachyj; consistof
asequencef k; operationgo; 1, ..., 0;,;) ando; ; hasto beprocesse®n a machine
Wi; € M for p; ; time units, with p; ; # w541 fori = 1,...,k;_1. Notethatin a
flow shopthemadineroutingis for all jobsthesamewhile in ajob shoptheroutingis
arbitrarybut fixed. With as the numberof machinesanbe specified The secondield
0 indicatesa numberof job characteristicfpr example

— {pmtn} C g (preemption)job splittingis allowed.,i.e., theprocessingf ary oper
ationmaybeinterruptedandresumedatalatertime.

— {nowait} C §: ajob mustleave a machineimmediatelyafter processings com-
pleted.For example thisrestrictioncanbefoundin thedomainof steelproduction,
wheremoltensteelexpeditiouslyhasto undego a seriesof operationswhile it has
acertaintemperature.

— {block} C §: ajob hasto remainonamachineafterprocessingf thenext machine
is busy During thattime, no otherjob canbe processean that machine For ex-
ample,this phenomenaccursin domainswithout (or limited) intermediatebuffer
storage.

The lastfield v refersto an optimality criterion which hasto be minimizedandis a
functionbasedon the completiontimesof jobswhichin turn depend®n the schedule.
The completiortime of operationo; ; is denotedby C; ; andthetime job j; exits the
systemis denotedby C;. Sometimesfor eachjob j; areleasedater; anda duedate
d; is specifiedon which j; becomesvailablefor processingr shouldbe completed,
respectiely. With this, the latenesof job j; canbedefinedas L; = C; — d; andthe
unit penaltyas

U; = 1if C; > d;
0 else

Typically, v is oneof thefollowing criteria:

— Cmax = maxi<;<n{C;} is thefinishtime of thelastjob.
— Lmax = maxi<i<n{L;} themaximumlateness.

- ¥, C; thetotal flow time

- Y7, w;U; thetotal weightof latejobs

A sdheduleis anallocationof a time intenval [o; ;, ¢;,;] on machiney; ; to eachop-
erationo; ; of all jobs J; € J. A schedules feasibleif no job is processedeforeits
releasedate(if given),the interval allocatedto an operationdoesnot fall shortof its
specifiedprocessingime, no two time intervals allocatedto the samejob overlapand
no two time intervals on the samemachineoverlap.In addition,a numberof specific



requirementgsoncerningnachinesrnvironmentandjob characteristitbiave to bemet.In
addition,a schedulas optimal if it minimizesa givenoptimality criterion.

In thesequelwe aremainly interestedn job-shopschedulingwith blocking. Inter-
estingly job-shopschedulingwith blockingis aratherunusuacombination For exam-
ple, Pinedostateshatblockingis a phenomenothatoccursonly in flow shopg8] and
in the surwey article of Hall and Sriskandarajaltompleity resultsonly for job shop
with no-wait but not with blockingcanbe found[7]. Onereasonwhy mostof there-
searchhasfocusedon flow shopsmay be that mostpracticalapplicationsof blocking
andno wait arein flow shops.However, our traffic controlproblemis bestconsidered
ajob-shopproblemwith blocking. Solutionsfor suchproblemshave to satisfythe fol-
lowing conditions:

Oij 2 Ti (6)
Gij — Cij 2> Diyj (7)
Gij = Oig+1 (8)
Bij = firs = 0ij = Ors V (04, @i ;] N [0rs, br,s] =0 9)

Condition(6) stateghatjob ¢ shouldstartat or afterthe releasedateof job i andcon-
dition (7) requiresthatthe time on machineof the jth subtaskof job i is notlessthan
theminimumtime requiredfor thatsubtaskCondition(8) formalizesthe blocking con-
straintand,finally, condition(9) stategshatmachinesanonly be exclusively used.

While theseconditionsseemto be enoughto guaranteehat the schedulecanbe
executed(andin fact,for flow-shopproblemstheseconditionsaresufficient), in a job-
shopernvironmentit mightbethecasethattwo jobswith oppositenachineroutingmeet
faceto face,whichis obviously a deadlockandmight resultin a completebreakdevn
of thewhole systemTherefore condition

Hij = M1 A Wi+l = Prs = Dij 7# Orystl (10)

should also be satisfied.Interestingly this condition has not beendiscussedn the
schedulinditeratureyet. Themainreasoris probablythat,asmentionedcabove, block-
ing usually happensn flow-shop contects and the blocking constrainthasnot been
seriouslyconsideredor job-shopervironments.

