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2002 Urban Mobilit y Study
http://mobility.tamu.edu/ums

\The badnewsis that evenif transportation o±cials do all the right
things, the likely e®ectis that congestionwill continueto grow. . . "

² Total congestion\bill" in 2000was $67.5billion

(= 3.6 billion hoursdelay + 5.7 billion gallonsgas)

1982 2000

time penalty for peakperiod travelers 16 hours 62 hours
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In-Car Navigation Systems
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Shall we guide users? How?

sel¯sh users central planner our goal
optimizeown travel time optimizesystemwelfare

fair, not e±cient e±cient, not fair fair, e±cient
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Outline

² RouteGuidance

² Theoretical Results

² ComputationalExperiments
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The Tra±c Mo del

² DirectedgraphG = (V; A)

² OD pairs (oi ; di ) of rate r i , i = 1; : : : ; k

² Flows on paths xP . Canbe non-integral.

² Traversaltimes: latency functions ta(¢) for all a 2 A

¡ °ow xa in a ! traversaltime ta(xa)
¡ continuous
¡ nondecreasing
¡ x t(x) convex
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The system optimum (SO) is the °o w
that minimizes the total travel time

min C(x) :=
X

a2 A

ta(xa)xa

s.t.
X

P 3 a

xP = xa for all a 2 A

X

P 2P i

xP = r i for all i = 1; : : : ; k

xP ¸ 0 for all P 2 P

where Pi : set of paths from oi to di

P =
S

i Pi
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User Equilibrium

² Usersoptimize their own travel times: Wardrop 1952

A °ow is a user equilibrium (UE) i® nobody can
switch to a path with smallertravel time

² Travel times of usersbetweenthe sameOD pair are equal

² UE always existsand is essentiallyunique

Beckmann,McGuire& Winsten1956
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Our Approach

² SO cannot be implementedin practice due to unfairness

² UE doesnot take into accountthe globalwelfare

Use constrained SO instead!

² CSO = min total travel time
s.t. demandsatis¯ed

usersare assignedto \fair" routes
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Normal Lengths

Normal lengths: a-priori belief of network

² Geographicdistances

² Free-°ow travel times (times in empty network)

² Travel times underUE

Notation:

² normal length of arc: `a

² normal length of path: `P =
X

a2 P

`a
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CSO De¯nition

² Fix a tolerancefactor " ¸ 0

² A path P 2 Pi is valid if `P · (1 + ") £ min
Q2P i

`Q

² De¯nition:

CSO" := argmin C(x)

s.t.
X

P 2P i :P valid

xP = r i for all i

xP ¸ 0
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CSO Example

SO CSO
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Outline

² RouteGuidance

² Theoretical Results Schulz& St. 2003

² ComputationalExperiments
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Performance evaluation of route guidance systems

² The Price of Anarchy measuresthe impact
of lack of CentralCoordination Papadimitriou2001

² Let inst(T ) be the set of instanceswith latenciesdrawn from T

Price of Anarchy is max
inst(T )

C(UE)
C(optimum )

² Previously, this price was evaluatedusing Roughgarden, Tardos,

SO as solutionconcept Correa, Schulz,St., . . .

² But it is a pessimisticmeasurebecauseSO cannot be achieved!

INFORMS Atlanta, October 20, 2003 13



New Guarantees

Instead,study relation betweenC(UE) and C(CSO" )
(and alsoC(SO) )

² Guarantee: ° (" ) := sup
inst(T )

C(UE)
C(CSO" )

² 1 · ° (" ) · ®(T ) for all " , where®(T ) := sup
inst(T )

C(UE)
C(SO)

² The function ° (" ) is non-decreasing
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Linear Case and Free-°ow Normal Lengths

² ° (" ) · ®(f linear latenciesg) = 4
3
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² In the limit we recoverunconstrainedcase( lim
" !1

° (" ) = 4
3 )

² CSO" not e±cient when" small (° (" ) ¼ 1 if " ¼ 0)
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UE Travel Times as Normal Lengths

² UE is feasiblein CSO problem:

C(CSO" ) · C(UE) for all "

² Therefore, sup
inst(T )

C(CSO" )
C(SO)

· ®(T ) for all "

² CSO" e±cient for all " :

° (" ) = ®(T )

² All the boundsare tight
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Unfairness

² Normal unfairnessof path P for OD pair i = ` P
min Q2P i

` Q

! 1 · normal unfairness· 1 + "

² Loadedunfairnessof path P for OD pair i = t P (x )
min Q2P i

t Q (x )

! 1 · loadedunfairness. Equality if UE
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The loaded unfairness of CSO is bounded

² Let f ¤ be a CSO (or a SO). The loadedunfairnessof any user

tP (f ¤)
minQ2P i tQ(f ¤)

· ¡( T ) := 1 + sup
t 2T ;x ¸ 0

f xt 0(x)=t(x)g

² For example,¡( f polynomialsof degreekg) = k + 1

² Proof idea:

{ De¯ne new latencyfunctionst¤(x) := t(x) + x t0(x)

{ For all i : travel times t¤
P (f ¤) are constant for all valid P 2 Pi
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Outline

² RouteGuidance

² Theoretical Results

² ComputationalExperiments
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Computational Experiments

We usedreal-world instancesobtainedfrom DaimlerChrysler(Berlin)
and from the Transportation Network Test Problemswebsite:

http://www.bgu.ac.il/~bargera/tntp/

InstanceName jV j jAj jK j jAj ¢jK j

SiouxFalls 24 76 528 40K
Friedrichshain 224 523 506 265K
Winnipeg 1,067 2,975 4,344 13M
NeukÄolln 1,890 4,040 3,166 13M
Mitte, Prenzlauerberg
& Friedrichshain 975 2,184 9,801 21M
ChicagoSketch 933 2,950 83,113 245M
Berlin 12,100 19,570 49,689 972M

INFORMS Atlanta, October 20, 2003 20



Unfairness Percentiles

normal unfairness:
controlleddirectly

loadedunfairness:
in°uenced
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Free-°ow Normal Lengths: High Cost

C (CSO" ) t P (x )
min Q2P i

t Q (x )
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UE Travel Times as Normal Lengths: Good Choice

C (CSO" ) t P (x )
min Q2P i

t Q (x )
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CSO allows us to control the tradeo® between
e±ciency and unfairness
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Summary

² Optimization Approachto RouteGuidance

{ Conventionalroute guidancemethods focuson the individual

{ SO not implementableand UE not e±cient

{ CSO is a better alternative: e±cient and fair

² Software to computeCSO

² UsedCSO asmore realisticbenchmark to computePriceof Anarchy

² Worst-caseratio for UE=CSO

{ \F ree-°ow TravelTimes" as normal lengths: UE=CSO0 ¼ 1

{ \UE TravelTimes" as normal lengths: UE=SO = UE=CSO
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