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Abstract

A two-Fluid Model (TFM) of urban traffic provides the macroscopic description of traffic state. The TFMs parameters are hard to
calibrate, particularly for the dynamic traffic conditions. This leads to the TFM often being used to compare the quality of service
through the plot of stopping time versus trip time of the vehicles in the network. Recently, the taxi GPS data has been applied to
predict the traffic condition at the network level. Despite the network-wide coverage of the taxi GPS probe data, the penetration
rate of taxis in the network traffic is still a vital and challenging issue for traffic estimation purpose. It is necessary to estimate
penetration rate of taxis by combining with other data sources. Here, we propose a novel approach to fill two gaps: TFM parameter
calibration and the taxis penetration rate. This method stretches the description of TFM to a zone size. The method is applied to
real Changsha city GPS data, calibrating the parameters. The macroscopic fundamental diagram of the large-scale city is derived.
For the Changsha case, running speed is the super-linear power law of the fraction of running cars; the fraction of stopping time
is nearly linear power law of density, which can be an alternative of the density. The proposed method enables the calibration of
TFM parameters and macroscopic traffic monitoring at urban scale using only GPS data.
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1. Introduction

With the development of intelligent transportation systems, a wide range of data sources provide an opportunity
for macroscopic monitoring and modelling in large scale. Geroliminis and Daganzo (2008) showed empirically a
well-defined relationship between average flow and average density in the urban scale defined as MFDs (Macro-
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scopic Fundamental Diagrams). This work inspires many people to focus on MFDs research. MFDs are regarded
as a promising approach of modelling urban traffic. Because the simulation software brings convenience for setting
arbitrary traffic scenarios, most studies used the simulation method to generate traffic states from free flow to con-
gestion, and complete MFDs can be generated. Many studies have examined various aspects of MFDs, such as the
impact of route choice, turn maneuvers and density distribution on MFDs (Gayah and Daganzo (2011); Knoop et al.
(2013); Leclercq and Geroliminis (2013); Mahmassani et al.(2013)), MFD shape under adptive traffic control strategy
(Keyvan-Ekbatani et al., 2016) and MFD estimation using a variety of data sources (Leclercq et al. (2014); Du et
al. (2016); Gayah and Dixit (2013); Gayah, et al. (2014)). Keyvan-Ekbatani et al. (2013) proposed a reduced MFDs
concept, which uses a reduced amount of measurements, but exhibit a critical range of traffic states equivalent to the
complete MFDs. Several studies have developed real-time control strategies using the MFD to limit vehicle entries
within a protected network using traffic signals to ensure that it does not become oversaturated (Keyvan-Ekbatani et
al.(2012); Haddad et al.(2013); Haddad and Shraiber(2014); Keyvan-Ekbatani et al.(2015); Ramezani et al.(2015)).
A two-Fluid Model (TFM) of urban traffic proposed by Herman and Prigogine (1979) stems from kinetic theory of
multilane highway traffic (Prigogine and Herman,1971). This assumes that the urban traffic flow consists of two fluids
(flows). The first one is that of the moving vehicles in the city network, and the second is that of the vehicles stopped
as a result of traffic signals, stop signs, and other traffic control devices. Parked vehicles, however, are not considered
as a part of the second flow. TFM is used to evaluate network performance (Herman and Ardekani, 1984), analyze
the relationship between TFM parameters and network topology, traffic control and traffic incidence (Mahmassani et
al. 1984), and to utilize the two-fluid trend in the plot of stopping time versus trip time to compare quality of service
(Vo et al. 2007). Recently, behavioural foundations of TFM (Dixit, 2013), the combination of TFM and safety (Dixit
et al., 2011), the combination of TFM and MFD (Dixit and Geroliminis,2015) have been investigated. Specifically,
Dixit and Geroliminis (2015) testified that TFM should be defined by aggragated level data instead of individual level
data, and derived a formula similar to the flow rate-density relationship by replacing the flow rate with production
rate of stopped vehicles, and the density with the fraction of stopped vehicles. The difference between our work and
their paper is that our proposed approach can calibrate two TFMs parameters, and their paper can only calibrate one
parameter. TFM describes two relations. First, the average running speed in an urban network is proportional to the
nth power of the fraction of the vehicles that are moving.

