
Macroscopic Modelling and Control of Mixed Traffic

Waheed Imran (Ph.D.)

Civil Systems Engineering,

36th cycle, 

 University of Naples,

Federico II, Italy.

Advisor:

Prof. Dr. Luigi Pariota.

Ph.D. Award Presentation

IEEE Intelligent Transportation Systems Society – Italian Chapter

October 23, 2024
Genova, Italy.

1/34



Dipartimento di Ingegneria Civile, Edile e Ambientale - UNINA

Generalization of the problem

• Traffic flow dynamics

• Macroscopic models

• Connected and Autonomous Vehicles (CAVs).
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• Existing models and challenges.
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Objectives

The objectives of this study are to formulate Second Order Traffic Model (SOTFM) for 

Mixed-Traffic, can be used to:

• Describe the dynamics of Mixed-Traffic in the presence of CAVs and Human-Driven

Vehicles (HDVs).

Consequently:

• Analysis of traffic flow.

• Traffic control applications.
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Understanding of the existing macroscopic models

Aims:

• Expansion of model tree
• Performance assessment
• Computational efficiency
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• Density gradient: Presumption of forward condition is based on spatial changes in density

• Velocity gradient: Presumption of forward condition is based on spatial changes in velocity
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The second-order macroscopic models

• JQZ model

• Uniform characterization

• ൞

𝜕𝜌(𝑥,𝑡)

𝜕𝑡
+

𝜕(𝑣 𝑥,𝑡 .𝜌(𝑥,𝑡))

𝜕𝑥
= 0,  …  (1)

𝜕𝑣(𝑥,𝑡)

𝜕𝑡
 + 𝑣(𝑥, 𝑡) − 𝑐0

𝜕𝑣(𝑥,𝑡)

𝜕𝑡
=  

𝑉 𝜌(𝑥,𝑡) −𝑣(𝑥,𝑡)

𝑇
.  … (2)

𝒗 𝒙, 𝒕 : velocity; 𝝆(𝒙, 𝒕): density; 𝒄𝟎: velocity constant; 𝑽 𝝆(𝒙, 𝒕) : Velocity-Density relationship; 𝑻: Relaxation time; 

 
JQZ: Jiang, Qing and Zhu. 
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• Ground truth: Simulation of Urban Mobility (SUMO)
• Study Area: A 20,000 m highway with closed boundary conditions
• Initial traffic conditions (SUMO and SOTFMs):

• Discretization methods for SOTFMs: 
• Density gradient models: First-Order Centered (FORCE) scheme
• Velocity gradient models: Finite difference (conserved) scheme

Figure 1: Initial density distribution – scenario I Figure 2: Initial density distribution -  scenario II
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Figure 3: Spatiotemporal flow analysis (SUMO vs SOTFMs) – scenario I.
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Figure 4: Spatiotemporal flow analysis (SUMO vs SOTFMs) – Scenario II.
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PI: Performance Index; IK: Imran and Khan; KG: Khan and Gulliver; JQZ: Jiang, Qing and Zhu; SK: Song and Karni

Table 1: Summary
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Density gradient

Velocity gradient

10/34

Ph.D. Award Presentation

IEEE Intelligent Transportation Systems Society – Italian Chapter



Dipartimento di Ingegneria Civile, Edile e Ambientale

C
o

m
p

u
ta

ti
o

n
al

 E
ff

ic
ie

n
cy

Table 2: Computational efficiency
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Characterization of Mixed Traffic

Aims:

• New model for mixed traffic.
• Calibration and validation
• Practical utility in traffic analysis
• Application in traffic control
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Table 3: Model parameters

𝑣 Velocity

𝜌 Density

𝑉 𝜌(𝑥, 𝑡) Equilibrium Velocity

𝑇 Relaxation Time of each class

𝐻𝑎 Headway of HDVs

𝐻𝑏 Headway of CAVs

ζ∗ Reaction Velocity of HDVs

φ∗ Reaction Velocity of CAVs

𝜏𝑟 Reaction time

𝜏ℎ Harmonization time

𝑑𝑚 Maximum deceleration

𝐻𝑎 = 𝐿 +
𝑣(𝑥,𝑡)2

2𝑑𝑚(𝐻𝐷𝑉)
+ 𝑣(𝑥, 𝑡). 𝜏𝑟 +  𝜏ℎ 𝐻𝐷𝑉 . … (3)

