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Abstract - Recent research has demonstrated that the 

Macroscopic Fundamental Diagram (MFD) is reliable and 

practical tool for modeling traffic dynamics and network 

performance in single-mode (cars only) urban road networks. In 

this paper, we first extend the modeling of the single-mode MFD 

to a bi-modal (bus and cars) one. Based on simulated data, we 

develop a three-dimensional MFD (3D-MFD) relating the 

accumulation of cars and buses, and the total circulating flow in 

the network. We propose an exponential function to capture the 

shape of the 3D-MFD, which shows a good fit to the data. We 

also propose an elegant estimation for passenger car equivalent 

of buses (PCU), which has a physical meaning and depends on 

the bi-modal traffic in the network. Moreover, we analyze a 

3D-MFD for passenger network flows and derive its analytical 

function. Finally, we investigate an MFD for networks with 

dedicated bus lanes and the relationship between the shape of 

the MFD and the operational characteristics of buses. The 

output of this paper is an extended 3D-MFD model that can be 

used to (i) monitor traffic performance and, (ii) develop various 

traffic management strategies in bi-modal urban road networks, 

such as redistribution of urban space among different modes, 

perimeter control, and bus priority strategies. 

I. INTRODUCTION 

     To understand the physics of urban mobility, traffic 
dynamics of urban networks with multiple modes need to be 
analyzed under various network structures. As multiple 
modes compete for limited urban space, conflicts and 
interactions are developed resulting in congestion. Existing 
literature on multimodal traffic mainly focuses on design and 
operation of special lanes [1], [2], optimization of signal 
control [3], [4], etc. However there is no significant body of 
work dedicated on the modeling of traffic dynamics and the 
influence of each mode on the network performance. Most of 
the existing works fall short either in the scale of application 
or the treatment of congestion dynamics (small scale and/or 
static models). For example, reference [2] estimates traffic 
state for each mode based on a type of model which works 
only for uncongested and static conditions. References [1], 
[5] are based on the link-scale Fundamental Diagram, which 
can experience high scatter and therefore cannot provide 
accurate estimates of speed and travel time. These 
microscopic models are also computationally complex when 
applied at network scale. Macroscopic approach can 
overcome these problems with less cost. The idea of 
macroscopic traffic model for car-only urban networks has 
been initially proposed in [6] and was re-initiated later in [7], 

 
N. Zheng, K. Aboudolas, and N. Geroliminis are with the Urban 

Transport Systems Laboratory, School of Architecture, Civil & 
Environmental Engineering, École Polytechnique Fédérale de Lausanne, 
CH-1015 Lausanne, Switzerland(E-mail: nan.zheng@epfl.ch, 
konstantinos.ampountolas@epfl.ch, nikolas.geroliminis@epfl.ch)  
  

 

[8]. The demonstration of the existence with dynamic features 
and filed data of the Macroscopic Fundamental Diagram 
(MFD) is recent [9]. This work showed that: (i) urban 
single-mode regions exhibit an MFD relating network 
space-mean flow and density, (ii) the MFD is a property of the 
network itself. Recent work also highlighted that the spatial 
distribution of congestion can affect the shape and the scatter 
of the MFD [10], [11]. Analytical theories have been derived 
for the shape of the MFD as a function of network and 
intersection parameters, using variational theory for 
homogeneous and heterogeneous network topologies [12], 
[13]. The properties of a well-defined MFD, stability and 
scatter phenomenon are analyzed through many other 
simulation studies and experimental tests [14], [15], [16], 
[17], [18], [19]. Given the MFD of a network, effective traffic 
management strategies can be readily developed to mitigate 
congestion, examples including perimeter flow control [20], 
[21] and cordon-based pricing [22].  

