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ENTPE 

•  Engineering School established in 1954: 
–  Civil engineering; 
–  Environmental; 
–  Transports; 

•  Several Master of Sc. 
•  700 students 

•  First shows of U2 and The Cure in France! 
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My background 

•  M.S. CEE-Transportation (ENTPE):  
–  LWR model calibration; 

•  M.S. Operational Research (Uni. of Grenoble): 
–  Cellular automata; 

•  Ph.D. CEE-Transportation (Uni. of Lyon): 
–  Fundamental Diagram estimation methods; 

•  Assistant Prof. at ENTPE (Licit) since 2009: 
–  Multimodal and Multiscale models for urban traffic 

management. 
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Motivations (1/2) 

Optimizing the global performance of the network 
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Motivations (2/2) 

•  To shift attention from movement of vehicle to 
movement of people: 
–  Vehicle-based models, e.g. KW model; 
–  Bus-based models; 
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•  To shift attention from movement of vehicle to 
movement of people: 
–  Vehicle-based models, e.g. KW model; 
–  Bus-based models; 
 
 
 

•  First step: 
–  A common evaluation function of the performance of a 

multimodal network; 
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Overview 

1.  Macroscopic Fundamental Diagram 
  Background 

2.  Extensions to assess to the number of passengers 
and modal choice 

  Definition 
  Impact of mode choices 

3.  Evaluation of IBL strategies 
  Analytical considerations 
  Full comparison 
 



Intervenant - date 

Macroscopic Fundamental Diagram 
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Macroscopic Fundamental Diagram 
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Single Links vs. Urban Networks 

MACROSCOPIC MODELS 

GONZALES | MANAGING MULTIMODAL TRAFFIC 

Single Road Link!
Flow, q


Density, k


Fundamental Diagram (q-k) 

? 
Homogeneous Network, Represented as a Ring!

~ 
Thanks to E. Gonzales, uMass. 
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Macroscopic Fundamental Diagram 
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Macroscopic Fundamental Diagram (MFD)


Macroscopic relationship between trip completion rate and density 
(Daganzo and Geroliminis, 2008) 

Average 
Network 

Flow

(veh/sec∙lane) 

Average Network 
Vehicle Density 


(veh/lane∙m) 

Low Density, 
Free Flow 

Critical Density, 
Maximum Flow 

High Density, 
Congested Flow 

MACROSCOPIC MODELS 

GONZALES | MANAGING MULTIMODAL TRAFFIC Thanks to E. Gonzales, uMass. 
 



Intervenant - date 

Macroscopic Fundamental Diagram 
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Real Networks 

MACROSCOPIC MODELS 

GONZALES | MANAGING MULTIMODAL TRAFFIC 
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Yokohama – Measured

(Geroliminis and Daganzo, 2008) 

San Francisco – Simulated

(Geroliminis and Daganzo, 2007) 

Thanks to E. Gonzales, uMass. 
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Macroscopic Fundamental Diagram 

q [veh/h] 

k [veh/km] 

Q(k) 

(b) (a) 
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Macroscopic Fundamental Diagram 
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Macroscopic Fundamental Diagram 

q [veh/h] 

k [veh/km] 

Q(k) 
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MFD background (1/2) 

•  Reproduces traffic dynamics: 
–  At an aggregated scale (arterial, part of a city, city, 

etc.) 
–  As an uniform reservoir (same traffic conditions on 

each link); 
–  By linking the average density to the average flow 

(give access to the average speed); 
•  Very convenient: 

–  Still captures traffic flow dynamics; 
–  But with few parameters. 
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MFD background (2/2) 

•  Various approaches to estimate MFDs: 
–  Account for traffic signals, control strategies and 

impacts of multimodality (public transport, trucks); 
•  Makes it possible to: 

–  Compare different traffic management strategies; 
–  Evaluate ex ante the network performance; 

•  However, MFD only expresses the performance in term 
of number of vehicles: 
–  Need to extend to account for the number of 

passenger! 
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Passenger-MFD 

N. Chiabaut, 2015. 
Evaluation of a multimodal urban arterial: the passenger MFD.  
Tr. Res. Part B, in press.  
 

 60 GONZALES | MANAGING MULTIMODAL TRAFFIC 

Questions 

Eric J. Gonzales 


Civil and Environmental Engineering 
Rutgers, The State University of New Jersey 
eric.gonzales@rutgers.edu 

Gonzales, E.J., and C.F. Daganzo (2012). Morning commute with competing modes and distributed demand: User Equilibrium, 
system optimum, and pricing. Transportation Research Part B, 46:1519-1534. 