To modelthe traffic problemasa schedulingproblem,we considerinfrastructural
resourceasmachinesyehiclesasjobs andmovementactiities asoperationsThere-
fore, we have to choosethe job shopmachineervironmenta = J, which allows usto
equatethe sequenc®f movementactvities of a vehiclewith a jobs sequencef oper
ations.A necessaryob characteristids {block} C g, sinceif a vehiclev; wantsto
move from resourcer; ; to r; ;1 butr; ;11 is blocked by anothervehicle,v; hasto
wait onr; ; until r; ;.1 becomeswvailable.Finally, the optimality criterionwe choose
iS ¥ = Chmax, i-€., the minimization of the maximalcompletiontime. In termsof the
classificatiorschementroducedn section3, { J|block Cax } is ourtypeof scheduling
problemwe aregoingto usefor solvingtraffic problems.

The transformationof a traffic probleminto a schedulingproblemis straightfor
ward: If Py a5 = (R,V) is atraffic problemwith resources® = {ry,...,r,} and
vehiclesV = {vy,...,v,} whereeachvehiclev; is associateavith a movementplan



[@i1,-- -5 aik], thenPgcheg= (R, V) isthecorrespondingchedulingoroblemwhere
R is interpretedasa setof machinesandV asa setof tasks.Eachmovementactivity
a;,; thathasto be performedon resourcep; ; corresponds$o anoperatioro; ; thathas
to be performedon machiney; ; € R. Obviously, a feasiblescheduleS directly cor-
respondgo a safetraffic flow F'. It is obviousthat conditions(1) - (5) for safetraffic
flows areequialentto conditions(6) - (10) for feasibleschedules.

Proposition 1. If S isafeasibleschedulefor ajob shopschedulingproblemwith blodk-
ing, thenS representsa safetraffic flow for the correspondingraffic problem.

Fromthis correspondencee canimmediatelyderive a compleity result.

Theorem 1. Thetraffic control problemis strongly? NP-hard if wewantto optimizethe
maximurncompletiortime

Proof. As shavn by Hall and Sriskandarajali7], the problem F;|blockingCpax is
stronglyNP-hard.This however, is clearly a specialcaseof J;|blocking Cmax, Which
impliesthatthetraffic controlproblemwith threeresourcess alreadystronglyNP-hard.

While thisresultis notsurprisingjt neverthelesshavsthatthetraffic controlprob-
lemis a computationallydifficult problem.Moreover, theresultimpliesthatwe should
look for heuristicapproachem orderto solveit.

4 Solution Existenceand the Infrastructur e

If we know thatregardlesf the movementf our vehiclesthe goalscanbereached,
we canconcentrat®n finding a schedulghatminimizesthe overall costs.Cornversely
if it is possiblethat a systemstatecan be reachedrom which somevehiclescannot
proceedo thegoalpositions thenwe betterfocuson avoiding suchstatesandconsider
optimizationassecondary

Let usfirst considetthesituationin Figure3. Clearly, regardlesof whatwe do, the

l’] I'2 l'3 1'4

*_

Fig. 3. A traffic probleminstancewithouta solution

depictedorobleminstancedoesnothave asolution.Corverselyif we consideiproblem
instancesuchthatthe startandfinal pointsarenoton theroutesof othervehiclesthen
the probleminstancehasa solution. Thereasonis thatwe could move eachvehicleto

3 strongNP-hardnessneansthatevenif the numbersin the problemdescriptionare codedin
unaryway, the problemremaingto be NP-hard.



its final destinationstartingwith a new vehicleoncethe startingtime hascomeandthe
previousvehiclehasreachedts final destinationThis guaranteethatwe canmove all
vehiclescollision-freeto its goals— providedit is enougho startavehiclemovementat
somepoint afterits starttime. If we have to begin the vehiclemovementexactly atthe
starttime, we may run into problems While the entirerestrictionsoundsvery severe,
therestrictionis satisfiedfor example,in openinfrastructuressuchasairportsandtrain
stations For example,at airportswe might delaythe landingof anairplanefor aslong
asthetaxi waysareblocked.