      Building on the knowledge of the single-mode MFD, 
developing and understanding the dynamics of multimodal 
networks is promising. In this paper, we seek to extend the 
modeling and the application of the single-mode MFD to a 
bi-modal (bus and cars) one, with the consideration of 
passenger flows and traffic performance of each mode. The 
dynamics of traffic flow in a bi-modal network are more 
complicated due to the operational characteristics of buses and 
the interactions between cars and buses. Despite of this 
complication, simulation studies on small networks show that 
a classical MFD applies (under certain conditions) for 
bi-modal urban networks [23], [24] as well. However, the 
influence of each mode in the network dynamics and 
performance is still missing. This relationship, if known, will 
facilitate the development of control strategies at various 
levels, e.g. network bus priority or redistribution of urban 
space [23], [25]. Therefore we aim at investigating the 
relationship among the accumulation of cars and buses, and 
the traffic throughput or circulating flow of a network. 
Because of different interactions for different congestion 
levels, it is insufficient to assume a state independent value for 
the Passenger Car Unit (PCU) equivalent. Furthermore, buses 
are usually considered to travel at constant speed without 
dynamics when operating on dedicated bus lanes (see e.g. [4]). 
This is insufficient, as the buses flow dynamics are influenced 
not only by periodic stop-and-go phenomena at signalized 
intersections, but also the operational delays incurred at bus 
stops and interaction of the multimodal traffic (e.g. buses left 
turns). These dynamics are rarely studied and have to be 
further investigated.  

     The rest of the paper is organized as follows: Section II 
investigates the existence and the properties of a bi-modal 
MFD by simulation studies. Section III extends the bi-modal 
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MFD modeling from vehicle to passenger flows. Section IV 
looks at the dynamics of buses on dedicated bus lanes and the 
properties of a bus-only MFD. Section V summarizes the 
findings and discusses policy indications. 

II. THE EXISTENCE OF CITY-SCALE BI-MODAL 

MACROSCOPIC FUNDAMENTAL DIAGRAMS: SIMULATION 

FINDINGS   

      In this section, we investigate the relation among 
accumulation of cars and buses and vehicle flow in bi-modal 
traffic networks via simulation experiments. We show that a 
large-scale test site exhibits a city-scale three-dimensional 
MFD (3D-MFD) relating the accumulation of cars and buses 
to flow with moderate scatter under di¡erent bi-modal 
demand patterns. Finally, we investigate different functions 
to approximate the shape of the 3D-MFD, so that to be 
integrated in a traffic management framework. 

A. Site and simulated Data 

     The test site is a 2 km2 area of Downtown San Francisco 
including about 100 intersections and 430 links of total 101 
lane-km.The traffic flow in the (bi-modal) network comprises 
two vehicle classes, i.e., passenger cars and buses. Let us 
denote by JÖ   the accumulation of cars and JÕ  the 
accumulation of buses, and 3  the total network flow (in 
vehicle per unit time) which is the sum of car and bus flows. 
For the developed model, the flow 3 in the bi-modal network 
is considered to be a function of  JÖ and JÕ given by        

3 L �3:JÖ áJÕ;. (1) 

To obtain the shape of (1) we perform extensive simulation 
experiments in the test network with time-dependent 
asymmetric origin-destination tables, starting from different 
initial compositions of the bi-modal traffic (pairs of JÖ �and 
JÕ). The initial profile for cars is a typical peak-hour demand 
with a trapezoidal shape. For buses, the demand is determined 
by the number of lines and their operational frequency. For 
the simulation experiments, the test network is modeled via 
the AIMSUN microscopic simulator. The simulation horizon 
for each experiment is 5.5 h and pairs of data (JÖáJÕ) are 
gathered every 5 min from the simulator. For each 5min 
interval, total flow 3" is estimated from the simulator. 

Fig. 1(a) depicts the projection of the 3D diagram on the 
(JÖáJÕ) plane. This projection shows the generated pairs of 
JÖ and JÕ for different demand patterns. It should be noted 
that more than 20 runs with different bus frequencies were 
carried out to generate different mode compositions and 
obtain the corresponding traffic performance 3ñ.   