Gonzales, E.J. (2012). Efficiency and equity of pricing strategies for cars and transit. Paper 12-4465. 91st Annual Meeting TRB, 
22-26 January, Washington, D.C. 

Gonzales, E.J., and C.F. Daganzo (2013). The evening commute with cars and transit: Duality results and user equilibrium for the 
combined morning and evening peaks. 20th ISTTT, 17-19 July, Noordwijk, The Netherlands. (Forthcoming) 

Vickrey, W.S. (1969). Congestion theory and transport investment. The American Economic Review, 59:45-53. 
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Objectives 

•  To provide a framework for the global evaluation of a 
transportation network: 
–  Passenger MFD; 
–  Impacts of modal choice; 

•  To apply this new method to design and compare traffic 
management strategies: 
–  Optimal time-headway; 
–  Introduction of dedicated bus lanes; 
–  Intermittent bus lanes. 
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Case study 

•  A meshed urban network with signalized intersections 
•  Two transportation modes: individual car and bus. 
•  Traffic is supposed to obey a MFD: 

–  Average flow and density of cars in the road of the network; 
–  Average occupancy ρc; 

•  Bus system characteristics:  
–  Free-flow speed ut; 
–  Time-headway h; 
–  Average occupancy ρt. 

uc#

q#[veh/h]#

k#[veh/km]#

Q(k)#

(b),(a),

u#

qx#

kx#
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The passenger MFD (p-MFD) 

•  It combines both modes (cars and buses): 
–  p-MFD relates the average density of pax within the network with 

the average flow of pax; 

–  Kc & Qc: density and flow of cars (pax) 
–  Kt & Qt: density and flow of transit (pax) 

•  A crucial variable: 
–  the mode choice. 

•  Equilibrium has a strong impact on the p-MFD shape. 
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Static modal ratio (1/3) 
•  It does not depend on traffic conditions: 

–  τ is exogenously given; 
 

•  Fc(Kc) is given by the MFD weighted by the average 
occupancy; 

•  Ft(Kt) directly comes from the bus system 
characteristics: 
–  Free-flow: easy – Ft(Kt)=ρt/h. 
–  Congestion: more difficult. 

! 6!

also!assume!that!the!average!occupancy!of!a!bus!is!ρt![pax/bus].!In!this!first!section,!the!126!

buses!are!mixed!with!car!traffic!and!no!lanes!are!dedicated!to!them.!It!turns!out!that!the!127!

number!of!bus!nbus!in!operation!is!nbus!=!L/(h.vt)#[15]!where!L![km]!is!the!average!length!128!

of!the!bus!lines!of!the!transportation!network.!129!

!130!

2.2. The p-MFD 131!
!132!

To! introduce! the! pSMFD,! the! flow! is! now! expressed! in! terms! of! passengers! per! time!133!

[pax/h].!Let!P!denote!this!flow.!P!is!equal!to!the!sum!of!the!passengers!using!cars!Fc!and!134!

the!passengers!using!transit!system!Ft.!It!is!worth!noticing!that!Fc!directly!derives!from!135!

the! car! MFD! Q(k)! while! Ft! must! be! obtained! from! the! characteristics! of! the! transit!136!

system.!Moreover,!as!in!the!classical!definition!of!the!MFD,!it!is!thus!really!appealing!to!137!

link! the! flow! to! the! average! density! of! passengers! in! the! city!K.! However,! this! is! not!138!

trivial! because! K! has! to! be! expressed! in! terms! of! passengers! per! space! [pax/km].!139!

Moreover,! it!turns!out!that!the!mode!choice!of!passengers!between!cars!and!buses!has!140!

an!impact!on!the!flow!and!density.!This!ratio!is!denoted!τ!and!is!equal!to!Fc/P.!!141!

!142!