However, evenif theprobleminstances solvable,it mightbepossiblethata system
stateis reachabldrom which the goal cannotbe achieved. For example,in Figure4 a

" Iy Iy S T
| |

r‘ r

1 5,

Fig. 4. A traffic probleminstancewith a possibledeadlocksituation

situationwith a possibledeadlocksituationis depicted Suchdeadlockscan,of course,
be anticipatedand avoidedin the schedulingprocedure However, dueto the on-line
natureof the problem,it canhapperthatwhile executingthe actiity plan,onevehicle
is delayedandthe deadlockhappensccidentallyln orderto avoid that, oftenthe use
of resourcess restrictedn certainways.For instancepftenroadscanonly beusedin a
uni-directionalway resultingsometimesn detoursbut avoiding head-orconflictssuch
asthepossibleonein Figure4.

5 Very FastApproximationsfor Fast-Time Simulations

In this section,we introducea very fastalgorithmfor creatinga safetraffic flow for a
giventraffic problem.Oursimulationresultsindicatethattheefficiency of theautomatic
generatedraffic flow cankeepup with the efficiency of a traffic flow obtainedby a
humancontroller As a possibleapplicationwe shov how suchan automatictraffic
controllercanbe usedfor assessinthe capacitylimit of a giveninfrastructure.

For the correspondingpb shopproblemwith blocking,we built afeasibleschedule
by incrementallyinsertingjobs in a first-come-first-sered mannetrinto the schedule.
Theorderin whichjobsareinserteds determinedy theirreleasalate.If S is asched-
ule,thensS,, = {ors € S|urs = p;} is the madine sheduleof u; € M and
idle(u;, o, ¢) is trueif andonly if no operationis processe@n p; duringtime [o, ¢].
Furthermore@,, = {¢, s|ors € Sy, } is thesetof finishtimesat u; and

T 1=1
o¥. = v g
& {¢i,jl j>1

is the earliestpossiblestarttime of o; ;. If o; ; hasto be insertedinto scheduleS,,, ;,
we consideonly afinite numberof potentialstarttimes:



Y= {U;'k,j} U {¢ € élh’,j |¢ > U;'k,j}

For theexampleshavnin Figure5, ; ; = {7, 9, 14, 19}. Finally, thepredicatensertabl¢s, o; ;, o)

0.
ij
A 4

5 10 15 20

Fig. 5. Potentialstarttimesconsideredor insertion

is true,if andonly if in thegivenscheduleS

1. idle(ui,j, 0, 0+p;s ;) istrue,i.e.,nootheroperatioris plannedn y; ; during[o, o+
pi’j]'

2. Condition(8) canbesatisfiedj.e.,if j > 1, idle(u; j—1, ¢i j—1,0) hasto betrue.

3. Condition(10)is notviolated,i.e., 0; ; doesnotexchangemachinesvith ary other
Ors-

)

As statedabove, the basicideais to sequentiallyinsertjobs into the scheduleso the
mainalgorithmAutoContoller is very simple:

Algorithm AutoController
Params: sequencéji, . .., jn) of jobswith j; = (0;,1,...,04;)
Returns: feasiblescheduleS

S« 0

for all j; € {j1,...,jn} doO
inserted= false
ScheduleActiity (S, 0,1, inserted

endfor

returnS

For every job j;, therecursve procedureScdeduleActivityis called.In a nutshell,this
procedurénsertsa given operatioro; ; into S andcontinuesecursvely with the sub-
sequenbperatioro; j1, until finally thelastoperatiorp; », hasbeeninsertedcausing
theboolearvariableinsertedto be setto true:

Procedure ScheduleActvity
Params: scheduleS, operatiorp; ;, boolinserted

if 7 <k;then
Yig < {di;}U{¢ € &y, ;|¢ > o} ;} Il computepotentialstarttimesfor o;



while X ; # 0 A —inserteddo
o < min Y; ; // getnext pot. starttime
Zij = Zij \ {0}
if InsertablgsS, o; ;,0) then
oij + 0, ¢ij + 05 + 7;; Il assignstart/endtimeto o; ;

if 7 > 1then
¢i,j—1 + 0i,; Il adaptendtimeof preceedingpemation
endif

ScheduleActiity (S, o; 1, inserted // continuerecuisionwith o; ;1
if —insertedthen

S+ 5\ {oi;}
if 7 > 1then
¢i,j—1 + 03,5—1 + 75,1 /] resetendtime of preceedingperation
endif
endif
endif
endwhile
else
inserted« true// lastopemtion of taskj; hasbeeninserted
endif

Proposition2. For a givenjob shopscedulingproblemwith blodking, the AutoCon-
troller algorithmreturnsa feasiblesthedule

Thata solutionis returnedfollows from the factthata new job canalwaysbein-
sertedat the endof a partial scheduleln particulay for every operationo; ; the setof
usefulstarttimesy; ; is neveremptyandthepredicaténsertablgS, o; ;, max(X; ;)) is
alwaystrue.lt is easyto shav thatconditions(6) - (10) aresatisfiedaftereachinsertion
of anoperationsoit followsthatthereturnedschedulds feasible.