Fig. 1(b) illustrates the 3D-MFD for bi-modal traffic resulting 
pattern. As a first remark, Fig. 1(b) confirms the existence of 
a 3D-MFD like-shape for bi-modal networks, whose exact 
shape is seen to depend on the accumulation of cars and buses. 
To enable a better understanding of this figure, Fig. 1(c) 
displays the contour plot of the 3D-MFD on the (JÖ áJÕ) plane, 
using an interpolation algorithm to estimate flow in a 
continuous space of the accumulation plane. The triangle in 
this figure indicates the bi-modal traffic composition where 
the network operates close to the maximum throughput of the 
3D-0)'�� ,Q�SDUWLFXODU�� LW� FDSWXUHV� WKH� ³RSWLPDO�RSHUDWLRQDO�
UHJLRQ´�RI�EL-modal traffic. City managers and practitioners 
could seek to derive management strategies to operate at this 
optimal regime. It can be seen that the flow 3ñ  decreases 
monotonically as JÖ and  JÕ increases, albeit with different 
slopes. Remarkably, the slope of buses is higher that the slope 
of cars. This indicates that effect of an additional bus in the 
network is much different than an additional car. This 
property is investigated more in Section II.C. A simple 
explanation is that buses make additional to traffic signal 
stops for passengers, and negatively influence traffic and 
create stop-and-go phenomena. The figure also depicts 
critical accumulations of cars JäÖ (rising line in the triangle) 
where 3ñ reaches its maximum for different values of JÕ. The 
slope of the rising line reflects that the capacity to servecars 
has to be compromised in order to serve more buses. As a 
general remark, the 3D-MFD can be used by policy makers to 
exploit the trade-off between the operation of buses and cars 
and design more sustainable cities. Note also that the 
maximum value of the network flow occurs for JÕ L r and 
JÖ L uwrr because of the effect of bus stops. As we will 
show later, a consideration of different vehicle occupancies 
for buses and cars and the estimation of network passenger 
flow will produce a completely different result. 

                     

Fig. 1. (a) Generated pairs of ��and ��; (b) The 3D-MFD points for bi-modal traffic; (c) Contour plot of the 3D-MFD after interpolation 
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B. An Exponential Flow Model for Bi-modal Vehicle Traffic  

     Given that evaluating 3:JÖáJÕ; in (1) for many pairs of 
JÖ � and JÕ  is tedious, we propose instead using an 
exponentialflow model that approximates the 3D-MFD in Fig. 
1(b). This task is challenging because the ultimate goal is the 
derivation of a generic 3D-MFD formula with two variables 
and a few parameters that can be used to improve accessibility 
in bi-modal traffic networks. To this end, we consider the 
following exponential flow function for data fitting: 

3:JÖáJÕ; L =:JÖ E JÕ;A
ÕáÎ

.>Öá
Í
.
>×áÎáÍ>ØáÎ>ÙáÍ (2) 

where =á >á ?á@á Aá B  are model parameters. The parameter 
values should be specified so as to minimize the deviation of 
model (2) from the corresponding measured values 3ñ. This 
IXQFWLRQ�FDQ�EH�FRQVLGHUHG�DV�D�JHQHUDOL]DWLRQ�RI�WKH�'UDNH¶V�

exponential function for a 2D single point fundamental 
diagram. An unconstrained estimation will not be consistent 
with the physics of traffic and constraints (3) are added. To 
this end, we estimate the values by Least-Squares parameter 
estimation for the given simulated data 3ñ in Fig. 1(b). The 
parameter estimation problem is formulated as follows (P1): 
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(3) 

where 8 is the space-mean speed in the network, PCU is the 
Passenger Car Unit equivalent value, and }, }ñ are vectors 
with elements of the model (2) and the simulated data 3ñ for 
each 5 min sample interval, respectively. Variable 
8:JÖ áJÕ; L 3.�:JÖ E JÕ;  by definition, where .  is the 
average link length of the network. The first constraint in (3) 
guarantees non-negative flows. The second and the third 
constraint say that the space-mean speed of all vehicles 
should decrease monotonically as JÖ  and JÕ  increase. 
Finally, the last two constraints ensure that the PCU is 
state-dependent and should monotonically decrease as JÖ and 
JÕ  increase, as well. The estimation of the PCU will be 
discussed in the next section.    