In!this!section,!τ! is!considered!as!static,! i.e.!constant!in!time!and!independent!of!traffic!143!

conditions.! Consequently,! τ! is! exogenously! given.! Physically,! it! corresponds! to! an!144!

equilibrium!situation!where!day!after!day!the!same!demand!and!traffic!conditions!occur.!145!

Notice! that! these! assumptions! are! relaxed! and! studied! in! the! forthcoming! section.!146!

Consequently,!the!total!average!flow!and!the!total!average!density!is:!147!

! ! = !!! !! + 1− ! .!! !! !! (1)!148!

Where#Kc!and!Kt!are!respectively!the!average!density!in!passengers!of!cars!and!buses.!149!

To!correctly!determine!the!function!P(K)#and!especially!its!shape,!consider!a!given!total!150!

demand!of! passengers!P*.! According! to! the!definition! of! the!mode! ratio!τ,! the! flow!of!151!

passenger!in!cars!is!Fc(Kc)=#τ.P*#[pax/h].!It!is!worth!noticing!that!this!flow!is!also!equal!152!

to!the!flow!of!cars!weighted!by!the!average!occupancy,!i.e.!ρc.q=#ρc.Q(kc)#where!kc!is!the!153!

density!expressed!in![veh/km].!Thus,!kc=Q31(τ.P*/ρc)#where!Q31!is!the!function!that!gives!154!

the!car!density!in!function!of!the!car!flow.!It!comes!that!the!associated!average!speed!of!155!

cars! is! vc=qc/kc.! It! makes! it! possible! to! calculate! the! average! density! in! terms! of!156!

passenger:!Kc=#τ.P*/vc#[pax/km].!Concerning!the!transit!system,!the!flow!of!passengers!157!

in!bus!is!given!by!Ft(Kt)=(13#τ).P*.#When!the!car!traffic!does!not!constrain!the!buses,!the!158!



Intervenant - date 

Static modal ratio (2/3) 

•  Traffic flow constrains the bus when: 
–  vc < ut; 

•  We assume that the number of buses in operation is 
constant: 
–  Time-headway has to be updated based on traffic 

conditions; 
–  h = L/(nbus.vc) where L is the average length of the 

transit lines. 
•  It comes: 
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Static modal ratio (3/3) 

•  Sensitivity to: 
–  Bus time-headways; 
–  Mode choice ratio. 
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Dynamical mode ratio 

•  τ can now depend on traffic conditions; 
•  We focus on two equilibriums: 

–  User equilibrium (UE); 
–  System optimum (SO). 

•  UE: each driver seeks to minimize his travel time, i.e. 
maximize his average speed; 

•  SO: the average travel time is minimized, i.e. the 
average speed is maximized. 
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System Optimum (1/3) 

•  P-MFD is now given by: 

•  Free-flow: 
–  Switch of mode when: 

•  Congestion: 
–  Bus time-headway have to be dynamically changed. 

! 8!

!188!

3.1. System optimum  189!

!190!

We! first! focus! on! the! system! optimum.! It! corresponds! to! the! second! principle! of!191!

Wardrop.!In!such!an!equilibrium!situation,!the!average!journey!time!is!minimum,!i.e.!the!192!

average!speed!of!passengers! is!maximal.! It! is!worth!noticing!that!the!speed!is!equal!to!193!

the!ratio!of! the!demand!with! the!density.!Consequently,! for!a!given!vehicle!demand!P,!194!

the! associated! density!K!must! satisfy! the! following! equation! to!maximize! the! average!195!

speed:!!196!

!(!) = max! !.!! !! + 1− ! .!! !! ! (2)!197!

Based!on!this!equation,!we!can!now!determine!the!function!P#for!all!the!possible!traffic!198!

conditions,!i.e.!all!the!possible!values!of!K.!199!

!200!

3.1.1. Free-flow conditions 201!

!202!

The!freeSflow!conditions!correspond!to!the!situations!where!the!total!passenger!demand!203!

is!satisfied!by!the!system.!The!pSMFD!is!directly!obtained!by!solving!equation!(2).!Figure!204!