Vr = vm(fr)n (D

where v, is running speed, f, is the fraction of running vehicles, v,, is maximum speed, n represents one of the two-
fluid model parameters. Secondly, the fraction of the stopped vehicle is proportional to the pth power of the normalized
density.
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The chase car technique was adopted to collect individual vehicle trajectories to calibrate two parameters n and p
mentioned above (Herman and Prigogine 1979; Ardekani, 1984; Mahmassani et al., 1984; Mahmassani et al., 1987;
Herman, Malakhoff, Ardekani, 1988 ; Mahmassani et al., 1990; Williams et al. 1985; Williams et al. 1995 ; Ayadh
1986; Ardekani et al., 1992; Vo et al., 2007; Dixit et al., 2011; Dixit et al., 2012). Using individual vehicle data heavily
relies on the ergodic and steady state assumptions. An ergodic traffic system is one which time mean performance of
any single vehicle over a sufficiently long period of time would be identical to the mean performance of all the vehicles
in the ensemble over the same period. However, traffic is a dynamic process, an individual vehicles could result in
biased sampling of the different parts of the network depending on their distribution in a given time interval. Dixit
and Geroliminis (2015) utilized regression analysis to evaluate the differences in TFM parameter estimation using
individual vehicle data and network level data. They found that it would not be appropriate to utilize individual data
to determine TFM due to the violation of the steady state conditions. Also, Aerial photographic technique was used
to obtain the network vehicle density, but it is time consuming and costly. Since network vehicle density is difficult
to observe, after the work of Ardekani (1984), the calibration of parameter p is rarely studied. This paper aims to
stretch the description of the TFM to a zonal approach. Using real-world data from taxis, we also calibrate parameters
n and p for the equations. This way, an MFD is created for a city with real data, for which the penetration rate of taxis
is unknown. This is indeed one of the novelties and contributions presented in this paper. The paper is organized to
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first provide the method of calibrating parameters, followed by calibration procedure, then presents the macroscopic
fundamental diagram of two-fluid model, and finally provide the results and key finding.

2. Methodology

The goal is to derive MFD using only taxi GPS data. The proposed method combines the existing TFM and the
recently studied notion of MFD. Both TFM and Edies definitions (1965) rely on vehicle trajectories, and therefore
connecting TFM and Edies definitions would provide opportunities to estimate urban traffic stateusing taxi GPS data
of only an unknown fraction of the traffic. The main idea of relating them is to utilize mean travel time and mean
travel distance.

Nomenclature

vave Average speed of all cars
Viaxi Average speed of taxis

v, Running speed

v;; Maximum speed

T,, Minimum travel time

[+ The fraction of running cars
fs The fraction of stopped cars
T, Stop time

T Travel time

T,,; Stop time of ith car

T,; Running time of ith car

T; Travel time of ith car

d; Travel distance of ith car

N The number of all cars

Niaxi the number of taxis

7 The length of time period

We assume that during a time period of 5 min, the mean travel distance, mean travel time and mean speed of taxis
is equal to those of other cars.

TTDuwyi _ TTD

x 3
N taxi N ( )

where TTD,,,;, TTT,, are total travel distance and total travel time of taxis. N, is the number of taxis. v, is
average speed of taxis. v,,, is average speed of all cars. TTD and TTT are total travel distance and total travel time
of all vehicles. N is the number of all vehicles. This assumption relies on the amount and spatial distribution of taxis.
Only taxis with passengers are analyzed, since they provide the most reasonable sample of the traffic flow, and do
not have any non-traffic related stops. Edies definitions of the flow rate and the density are based on the vehicle
trajectories.The average flow q and density k in a network for network length L and the time interval are given by:

_Sude _TTD By TIT

- —TrE L @)
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where dj and 7 are respectively distance travelled and the time spent by a trip k within the space-time window defined
by network length L and time interval 7. TTD is the total travel distance of all vehicles. TTT is the total travel time
of all vehicles. In most real-world applications, the total time and distance travelled will only be known if the detailed
trajectories of all vehicles are provided. If these data are only provided by a subset of vehicles in the network (e.g.,
those serving as mobile probes), Eq. (4) cannot be applied directly. This difficulty can be solved by computing mean
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vehicle density and mean flow of a single car, which are derived by dividing N, the number of vehicles served by road
network, on both side of Eq. (4), then yields the Eq. (5).