6 Experimental Results

Wetestedthe AutoControllerin atraffic simulationbasedntheinfrastructurepartially
displayedin Figure®6. It is an opentraffic systemwherevehiclesdynamicallyarrive
at entry resourcesteceve a fixed routerandomlytaken from a standardoutelibrary
(with averageroutelength60 resourcesandmove alongthatrouteto a loadingpoint.
After a 10-15minutestay they move to an exit resourceandleave the traffic system.
Theminimumtime neededo travel alongaresourcas 10 secdor all vehicles.

Both a humancontroller and the AutoContpller have beenconfrontedwith the
samerandomsequencef 58 vehicleswhosestarttimesareequallydistributedover 1
hour. Theresultingtraffic flow containsl23conflictsandis evenfor skilled controllers
very demanding Sincethe latestleave time strongly depend=n the arrival times of
thelastfew vehicles boththe humancontrollerandAutoContoller achievedthe same
completiontime. Hence we useaveragedelayasour secondanpptimizationcriterion
that playsan importantrole for an economicutilization of the traffic system.As can



Fig. 6. Simulatednfrastructure

be seenin Figure? (a), the AutoControllersraffic flow includes27 secsmoreaverage
delaythanthe humancontrollerstraffic flow, which is a differencein performanceof
20.77%.
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Fig. 7. SimulationResults

However, whentakinginto accounthetotal time avehiclespendontheinfrastruc-
ture (turnaroundime), this amountgo alossof efficiency of merely1.62%.

Althoughthe AutoContoller is a backtrackingalgorithm,in our simulationhardly
ary backtrackingpccurredA total of 3429movementactiities hasbeenscheduledand
only 83 timesaninsertionwasreversed Consequentlythe algorithmis extremelyfast
andit took lessthan0.5 secsto computea safetraffic flow on a 300 MHz PC, while
onthe otherhandevena skilled humancontrollerhasto run the simulationmostof the
timein realtime which takesabout30-45minutes.

A typical applicationthatrequiresthe coordinationof vehiclemovementsarefast-
time traffic simulationsthat,amongothers,areusedto evaluatethe impactof infras-
tructuralor operationathangesn termsof capacityincreaseor decreaseThecapacity
limit of agiveninfrastructurds assesselly graduallyincreasingraffic density[ops/h]
until anacceptabl@elaylimit is exceededWith the AutoContoller algorithm,there-



lationshipbetweertraffic densityandaveragedelaycanbe determinedvithin minutes,
evenif anentiredayhasto besimulated An examplefor ourinfrastructuras shavn in
Figure?. In our experimentwith theinfrastructureasdepictedn Figure6, the capacity
limit is 45 [ops/h]if 2:30min is theacceptablelelaylimit.

7 Conclusions

Thetraffic problemis a very commonproblemoccurringwhenmultiple vehicleshave

to be coordinated Examplesare airport groundtraffic coordination train stationco-

ordination,and multi-robot path coordination.We have shavn that this problemis a
particularkind of schedulingproblem,namely a job-shopschedulingproblemwith

blocking. Thisis aratherunusualschedulingproblemandit turnsout thatit is neces-
saryto considemew constraintson scheduleswhich have not beendiscussedn the
schedulinditeratureyet,in orderto guarante@xecutability Neverthelessthereformu-
lation of the traffic control problemasa schedulingproblemallows us to derive the
computationatompleity of thetraffic control problem.Furthermorepn the practical
side,thereformulationsuggestsnethodso generateschedules.

We considerrestrictionson the problemwhich guarante¢heexistenceof asolution
andwe specifya simple,albeitpowerful methodthatis ableto generatescheduleshat
are reasonablygood. In particular this methodis so fastthatit canbe usedin fast-
time traffic simulations,which are neededvhendoing infrastructureassessmentsn
anexperimentwe demonstratéhatthe simulationmethodis reasonablyoodandfast
enoughto simulatea traffic flow in aninfrastructuren afractionof thetime necessary
to executethis flow in real-time.
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