      The parameter estimation problem (P1) is nonlinear and 
can be readily solved by public or commercial software. The 
estimated parameters resulting from the optimization problem 
read: =á >á ?á@á Aá B = 1.95e02, -2.34e-09, 5.28e-07, 6.34e-08,
 -2.92e-04, -1.50e-03. Fig. 2(a) illustrates the results of 
fitting model (2) with the estimated parameters to the 
simulated data. An R-square value of 0.91 (close to 1) 
indicates that the resulting 3D-MFD fits well with the data 
and all physical constraints are satisfied. Note that a slice of 
the 3D-MFD in Fig. 2(b) for a fixed value of JÕ results to the 
unimodal MFD of urban traffic. Fig. 2(b) depicts the contour 
plot of the 3D surface on the (JÖ áJÕ) plane. Comparing Fig. 
2(b) with Fig. 1(c), we can see that most patterns observed 
closely matches each other except the area for very high 

values of buses JÕ P  600 due to lack of simulated data. 
Nevertheless, these states cannot be easily observed in real 
systems. 0RUHRYHU�� LW� FDQ� EH� VHHQ� WKDW� WKH� ³RSWLPDO�
RSHUDWLRQDO�UHJLRQ´��WULDQJle in Fig. 1(c)) of bi-modal traffic 
is reproduced in a very similar way. Fig. 3(a) shows the 
3D-MFD relating JÖ and JÕ with the space-mean speed 8 in 
the network. It can be seen that the space-mean speed 
decreases monotonically as JÖ and JÕ increases. 

C. PCU Value Estimation in Bi-Modal Networks 

     Recent research has proposed simple models relating the 
different modes of traffic with their space-mean speeds in 
multimodal networks [23]. These models indicate that the 
PCU value for buses becomes smaller as congestion increases, 
because the effect of bus related stops is a smaller part of the 
total travel time. Thus, a static PCU consideration is 
insufficient to reflect the dynamic relationship between buses 
accumulation and congestion. For this reason, we analytically 
estimate the PCU value as a function of accumulation of cars 
and buses: PCU is estimated as follows: For any pair of 
:JÖáJÕ;  there is a pair :JÖ4á r; that satisfies 8:JÖ4á r; L
�8:JÖáJÕ; , where JÖ4  is the uni-modal traffic, i.e., the 
accumulation of cars provided JÕ L rä Thus, 2%7:JÖáJÕ; is 
the solution of the equation JÖ4 L JÖ E 2%7 ® JÕ.  Then the 
average speed can be rewritten as:  

8:JÖ E 2%7 ® JÕ á r; L 8:JÖáJÕ; L �
3.

JÖ E JÕ
 (4) 

Combining (2) and (4), we obtain the solution of PCU. Fig. 
3(b) displays PCU for different values of  JÖ and JÕ. Note 
that the resulting PCU satisfies the last two constraints in (3).   

III. DERIVATION OF A CITY-SCALE BI-MODAL MACROSCOPIC 

FUNDAMENTAL DIAGRAM FOR PASSENGER FLOWS 

Given the 3D-MFD (2) of a network with cars and buses, 
incoming flow can be controlled at the boundary of the 
network in order to direct the network operates at its ³RSWLPDO� 

 
Fig. 2. (a) The approximated 3D-MFD; (b) Contour plot of the 

3D-MFD on the :��á��; plane. 

    

Fig. 3. (a) The 3D-MFD relating accumulation of cars and buses 
with space-mean speed; (b) A 3D diagram relating accumulation of 

cars and buses with PCU. 