1 TTD - 1 TTT
NLxt ~ NLXt

®)

|

Note that, TTD and TTT is the aggregated network level data, which are not subject to the assumptions regarding
ergodicity and steady state. The derivation of the proposed methodology starts from the relation between network
average flow and average speed in TFM is given by

Vave (L1
Gave = kmvave(l _( v )"” )P (6)

m

where k,, is jam density, g, is average flow, v, is average speed, v,, is average maximum speed, n and p are
parameters. According to Eq. (5), guv. can be rewritten as

TTD
ave = T _ 7
Qove = Tt (7)
Substitute Eq. (7) into Eq.(6) then yields
TTD Vave . 1L
m - kmvave(l _( Vi ) l)’ (8)

According to another definition of density, density is defined as the number of vehicles per unit length of the roadway,

k,, = % , where N,, is the maximum number of vehicles in a network with a network length L. Now, the two sides of

the equation (8) are divided by the number of vehicles served by road network N, then yielding

TTD N, Vave . 1L
— ave 1 p— n+l p 9
NxLxr Nxr o= 2
According to Eq.(3),
TTDtaxi Nm Viaxi L (1
~ axi 1- neb)r 10
Nigii X LX T Nva' ( (vm) R (10)

Equation (10) relates mean taxi travel distance and mean taxi speed, which contains two parameters n and p. To
proceed, another relation f; = (ki)" in TFM, the fraction of the stopped vehicle is proportional to the pth power of the

N

normalized density, is used. Due to the density definition, k = T and k,, = % we can derive

Ny
~ = an

Substitute (11) into Eq. (10), then

TTD, 1 Viaxi L1

NooxLxt ~ Z(fs)pvluxi(l - (W)”“ )7 (12)
Where f; is the fraction of stopped cars, whichis measured by the ratio of total stopped time to total travel time
of taxis. Note that calculation of f; utilizes the aggregated network level data. Therefore, Eq. (12) is the proposed
approach for calibrating parameters n and p only using taxi GPS data. Note that, the quantity of variables, except n
and p, are measured by aggregated network level taxi GPS data, which ensures Eq. (12) also holds for non-steady
state condition.When parameters n and p are known, we can estimate the number of vehicles, network average flow
and network average density, so that MFD can be created. Network average flow and network average density are
computed by

Vave . L 1 Vave . L L
Gave = mvave(l _( v )"”)P’kave = m(l _( v )"H)p (13)

m m
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3. Parameter calibration procedure

The procedure for calibrating parameters n and p only using taxi GPS data consists of four steps. For each time
period 7, the quantity of all variables are measured from taxi GPS data. For simplicity, the subscript of all variables
omits the word taxi.

Step 1 is data filtering. Only taxis with passengers were analyzed, since they provide the most reasonable sample
of the traffic flow, and do not have non-traffic related stops. This is achieved by removing taxis which dropped off or
picked up passengers within a given time interval. For taxis those did not have passengers throughout the given time
interval, their records also are removed.

Step 2 is the estimation of average maximum speed and minimum travel time. Eq.(1) tells us when all vehicles are
running (i.e. there are no stopped vehicles in the network, f, = 1), the running speed v, is equal to v,,. Therefore v, is
defined as the average maximum speed, when no vehicles are stopped. T}, = le T,, is the minimum free flow travel
time per unit distance. T, is calibrated by fitting the scatter of T and T;. If the velocity is less than or equal to 5 km/h,
the cars is considered standing.

Step 3 is the calibration of parameter n. Parameter n is calibrated by fitting the scatter of v, and f,, through the
formula v, = v,,f". The fraction of running vehicles f, is given by the ratio of the sum of running time (velocity
is larger than 5 km/h) spent by the vehicles and the total time spent by the vehicles in the network. The fraction of
stopped vehicles f; is given by the ratio of the sum of stop time (velocity is less than or equal to 5 km/h) spent by the
vehicles and the total time spent by the vehicles in the network. Theoretically, f, + f; = 1.

Step 4 is the calibration of parameter p. After f;, v,,, n are determined in the previous steps, utilize Eq. (12) to fit
the scatters of ZZ2 and v to estimate parameter p. The nonlinear least-squares regression is used to fit, through nlinfit

NLt
function built in Matlab software.