3a!presents! the! resulting!pSMFD! in! case!of! a! triangular! car!MFD.! It! turns!out! that! the!205!

passenger!mode!allocation!τ!is!not!constant.!This!is!confirmed!by!Figure!3b!that!shows!206!

the!evolution!of!τ!with!respect!to!the!passengers!demand!level.!Car!is!the!unique!mode!207!

until! the!demand! reaches! the! car! capacity!ρc.qx.! Then!passengers!have! to! switch! from!208!

cars! to! the! transit! system.! Note! that! this! corresponds! to! the! optimal! situation!where!209!

passengers!are!ready!to!change!mode!rather!than!to!degrade!the!traffic!conditions.!We!210!

do!not!focus!in!the!paper!on!the!possible!policies!to!make!users!change!mode.!However,!211!

incentive!or! congestion!pricing,! traffic! information,!prescriptive!management!could!be!212!

efficient!and!innovative!solutions.!213!

!214!

! 10!

Δ! = Δ! !!! !!∗ . !!!!! + !!
! !!∗ . !!!!! !!! (6)!236!

This! equation! can!be! simplified!because! if!we! consider! that! buses! are!not! affected!by!237!

traffic! congestion,! thus:! !!! !!∗ = 1 !! because! !! =
!!"#.!!"# ! ,! !! =

!!"# ℎ and!238!

!!"# = ! ℎ.!! .!This!is!true!because!we!only!consider!freeSflow!situations!in!this!section!239!

of!the!paper.!It!comes:!240!

Δ! = Δ! !!!
!!!

!!∗ . !!!!! +
!
!!
. !!!!! !! ! (7)!241!

Δ!!is! given! by! the! combination! of!!!!!! !and!
!!!
!! !that! minimizes! the! RHS! of! equation! (7).!242!

This!quantity!admits!a! lower!bound! that! is!equal! to!
!!!
!!!

!!∗ !when!!!!!!!
!!∗ < !

!!
!or! to!

!
!!
!243!

otherwise.!Thus,!it!appears!that!when!the!total!flow!varies!from!Δ!!the!optimal!solution!244!

of!(7)!is!only!modified!for!the!car!flow!if!
!!!
!!!

!!∗ < !
!!
!and!for!the!transit!flow!otherwise.!245!

Consequently,!passengers!have!to!shift!of!mode!when!
!!!
!!!

!!∗ = !
!!
!to!reach!SO.!246!

!247!

Based!on!these!results,!pSMFDs!for!SO!in!freeSflow!conditions!are!highlighted!in!Figure!248!

3c.! The! evolution! of! τ! with! respect! to! the! demand! level! is! slightly! different! from! the!249!

triangular!MFD!case,! see!Figure!3d.!To!obtain! the!SO!solution,! car! is! the!unique!mode!250!

until!a!certain!demand!value!that!corresponds!to!qt!such!as!!" !" = !!;!then!passengers!251!

switch!to!the!transit!system!until!all!the!buses!are!full;!finally,!the!remaining!car!capacity!252!

is!used!until!the!system's!capacity!is!reached.!!253!

!254!

3.1.2. Congested conditions 255!

!256!

We! now! aim! to! determine! the! pSMFD! when! traffic! is! congested.! For! cars,! the! MFD!257!

directly!accounts!for!this!capacity!reduction.!For!buses,!they!are!not!impacted!for!small!258!

congestion,!i.e.!when!Fc(Kc)/Kc#>#ut.!However,!when!Fc(Kc)/Kc#<#ut,!the!buses!are!slowed!259!

down! by! the! queues.! Characteristics! of! the! transit! system! have! to! be! dynamically!260!

modified.! To! this! end,! we! assume! that! the! number! of! buses! nbus! in! operation! stays!261!

constant.!Consequently,!the!speed!reduction!implies!an!increase!of!the!timeSheadway!h!262!

because!nbus!=!L/(h.ut).!It!makes!it!possible!to!account!for!congestion!in!the!expression!of!263!

Ft.! Because! carSMFD! is! expressed! in! terms! of! passengers,! i.e.! Fc,! also! reproduces!264!

congested! states,! the! congested! part! of! the! pSMFD! can! be! determined! according! to!265!
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System Optimum (2/3) 
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System Optimum (3/3) 

•  Sensitivity to bus time-headway: 
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User Equilibrium (1/4) 

•  Individual optimal solution:  
–  pax seeks to minimize their travel time; 
–  First Wardrop principle; 

•  Only one mode until speed of the car is equal to the bus 
free-flow speed: 
–  Very easy to calculate. 