ζ∗ = (1-𝜎) 
𝐻𝑎

𝜏𝑎
, … (4)    

𝐻𝑏 = 𝐿 +
𝑣(𝑥,𝑡)2

2𝑑𝑚(𝐻𝐷𝑉)
+  (𝑣(𝑥, 𝑡). 𝜏𝑟 +  𝜏ℎ 𝐶𝐴𝑉). … (5)

φ∗ = (𝜎) 
𝐻𝑏

𝜏𝑏
, … (6)
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𝜕𝜌(𝑥, 𝑡)

𝜕𝑡
+

𝜕(𝑣 𝑥, 𝑡 . 𝜌(𝑥, 𝑡))

𝜕𝑥
= 0,

𝜕𝑣(𝑥, 𝑡)

𝜕𝑡
+ 𝑣(𝑥, 𝑡) −  [ζ∗ + φ∗]

𝜕𝑣(𝑥, 𝑡)

𝜕𝑥
=

𝑉 𝜌(𝑥, 𝑡) − 𝑣(𝑥, 𝑡)

𝑇
.

. . (7)
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• Ground truth: SUMO
• Study area: Dublin motorway (M-50), IE [1].
• Data: Historical traffic data (Transport infrastructure Ireland) based on conventional 

traffic [2].
• Corridor length: 11 kms

• Discretized model: 

[1] https://github.com/maxime-gueriau/ITSC2020_CAV_impact
[2] https://traffic.tii.ie/ 
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𝜌𝑖
𝑛+1 =  𝜌𝑖

𝑛 +
∆𝑡

∆𝑥
𝜌𝑖

𝑛 𝑣𝑖
𝑛 − 𝑣𝑖+1

𝑛 +
∆𝑡

∆𝑥
(𝑣𝑖

𝑛(𝜌𝑖−1
𝑛 )), … (8)

if 𝑣𝑖
𝑛  ≤ [ζ∗+φ∗]: 𝑣𝑖

𝑛+1 =  𝑣𝑖
𝑛 +

∆𝑡

∆𝑥
[ζ∗+φ∗] − 𝑣𝑖

𝑛 𝑣𝑖+1
𝑛 − 𝑣𝑖

𝑛 +
∆𝑡

𝑇
𝑉 𝜌𝑖

𝑛 − 𝑣𝑖
𝑛 , … (9)

 else: 𝑣𝑖
𝑛+1 =  𝑣𝑖

𝑛 +
∆𝑡

∆𝑥
[ζ∗+φ∗] − 𝑣𝑖

𝑛 𝑣𝑖
𝑛 − 𝑣𝑖−1

𝑛 +
∆𝑡

𝑇
𝑉 𝜌𝑖

𝑛 − 𝑣𝑖
𝑛 .  … (10)

Figure 5: Representation of the motorway corridor 
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Figure 5: SUMO vs Papageorgiou model.
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𝑣 𝜌 𝑥, 𝑡 = 𝑣𝑓. exp[

−1

𝑐
(

𝜌(𝑥,𝑡)

𝜌𝑐𝑟
)𝑐]        … (11)         𝑣𝑓: free flow velocity; 𝜌𝑐𝑟: critical density; 𝑐: shape factor             

Papageorgiou, M., Blosseville, J.-M., & Hadj-Salem, H. (1989). Macroscopic modelling of traffic flow on the Boulevard Périphérique in Paris. Transportation Research Part B: 
Methodological, 23(1), 29–47. https://doi.org/10.1016/0191-2615(89)90021-0 

(a) – 0 % CAVs (b) – 7 % CAVs (c) – 20 % CAVs

(d) – 40 % CAVs (e) – 70 % CAVs
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Table 3: Comparison of the proposed SOTFM and the JQZ model. 