4. Empirical validation

The daily GPS data of 6184 taxis on Monday, April 22, 2013 is from the city of Changsha in China. Changsha is
the capital of Hunan province, situated in the middle part of China. There are 3.62 million population in Changsha
metropolitan area at Year 2013, 1658 persons per square kilometer, as expected it has congestion problems. A single
taxi records consist of the current time, GPS locations in form of longitude and latitude coordinates, speed, heading
angle and passenger information. The length of time interval of recording is 30 seconds. There are approximately
16.8 million records for the day. The area of interest was 34.1 square kilometers, of which 5.5km length from north
to south, 6.2km length from east to west. The total length of road is 109.454km. The average number of lanes on
the road segment is 4.44 for motor vehicles, and 2 for non-motor vehicles. Due to the error of taxi GPS data, we
had to perform a map matching of coordinates of GPS data and road network, which is achieved through ray crossing
algorithm (Rourke,1998). We will implement the parameter calibration procedure proposed in this paper for collected,
real-world taxi gps data. The data records between 24:00pm and 7:00am are removed due to non-traffic related factors,
such as, the taxi drivers may have a rest, car washing or eating foods, and some traffic lights may be managed with
yellow flash for all approach directions.

4.1. Calibration of T,, and V,,

The trend and scatters of travel time and stop time per kilometer during the period between 7:00am and 24:00pm
is shown in Fig. 1. The fitted linear formula is 7 = 1.6327 + 1.141 with goodness of fit R-square value 0.91. The
minimum travel time for one kilometer is 1.141 minute. Correspondingly, the maximum speed is 52.6km/h.

4.2. Calibration of n

Use the formula v, = v, f" to calibrate the parameter n. v, takes the value 52.6 km/h estimated in the previous step.
The fitted result with goodness of fit R-square value 0.73 is shown in Fig. 2. and n = 1.743 > 1. v, is the super-linear
power law function of the fraction of running cars, which means increasing returns. f, changes (increase or decrease)
by a certain amount, v, will change (increase or decrease) more.
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Fig. 1. The trend and travel time-stop time data during the period between 7:00am and 24:00pm in Changsha CBD.
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Fig. 2. Running speed versus fraction of running cars during the period between 7:00am and 24:00pm in Changsha CBD. The line is the power law
fit to the taxi data.

4.3. Calibration of p

Jam density (or gridlock density) is known to vary in different situations (see Mahmassani et al. (2013)). In this
paper, the vaule from Gonzales et al. (2009) has been utilised i.e. k,,=90.9 veh/km/lane. Indeed, other values are
also found (see e.g. Knoop et al. (2013). Utilize Eq. (12) to fit the scatters of (%, v) to estimate parameter p. The
estimated p value is 1.0038 =~ 1. Hence, f; is the nearly linear power law of k, both variables change at the same time
the same amount. Because f; (the fraction of stop time) is easy to measure through taxis, f; can be an alternative of

the density.

4.4. MFD creation

Using the above calibrated value of parameters v,,, n, and p, flow and density can be computed using the formulas
(13). The created well-defined MFD is shown in Fig. 3. The critical density is 24.58 veh/km/lane, and critical flow is
547 veh/h/lane.
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Fig. 3. Macroscopic fundamental diagram for all cars derived by taxi GPS data.

5. Conclusion

The methodology of TFM parameter calibration and MFD creation using taxi GPS data is proposed, which extends
the description of TFM to the zone size. This method does not need to estimate the penetration rate of taxis, enabling
the use of only taxi data for traffic state monitoring in large scale urban network. Due to using network level data of
taxis, the method relaxes the assumptions of ergodic and steady state and can be applied to dynamic traffic state. For
the city of Changsha case, v, is the power law function of the fraction of running cars with scaling exponents n=1.743.
The power law is super-linear (the coefficient is larger than 1), which means if f, changes (increase or decrease) by
a certain amount, v, will change (increase or decrease) more than proportionally. f; is the nearly linear power law
function of density k with the scaling exponents P = 1.0038 ~ 1. Hence, f; and k change simultaneously the same
amount. Because f; (the fraction of stop time) is easy to measure, f; can be an alternative of the density.

6. Acknowledgements

This paper is partially supported by the Project of Hunan Education Department (No.15B011).