 



Intervenant - date 

User Equilibrium (2/4) 
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User Equilibrium (3/4) 

•  We can also test probabilistic mode choice model: 
–  Ex: Logit model; 

•  Mode ratio depends on the travel time difference: 

•  Sensitivity to the theta parameter. 

 

! 13!

!!
!!
= !!!

!
!!
! !
!! !! (8)!323!

!324!

Where!θ!is!the!parameter#of!the!Logit!model!and!L!the!average!trip!length.!!325!

!326!

We!have!now!all!the!equations!to!formulate!a!parametric!expression!of!the!flow!P!and!n!327!

for!the!arterial!with!respect!to!vc.!This!defines!a!simple!method!to!calculate!the!pSMFD!328!

for! the! Logit!model.! Figure! 6! presents! the! resulting! pSMFD.!We! have! tested! several!θ!329!

values! (from! 0.05! to! 0.9! with! an! increment! of! 0.05).! It! turns! out! that! pSMFDs! fall!330!

between!UE!and!SO.!Moreover,!UE,!SUE!and!SO!only!differ!at!the!network!level!in!freeS331!

flow!situations!when!the!average!speed!is!comprised!between!u!and!ut! for!a!triangular!332!

MFD!and!us!and!ut!for!a!curved!MFD!(us!such!as!!!!!!!
= !!).!This!is!not!surprising!because!333!

in!congestion!both!modes!have!the!same!speed.!The!mode!ratio!is!then!constant.!334!

!335!

!336!
Figure 6: Comparison of SUE, UE and SO in case of (a) a car trapezoidal MFD  337!

(b) a parabolic-linear MFD 338!
!339!

3.2.2. Equilibriums comparison 340!
!341!

Even! if! rough! comparisons! between! UE! and! SO! are! proposed! by! Figure! 5a,! it! is! still!342!

appealing!to!study!these!differences! in!more!details.!To!this!end,!we!now!focus!on!the!343!

marginal!costs!of!UE!and!SO.!This!will!give!useful!insights!on!the!pricing!policy!that!can!344!

be!implemented!to!adapt!the!costs!of!each!mode!and!switch!the!transportation!network!345!

from!UE!to!SO.!346!

!347!

The!marginal!cost!of!a!mode!defines! the! increase!of! the!cost!of! this!mode! if!one!more!348!

passenger! chooses! to! use! this! mode.! The! marginal! cost! of! mode! i! is! obtained! by!349!

differentiating!the!cost!function!ci(Ki):!350!
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User Equilibrium (4/4) 
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Application: 
Evaluation of IBL strategies 

N. Chiabaut, X. Xie, L. Leclercq, 2014. 
Performance analysis for different designs of a multimodal urban arterial. 
Transportmetrica B: Transport Dynamics, 2(3), 229-245.  
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Intermittent Bus Lane (IBL) 

BUS

BUS

BUS
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Case study 

•  Idealized urban arterial: 
–  3 lanes; 
–  n links separated by traffic signals; 
–  No turning movement; 

•  Bus system: 
–  Bus time headway: h; 
–  No station; 
–  Reduced speed ub (smaller than free-flow vehicles speed u); 

•  Traffic is supposed to obey triangular FD: 
–  Free-flow speed u; 
–  Congested wave speed w; 
–  Jam density κ. 
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IBL design 

•  When a bus is detected, right lane is dedicated for i 
successive links 

 g
i
, c

i
, δ

i

n links

l
i

Traffic

Bus	
  

2 links 



Intervenant - date 

IBL design 

•  When a bus is detected, right lane is dedicated for i 
successive links 
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IBL design 

•  When a bus is detected, right lane is dedicated for i 
successive links 
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Connections between MB and IBL 
strategies (1/4) 

•  Background: MB theory (Newell, 1998) 
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Connections between MB and IBL 
strategies (2/4) 

•  Background: MB discretization (Daganzo & Laval, 2005)  
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Connections between MB and IBL 
strategies (3/4) 

•  Calculations of delays 
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Connections between MB and IBL 
strategies (4/4) 

•  Delays introduces by IBLs 
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Next 

•  Limitations: 
–  We only focus on free-flow situations ; 
–  Influence of traffic signal is not considered ; 

•  Forthcoming: 
–  Estimation of car MFD for MB and IBL cases; 
–  Calculation of associated passenger MFD; 
–  Comparison of different designs. 