  

RSHUDWLRQ� UHJLRQ´. Existing methodologies for car-only 
perimeter control can be found in [20], [21], [26] and 
elsewhere. Based on this MFD, however, it is possible that a 
controller would always try to restrict bus flow from entering 
the network. This is due to the monotonic relation between 
bus accumulation JÕ  and the flow 3 . From a passenger 
mobility perspective, this control strategy cannot optimize 
network conditions as it will not consider the buses are more 
efficient modes, due to higher passenger occupancy. To 
maximize the passenger flow of a network and thus realize 
the efficiency of a multimodal network, we shall need a 
bi-modal MFD that can capture the dynamics of passenger 
flows. In this section, we first describe a derivation of the 
analytical form of the passenger flow 3D-MFD based on the 
vehicle flow 3D-MFD. And we further show that our test site 
exhibits a city-scale 3D-MFD relating the accumulation of 
cars and buses to passenger flow, as well. 

A. The Derivation of a Bi-Modal MFD for Passenger Flow 

      Denote 2  the passenger flow in the bi-modal network, 
with JÖ and JÕ,�2 L 2:JÖ á J>;. Denote D the average number 
of on-board people per vehicle, the occupancy. We assume 
that car occupancy DÖ is constant DÖ L1.3, while we estimate 
bus occupancy DÕ  with a model proposed in [23], as a 
function of the dwell time. Denote speed of car RÖ  and bus RÕ, 
the flow of cars 3Ö  and buses 3Õ . By definition, total 
passenger flow 2 can be written by (5): 

2 L DÖ3Ö E DÕ3Õ  (5) 

      Given the analytical form of 3 in (2), we try to estimate 
3Ö and 3Õ  for each mode by 3, JÖ and JÕ. To this end, we 
first consider that 8 L :RÖJÖ E R>J>;�:JÖ E J>; and: 

3 L 3Ö E 3Õ L :RÖJÖ E R>J>;�. (6) 

      Then, to obtain RÕ as function of RÖ, we utilize the speed 
model proposed in [23]: 

RÕ L RÖ
O

O E ìRÖ
 (7) 

where O is the average distance between successive bus stops 
and ì is the average dwell time at a bus stop. The values of . 
and ì are network specific. For our tested site . is 200 meters 
and ì is 25 seconds. Result of the accuracy test of the model 
(7) shows a good approximation of RÕ [23].      

     Assume first-order approximation in (8), the linearization 
yields:  

RÕ � àRÖ E Ú� (8) 

where à and Ú are parameters. Introducing (8) in (6), we can 
solve (6) with RÖ  as the unknown variable and obtain the 
analytical form of RÖ. Thus we obtain the analytical form of 
3Ö and 3Õ  as follows:   

3Ö L
RÖJÖ

.
L
:3. F ÚJÕ;JÖ

:JÖ E àJÕ;.
 (9) 

3Õ L
RÕJÕ

.
L :

3.F ÚJ>
:J? E àJ>;

à E Ú;
JÕ

.
 (10) 

Then we derive 2 by combining (5), (9) and (10): 

2 L DÖJÖ
3. F ÚJÕ

:JÖ E àJÕ;
E DÕJÕ:

3. F ÚJÕ

:JÖ E àJÕ;
à E Ú; (11) 

B. The Observation of Passenger Flow Dynamics from 

Simulated Data 

     We estimate passenger flow via the simulated data. Denote 
2ñ  the passenger flows estimated by (5), with the 
measurements of car flows 3Ö , bus flows 3Õ  and the 
estimated bus occupancy DÕ. We use the same simulated flow 
data as the ones used to construct Fig. 1(a). 