References

Ambuhl, L., Menendez, M., 2016. Data fusion algorithm for macroscopic fundamental diagram estimation. Transportation Research Part C,
71, 184-197.

Ardekani, S.A., 1984. The Two-Fluid characterization of Urban Traffic: Theory Observation, and Experiment.Ph.D. Dissertation, University
of Teas at Austin, Texas.

Ardekani, S.A., Williams, J.C., Bhat, S.C.S., 1992. Influence of urban network features on quality of traffic service. Transportation Research
Record 1358, 6-12.

Buisson, C., Ladier, C., 2009. Exploring the impact of hemogeneity of traffic measurements on the existence of macroscopic fundamental
diagrams. Transportation Research Record, 2124, 127-136.

Chang M.F,, Herman R., 1981. Trip time versus stop time and fuel consumption characteristics in cities. Transportation Science, 15(3), 183-
209.

Dixit V. V., A. Pande, M. Abdel-Aty, E. Radwan and A. Das, 2011. Quality of Traffic Flow on a Urban Arterial Streets and Its Relationship
With Safety. Accident Analysis and Prevention, 43.5, 1610-1616

Dixit V. V,, V. Gayah and E. Radwan, 2012.Comparison of Driver Behaviour by Time-of-Day and Wet Pavement Conditions. Journal of
Transportation Engineering, 138.8, 1023-1029.

Dixit, V. V., 2013. Behavioural Foundations of Two-Fluid Model For Urban Traffic. Transportation Research Part C, Volume 35, October 2013,
115-126

Dixit, V. V. and Geroliminis,N. 2015. Empirical Investigation of Dynamics of the Two-Fluid Model and Macroscopic Fundamental Diagram
with Probe Vehicles presented at The 94th Annual Meeting of the Transportation Research Board, Washington D.C.

Du, J. Rakha, H., Gayah, V.V., 2016. Deriving macroscopic fundamental diagrams from probe data: issues and proposed solutions. Transporta-
tion Research Part C, 66, 136—149.



Author name / Transportation Research Procedia 00 (2018) 000-000

Dunn engineering associates, 2005. Siemens intelligent transportation systems, Traffic control systems handbook, prepared for Federal highway
administration, Chapter 3.

Edie, L.C., 1965. Discussion of traffic stream measurements and definitions. In: The 2nd International Symposium on the Theory of Traffic
Flow.

Gayah, V., Daganzo, C., 2011. Effects of turning maneuvers and route choice on a simple network. Transportation Research Record 2249,
15-19.

Gayah, V.V., Daganzo, C.E,, 2011. Clockwise hysteresis loops in the macroscopic fundamental diagram: An effect of network instability.
Transportation Research Part B 45(4), 643-655.

Gayah, V., Dixit, V., 2013. Using mobile probe data and the macroscopic fundamental dagram to esimate network densities. Transportation
Research Record 2390, 76-86.

Gayah, V.V, Gao, X., Nagle, A.S., 2014. On the impacts of locally adaptive signal control on urban network stability and the Macroscopic
Fundamental Diagram. Transportation Research Part B 70, 255-268.

Geroliminis, N., Daganzo, C., 2008. Existence of urban-scale macroscopic fundamental diagrams: some experimental findings. Transportation
Research Part B: Methodological 42, 759-770.

Geroliminis, N., Zheng, N., Ampountolas, K., 2014. A three-dimensional macroscopic fundamental diagram for mixed bi-modal urban net-
works, Transportation Research Part C, 42, 168—181.

Gonzales, E., Chavis, C., Li, Y., Daganzo, C., 2009. Multimodal Transport in Nairobi, Kenya: Insights and Recommendations with a Macro-
scopic Evidence-Based Model. Transportation Research Board 90th Annual Meeting.

Haddad, J., Ramezani, M., Geroliminis, N., 2013. Cooperative traffic control of a mixed network with two urban regions and a freeway.
Transportation Research B 54, 17-36.

Haddad, J., Shraiber, A., 2014. Robust perimeter control design for an urban region. Transportation Research Part B 68, 315-332.

Herman, R., Prigogine, 1., 1979. A two-fluid approach to town traffic, Science, 204, 148—-151.