RMSPE: Root Mean Square Percentage Error; PR: Penetration Rate
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Figure 6: Spatiotemporal velocity evolution over the Dublin motorway corridor.
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Figure 7: Level of Service (LOS) demonstration over the Dublin motorway 

during the evening peak hour evaluated with the proposed SOTFM.P
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Applications in Traffic Control
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Figure 8: MPC framework.
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NEXT?
• Conventional Control with Variable Speed Limit (VSL)
• A Novel Regulation of Motorway Traffic with CAVs

• SUMO (TraCi4MATLAB, MATLAB)
• Prediction Model (SOTFM)

SUMO
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𝑛

SL: Speed Limit; 𝒏: Time instant 

SOTFM
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Figure 9: No-VSL-control scenario

(density evolution)

Figure 10: VSL-control scenario

(density evolution)
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Min time gap control

• Minimize Standard deviation 
in velocity (safety)

 

• Maximize mean velocity 
(efficiency)

𝜃 = (𝜃1 −𝜃2) ∶ min(𝜃)
𝜏

𝜃1 =  σ𝑖
𝑣𝑖(𝜏)− 𝑣𝑖

𝑁−1
, minimize

𝜃2 =  σ𝑖
𝑣𝑖(𝜏)

𝑁
, maximize

𝜃 =
𝜃1

𝜃1,𝑚𝑎𝑥
 −

𝜃2

𝜃2,𝑚𝑎𝑥

𝑣𝑖: mean velocity (segment)
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Figure 12: No-control scenario

(flow evolution)

Figure 13: Control scenario

(flow evolution)
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✓  Characterization of self-organizing behavior of traffic flow with CAVs
✓ Traffic flow and emissions profiling driven on the fundamental diagram of mixed traffic 
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Research Articles

Title Status Journal

1. Macroscopic evaluation of traffic flow in view of 
connected and autonomous vehicles: A simulation-
based approach

Published Alexandria Engineering Journal

2. Macroscopic modeling of connected, autonomous 
and human-driven vehicles: A pragmatic perspective

Published Transportation Research Interdisciplinary 
Perspectives

3. Appraisal of the second-order traffic systems 
employing sensitivity analysis and numerical 
simulation 

Submitted Transportation Research Interdisciplinary 
Perspectives

4. Traffic flow and emissions profiling driven on the 
fundamental diagram of mixed traffic 

Ready To be decided

5. An MPC-driven VSL control of motorway traffic Submitted Transportation Engineering

6. A novel MPC-driven regulation of traffic flow with 
connected and autonomous vehicles

Under-prep To be decided
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Recommendations

• Characterization of mixed traffic employing other macroscopic models, such as METANET and Cell 

Transmission Model (CTM), others.

• Practical utilization of the proposed models in weather based adaptive control and pavement conditions based 

adaptive control. 

• Use of the proposed model in Hybrid simulation approach 

• Safety evaluation of traffic employing surrogate measures in the framework of SOTFMs.

• Business modules, product development for vehicles based on macroscopic systems for advanced decision 

making.

• Comparison of conventional control strategies with the proposed novel control strategy in a more complex 

traffic scenarios.
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Characterization of Self-Organizing Behavior of Traffic Flow with CAVs

Aims:

• Modeling the anticipative behavior of CAVs 
• Spatiotemporal analysis of traffic variables
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𝜕𝜌

𝜕𝑡
+

𝜕(𝑣 𝑥, 𝑡 . 𝜌(𝑥, 𝑡))

𝜕𝑥
= 0,

𝜕𝑣(𝑥, 𝑡)

𝜕𝑡
+ 𝑣(𝑥, 𝑡) −

𝑙𝑔 + 𝜏𝑟(𝜌). 𝑣(𝑥, 𝑡)

𝜏𝑟(𝜌)

𝜕𝑣(𝑥, 𝑡)

𝜕𝑥
=

𝑉 𝜌(𝑥, 𝑡) − 𝑣(𝑥, 𝑡)

𝑇
.

Parameters Description

𝜏𝑟 𝜌 Reaction time as function of density

𝜏𝑟(𝑚𝑖𝑛) Min reaction time

𝑙𝑔 Lengthways gap

Table 4: Parameters

* W. Imran and L. Pariota, “Macroscopic evaluation of traffic flow in view of connected and autonomous vehicles: A simulation-
based approach,” Alexandria Engineering Journal, vol. 79, pp. 581–590, 2023.
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Figure 14: Velocity  evolution with HDVs Figure 15: Velocity evolution with CAVs and HDVs (50 % each)

Figure 17: Variance of velocity
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Figure 16: Velocity evolution with CAVs
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