     Fig. 4(a) illustrates the 3D-MFD relating accumulation of 
cars and buses with passenger flow. This figure presents an 
MFD like-shape for passenger flow. Fig. 4(b) depicts the 
resulting contour plot of 2ñ  on the :JÖáJÕ;  plane. The 
SRO\JRQ�LQ�WKLV�SORW�FDSWXUHV�WKH�³RSWLPDO�RSHUDWLRQDO�UHJLRQ´�

of passenger flow of bi-modal traffic. It can be seen that the 
shape of the region is significantly different from the one 
observed in Fig. 1(c). More precisely, passenger flow 2ñ first 
monotonically increases as JÕ  increases to a critical JÜÕand 
then decreases for JÕ P JÜÕ. Thus having buses in the network 
will significantly increase the efficiency of the system but 
overloading buses will eventually cause delays for all 
vehicles and reduces passenger throughput. The figure also 
displays that JäÖ in this case (rising dotted line in the polygon) 
has a clear tendency of becoming smaller as JÕ  increases. 
The slope of the rising line reflects that only a slight increase 
of buses can allow a large reduction of cars to maintain the 
same passenger flow. It can be foreseen that more buses can 
be deployed in the network to succeed a higher passenger 
flow if dedicated bus lanes are provided.   

We now investigate a functional form of passenger flow 
3D-MFD similar to the one obtained for vehicle flow. To this 
end, we consider the following function:  

2 L =":JÖ E C"JÕ;A
ÕñáÎ

.>Öñá
Í
.
>×ñáÎáÍ>ØñáÎ>ÙñáÍ (12) 

where ="á >"á ?"á@"á A"á B"áC"  are parameters. The 
corresponding parameters estimation problem reads (P2): 

���
ÔáÕáÖá×áØáÙáÞ

< L!| F |ñ!6 

Subject to                        2 R r 
(13) 

Solving P2, we get ="á >"á ?"á@"á A"á B"áC" = 6.41e-10, -2.27e-06, 
-1.14e-07, -3.77e-04, -5.30e-04, 3.658, 3.46e02. Fig. 5(a) 
depicts the result of the fitting model (12) with the parameters. 
An R-test value of 0.91 (close to 1) indicates well model 
fitting. Fig. 5(b) depicts the contour plot of the 3D surface on 
the (JÖ áJÕ) plane. Fig. 5(b) shows consistency with the three 
observations made in Fig. 4(b).  

 



  

  

Fig. 4. (a) The 3D-MFD for bi-modal passenger traffic; (b) Contour 
plot of the 3D-MFD 

 

Fig. 5. (a) The approximated passenger flow 3D-MFD; (b) Contour 
plot of the 3D-MFD on the :��á��; plane. 

IV. THE MACROSCOPIC FUNDAMENTAL DIAGRAM FOR 

BUSES OPERATING IN DEDICATED LANES 

The efficiency of transporting people in multimodal 
networks may be further improved if dedicated bus lanes are 
provided. In this case, the interactions between cars and buses 
are much smaller and buses can travel faster in these lanes. 
Nevertheless, if this is not associated with high occupancy of 
buses and high frequency, this space will be underutilized. 
We now investigate if a city-wide relation between flow and 
density of buses (MFD for buses) exist for urban networks 
where buses running in dedicated lanes. To this end, the test 
site is updated and one lane in each road of the city center is 
dedicated to buses. The resulted bus-lane network is well 
connected and includes about 5 km of dedicated bus lanes. To 
derive and investigate the shape of the MFD for buses, 
simulations are performed with a field-applied fixed-time 
plan and fixed number of bus lines. To account for demand 
effects of the bi-modal traffic composition, ten runs were 
carried out for a 4-h time-dependent scenario with different 
car demand and bus frequency. Additionally, two scenarios 
based on different dwell time of buses were defined in order 
to investigate the impact of the dwell time in the shape of the 
MFD for buses. 

Fig. 6 displays the MFD for buses resulting for the 
aforementioned runs. This figure plots the flow-density 
relationship (buses/5min vs. buses/km) in the network for the 
whole simulation time period. Each measurement point in the 
diagram corresponds to 5 minutes. Fig. 8 confirms the 
existence of an MFD for buses with moderate scatter across 
different runs. However, the flows show a significant 
scattering in the congested regime. It can be seen that the free 
flow speed in the bus lanes is around 40 km/h and the  

 

Fig. 6. The MFD for buses for ten runs with different bi-modal 
traffic patterns. 