Herman R., Ardekani S., 1984.Characterizing traffic conditions in urban areas, Transportation Science, 18, 101-139.

Herman, R., Malakhoft, A.L., Ardekani, S.A., 1988. Trip time-stop time studies of extreme driver behaviors. Transportation Research Part A
22A.6,427-433.

Jones, E.G., Farhat, W., 2004.Validation of two-fluid model of urban traffic for arterial streets. Transportation Research Record 1876, 132141.
Keyvan-Ekbatani, M., Kouvelas, A., Papamichail, I., Papageorgiou, M., 2012. Exploiting the fundamental diagram of urban networks for
feedback-based gating. Transportation Research Part B 46.10, 1393-1403.

Keyvan-Ekbatani, M., Papageorgiou, M., Papamichail, I., 2013. Urban congestion gating control based on reduced operational network funda-
mental diagrams, Transportation Research Part C, 33, 74-87.

Keyvan-Ekbatani, M., Papageorgiou, M., Knoop, V.L., 2015. Controller design for gating traffic control in presence of time-delay in urban
road networks. Transportation Research Part C. 59, 308-322.

Keyvan Ekbatani, M., Gao, X., Gayah, V.V. and Knoop, V.L., 2016. Combination of traffic-responsive and gating control in urban networks:
Effective interactions. In Proceedings of the 95th annual meeting of the Transportation Research Board, Washington (USA).

Knoop, V.L., Hoogendoorn S.P., 2013. Empirics of a generalized macroscopic fundamental diagram for urban freeways, Transportation Re-
search Records, 2391, 133-141.

Laval, J.A., Castrillon, F., 2015. Stochastic approximations for the macroscopic fundamental diagram of urban networks, Transportation Re-
search Part B, 81, 904-916.

Leclercq, L., Geroliminis, N., 2013. Estimating MFDs in simple networks with route choice. Transportation Research Part B 57, 468-484.
Leclercq, L., Chiabaut, N., Trinquier, B., 2014. Macorscopic Fundamental Diagrams: A cross-comparison of estimation methods, Transporta-
tion Research Part B, 62, 2014, 1-12.

Mahmassani, H., Williams, J.C., Herman, R., 1984. Investigation of Network-Level Traffic Flow Relationships: Some Simulation Results.
Transportation Research Record 971, Transportation Research Board.

Mahmassani, H., Michalopoulos, P., 1985.Traffic science: perspectives on future research, Transportation research A, 19A, 377-380.
Mahmassani, H., Williams, J.C., Herman, R., 1987. Performance of urban traffic networks. In: Gartner, N.H., Wilson, N.H.M. (Eds.), Trans-
portation and Traffic Theory (Proceedings of the Tenth International Symposium on Transportation and Traffic Theory, Cambridge Mas-
sachusetts). Elsevier.

Mahmassani, H., Jayakrishnan, R., Herman, R., 1990. Network traffic flow theory: microscopic simulation experiments on supercomputers.
Transportation Research Part A 24A.2, 149162.

Mahmassani, H.S., Saberi, M., Zockaie, A., 2013. Urban network gridlock: Theory, characteristics, and dynamics. Transportation Research
Part C 36, 480-497.

Nguyen, H.-N., Fishbain, B., Bitar, E., Mahalel, D., Gutman, P.-O., 2016. Dynamic model for estimating the macroscopic fundamental diagram,
IFAC-PapersOnLine, 49-3, 297-302.

Pande, A., J. Loy, V. V. Dixit, K. Spansel, B. Wolshon, 2015. Integrity of estimates of the two-fluid model and gender impacts, Transportation
Research Part C: Emerging Technologies, Vol. 50, 141-149

Prigogine, 1., Herman, R., 1971. Kinetic Theory of Vehicular Traffic. American Elsevier, New York.

Ramezani, M., Haddad, J., Geroliminis, N., 2015. Dynamics of heterogeneity in urban networks: aggregated traffic modeling and hierarchical
control, Transportation Research Part B: Methodological 74, 1-19.

Rourke, J.0., 1998. Computational geometry in C, Cambridge university press, 239-242.

Vo, P.T., Mattingly, S.P., Ardekani, S., Dilshad, Y., 2007. Comparison of quality of service in two central business districts: two-fluid model
approach in Texas.Transportation Research Record 1999, 180188.



