
“Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of 
the European Union or the European Education and Culture Executive Agency (EACEA). Neither the European Union nor EACEA can be held 

responsible for them.”

Advanced Traffic 
Flow Theories

Sustainable Transportation within the Framework of Green Deal - SPHERE 
Call: ERASMUS-EDU-2023-CBHE-STRAND-2

Project Number: 101128065



Sustainable Transportation within the Framework of Green Deal - SPHERE

Program: ERASMUS-EDU-2023-CBHE-STRAND-2  
Project number: 101128065

Introduction

Traffic flow theory has evolved significantly over the past several decades. While

basic microscopic, mesoscopic, and macroscopic models provide useful tools for understanding

traffic behavior, they often fail to accurately describe complex traffic phenomena such as stop-

and-go waves, sudden congestion, driver anticipation, lane-changing dynamics, and the effects of

connected and autonomous vehicles.

To overcome these limitations, transportation researchers developed advanced traffic

flow theories, commonly referred to as high-order traffic flow theories. These theories

incorporate additional variables and more sophisticated mathematical relationships to capture the

dynamic behavior of traffic under varying road and driver conditions.

High-order traffic flow models are widely used in intelligent transportation systems

(ITS), smart cities, autonomous vehicle research, traffic prediction, and real-time traffic

management.
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Evolution of Traffic Flow Models

Traffic flow models have progressed through several stages:

First-Order Models

First-order models describe traffic using only one conservation equation based on traffic density and average speed. 

They assume that drivers instantly adjust their speed according to traffic density.

Examples include:

Lighthill–Whitham Model

Richards Model

Greenshields Model

Although computationally simple, first-order models cannot accurately represent many real traffic phenomena.

Need for High-Order Models

Researchers observed several limitations of first-order models:

Inability to represent driver reaction time.

Unrealistic assumption of instantaneous speed adjustment.

Poor prediction of traffic instability.

Difficulty modeling stop-and-go traffic.

Limited representation of vehicle acceleration and deceleration.

To solve these problems, second-order and higher-order models were introduced.
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High-Order Traffic Flow Theory

Definition

High-order traffic flow theory extends traditional

macroscopic traffic models by introducing additional

state variables such as:

Vehicle acceleration

Driver reaction time

Traffic pressure

Velocity variance

Driver anticipation

Relaxation effects

Instead of describing only traffic density, these models

also describe how vehicle speed changes over time and

space.

Consequently, traffic behavior becomes more realistic

and responsive to changing road conditions.

Basic Characteristics

High-order models:

 Describe dynamic traffic behavior.

 Consider acceleration and deceleration.

 Include delayed driver responses.

 Model traffic instability.

 Predict traffic shock waves.

 Represent congestion growth and dissipation.

 Improve traffic forecasting accuracy.
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Key Variables in High-Order Models

Unlike first-order models, high-order theories

include multiple traffic variables.

Traffic Density (k)

The number of vehicles occupying one kilometer of

roadway.

Unit:

vehicles/km

Average Speed (v)

The average travel speed of vehicles.

Unit:

km/h

Traffic Flow (q)

Number of vehicles passing a location each hour.

Relationship:

q = k × v

Acceleration (a)

Represents changes in vehicle speed over time.

Acceleration becomes especially important during:

Congestion

Merging

Signalized intersections

Lane-changing

Traffic Pressure

Traffic pressure is analogous to pressure in fluid

mechanics.

It reflects variations in vehicle speeds caused by:

Driver behavior

Speed differences

Congestion

High traffic pressure usually indicates unstable

traffic.
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Major High-Order Traffic Flow Models

A. Payne–Whitham Model

The Payne–Whitham model was one of the earliest second-order traffic flow models.

It consists of:

1.Conservation equation

2.Momentum equation

Features:

Includes vehicle acceleration.

Represents driver reaction.

Models traffic pressure.

Simulates congestion development.

Advantages:

Better than first-order models.

Represents traffic dynamics.

Limitations:

May produce unrealistic vehicle speeds under certain conditions.
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Dynamic Traffic Flow

Dynamic traffic flow recognizes that traffic conditions 

change continuously over time.

Factors affecting traffic dynamics include:

Weather

Traffic accidents

Road construction

Peak-hour demand

Driver behavior

Signal timing

Special events

High-order models continuously update traffic variables to 

reflect these changes.

Traffic Shock Waves

Traffic shock waves occur when sudden changes in speed 

move backward through traffic.

Examples include:

Sudden braking

Lane closures

Traffic signals

Accidents

High-order models accurately simulate:

Shock-wave speed

Wave propagation

Queue formation

Queue dissipation

Stop-and-Go Waves

One of the most important traffic phenomena is stop-and-

go traffic.

Characteristics:

Alternating acceleration and braking.

Periodic congestion.

Reduced highway capacity.

Increased fuel consumption.

High-order models explain why these waves occur even 

without accidents.
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Driver Behavior in High-Order Models

Unlike simple traffic models, advanced theories explicitly represent human behavior.

Important behavioral factors include:

Driver Reaction Time

Drivers require time to perceive and respond to changing traffic conditions.

Driver Anticipation

Drivers observe several vehicles ahead rather than only the immediately preceding vehicle.

Aggressiveness

Different drivers:

Accelerate differently.

Brake differently.

Maintain different following distances.

Desired Speed

Each driver has a preferred travel speed depending on:

Road conditions

Vehicle type

Weather

Personal preference
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Feature First-Order Models High-Order Models

Variables Density only Density, speed, acceleration, pressure

Driver Behavior Simplified Explicitly represented

Traffic Waves Limited Accurate

Congestion Modeling Basic Advanced

Dynamic Traffic Limited Comprehensive

Computational Complexity Low High

Accuracy Moderate High

ITS Applications Limited Extensive

Comparison Between First-Order and High-Order Models
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Conclusion
Advanced traffic flow theories extend traditional models by incorporating

higher-order dynamics such as acceleration, driver reaction time, anticipation, and

traffic pressure. Unlike first-order models, they provide a more realistic

representation of traffic behavior and can accurately simulate congestion, shock

waves, and stop-and-go traffic.

High-order models—including the Payne–Whitham, Aw–Rascle–Zhang,

gas-kinetic, and continuum models—play a vital role in modern transportation

engineering. They support intelligent transportation systems, smart city initiatives,

highway design, and autonomous vehicle technologies. Although they require

greater computational resources and careful calibration, their improved predictive

accuracy makes them indispensable for solving today's complex traffic challenges.
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THANK YOU!