 

Fig. 7. The impact of different average dwell time of buses in the 
MFD: (a) MFD for buses; (b) MFD for the mixed traffic. 

maximum flow occur in a density range from 10 to 20 buses 
per km. A critical density JÜÕ can be observed at 15 buses per 
km. If the density is allowed to increase to values JÕ > 15, 
then the dedicated bus lanes become severely congested, the 
flow decreases with density (negative slope) and the network 
can lead to gridlock. This MFD like-shape for buses operating 
in dedicated lanes is quite conforming to the MFD for cars 
and mixed traffic. An interesting observation is that the 
diagram indicates a high flow scatter for the critical bus 
density JÜÕ . This difference is attributed to different traffic 
patterns for the cars and the interaction of the bi-modal traffic 
at the intersections that could lead to partially block of the 
dedicated bus lanes due to spillbacks.   

Besides bus frequency, the effect of the dwell times in the 
shape of the MFD is analyzed as longer dwell times reduce 
the average speed and flow. Fig. 7 illustrates the impact of 
different dwell time of buses in the MFD. Fig. 7(a) plots the 
MFD for buses resulting for 8 runs, where half runs have 
average dwell time of 25 s and the other 45 s, while Fig. 7(b) 
plots the MFD for 3 runs for the whole network (mixed 
traffic). It can be seen in both diagrams that the use of smaller 
dwell time leads to higher flow capacity, as expected. In order 
to derive more reliable conclusions regarding the impact of 
different factors to the shape of the MFD for buses and the 
whole network, more experiments will be carried at a more 
advanced stage of this research. 

V. DISCUSSION 

In this paper, we extended the single-mode Macroscopic 
Fundamental Diagram model to a bi-modal (bus and cars) 
one, with the consideration of passenger flows in addition to 
vehicle flows. We investigated the relation between the 
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accumulation of cars and buses, and the vehicle flow 
throughput of the network via a 3D-MFD. This 3D-MFD was 
developed and parameterized for both vehicle throughput and 
passenger throughput. We have shown via simulation 
experiments that: (i) an exponential family function fits well 
the data points, (ii) the network¶s vehicle throughput decrease 
monotonically by increasing the number of buses serving in 
the network; (iii) the passenger throughput is maximized at a 
non-zero accumulation of buses. Furthermore, we 
investigated the dedicated bus-lane MFD and the impact of 
bus operational characteristics in the shape of the MFD.   

The findings of this paper are promising because the concept 
of a 3D-MFD can be used: (i) to monitor traffic performance 
in bi-modal networks, and traffic flow dynamics can be 
predicted given the current state of the two modes, (ii) 
towards the development of simple control policies in such a 
way that maximizes the bi-modal network vehicle flow or 
passenger throughput and (iii) towards the expression of PCU 
as a functions of the bi-modal traffic in the network. 
Moreover, the proposed bus MFD can be used for estimating 
buses delays and designing dedicated bus lanes. In particular, 
policy makers can adjust management measures to operate at 
different mobility levels as expressed by the MFD in Fig. 
6(b). ([DPSOH�FDVHV�DUH�UHIHUUHG�DV�³V�´�DQG�³V�´�LQ�Fig. 5(b) 
with similar passenger flows. Policy-makers can choose to 
operate at state ³V�´��ZKHUH�D�KLJKHU�QXPEHU�RI�EXVHV�are in 
VHUYLFH�FRPSDUHG�WR�VFHQDULR�³V�´�LQ�WKH�QHWZRUN��2QH�RI�WKH�

advantages is the reduction in emissions and fuel 
consumption as a result of fewer cars on the road. An 
expansion in the bus fleet of a city associated with a 
congestion pricing scheme to facilitate demand shift from 
cars to buses can succeed these goals. Further research is 
needed towards this direction. Ongoing work investigates 
how perimeter control of cars can improve the system 
operation and decrease total passenger delays. Bus priority 
strategies are also investigated.   
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