Intervenant - date 

Estimation of MFD for MB and IBL cases 

•  Semi-analytical method: 
–  Based on variational theory; 
–  See Hans, Chiabaut and Leclercq (2015, Tr. Res B) or 

Xie, Chiabaut and Leclercq (2013, TRR) 
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Comparison based on p-MFD 
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Domains of application of IBL 

•  A more realistic case (?) 
–  S1: h=9’ and ub=8m/s; 
–  S2-3: h=6’ and ub=10m/s; 
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Conclusions 

•  We provided tools to assess and compare various traffic 
management strategies; 
–  Impacts of mode choice equilibrium; 

•  Applications : 
–  Evaluation of IBL; 
–  Optimal bus time-headways;  
–  Creation of DBL; 

•  Future work: 
–  Extension to others traffic management strategies (TMS) and 

comparison of hierarchical network; 
–  Feedback between TMS and mode equilibrium; 
–  Experimental estimation of p-MFD. 
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Application (1/5) 

•  We aim to determine optimal bus time-headway: 
–  For a given demand, we determine the headway that 

leads to the minimal density, i.e. the maximal average 
speed; 

•  Impact of buses on individual cars is modeled as a 
reduction of the maximal capacity: 

 

 

! 15!

!381!
To!cope!with!this!issue,!the!pSMFD!is!an!adapted!tool!to!calculate!the!optimal!bus!timeS382!
headway!to!reach!the!system!optimum.!To!this!end,!the!car!MFD!now!accounts!for!the!383!
effects! of! buses.! Q(k)! is! parameterized! by! bus! system! characteristics.! Figure! 7a!384!
highlights!the!influence!of!the!bus!timeSheadways!on!car!MFD.!As!previously!mentioned,!385!
an! increase!of!hbus! reduces! the!capacity! for!cars.!To!mimic! this! influence,! the!maximal!386!

capacity!of!cars!qx!is!now!equal!to! ! − !!!
!
!! . !!/!!where!hm!is!the!minimal!acceptable!387!

headway! (here!hm=1min).!Notice! that!we! can! obtain!more! realistic!MFD! estimates! by!388!
extending! the! work! of! [10]! to! the! network! case.! However,! this! section! only! aims! to!389!
introduce!the!general!methodology!to!determine!optimal!bus!timeSheadways.!390!
!391!
Car!MFDs!are!now!directly!related!to!the!value!of!the!bus!timeSheadway!h,#see!gray!lines!392!
in!Figure!7a.!Moreover,!Figure!7a!shows!the!associated!pSMFDs!in!case!of!SO!situation.!393!
This! is!clearly! the!most!pertinent!case! to!address! for!a!city!or! transit!manager.!Notice!394!
that!the!pSMFDs!have!been!calculated!for!values!of!h!comprised!between!1!min!and!1!h.!395!
For! a! given!passenger! demand,!managers! seek! to!maximize! the! average! speed!on! the!396!
transportation!network,!i.e.!to!minimize!the!average!density.!The!upper!envelope!of!the!397!
calculated!pSMFDs!corresponds! to! the!set!of! the!optimal!situations.! It!ensures! that! the!398!
average! is! always! maximal.! Figure! 7a! highlights! in! red! this! upper! envelope.!399!
Consequently,! pSMFD! provides! the! optimal! bus! timeSheadway! with! regard! to! the!400!
passenger! demand.! Figure! 7b! depicts! the! evolution! of! the! optimal! bus! timeSheadway!401!
with!the!passenger!demand.!It!turns!out!that!very!high!bus!frequencies!are!required!to!402!
reach!high! capacities.!Unfortunately,! such! frequencies! are!very!difficult! to!maintain! in!403!
practice.!!404!
!405!
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Application (2/5) 
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Application (3/5) 

•  We aim to determine effect of creating Dedicated Bus 
Lanes (DBL): 
–  α% of the network; 
–  Car MFD is homogeneously reduced of α% its 

original formulation; 
•  We calculate the upper bound of possible p-MFD: 

–  Maximal flow for a given density. 
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Application (4/5) 
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Application (5/5) 
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