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Preface

Road traffic flow is intrinsic with stochastic and dynamic characteristics so that
traditional deterministic theory no longer satisfies requirements of the evolution
analysis. Stochastic traffic flow modeling aims to study relationships of transpor-
tation components. The kernel is an investigation of both stochastic characteristics
and traffic congestion evolution mechanism using headway, spacing, and velocity
distributions. The primary contents include empirical observations, connections
with microscopic and macroscopic traffic flow models, and traffic breakdown
analysis of highway bottlenecks.

The book first analyzes characteristics of empirical traffic flow measurements to
reveal the underlying mechanism of complexity and stochastic evolutions. By using
Eulerian measurements (e.g., inductive loop data) and Lagrangian measurements
(e.g., vehicular trajectory data), we study headway-spacing-velocity distributions
quantitatively and qualitatively. Meanwhile, disturbances of congested platoons
(jam queues) and time-frequency properties of oscillations, which establish the
empirical foundation for stochastic traffic flow modeling.

Then we establish a Markov car-following model by incorporating the
connection between headway-spacing-velocity distributions and microscopic car-
following models using the transition probability matrix to describe random choices
of headways/spacings by drivers. Results show that the stochastic model more
veritably reflects the dynamic evolution characteristics of traffic flow. As discus-
sions of the connection between headway-spacing-velocity distributions and the
macroscopic fundamental diagram model, we analyze the probability densities and
probabilistic boundaries of congested flow in flow-density plot by proposing a
stochastic extension of Newell’s simplified model to study wide scattering features
of flow-density points.

For applications to highway on-ramp bottlenecks, a traffic flow breakdown
probability model is proposed based on headway/spacing distributions. We reveal
the mechanism of transitions from disturbances to traffic congestion, and the phase
diagram analysis based on a spatial-temporal queueing model that is beneficial to
obtain optimal control strategies to improve the reliability of road traffic flow.
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Acronyms

Mathematical Symbols

a, b Scale and translation parameters of Wavelet Transform
A, Vinas Maximal acceleration and maximal speed

a, (1) Acceleration of the nth vehicle at time ¢

A Perturbation matrix

{A;, ie N*} Mutually exclusive events

b; Deceleration of the following vehicle

co Substitution of speed

Cy Coefficient of variation

c.c.c Copula, its density function and empirical copula

d; Spacing of full stop

E() Average wavelet energy

E[], Var[-],/S?[] Expectation, variance and standard deviation operators
f(hle, B, ho) PDF of Gamma distribution

Sf(h|x) PDF of negative exponential distribution

f(h|x, ko) PDF of shifted exponential distribution

f(h|py, o, ho) PDF of lognormal distribution

F, Fy, F> CDF

F(hle, B, ho) CDF of Gamma distribution

F(h|2) CDF of negative exponential distribution

F(h|A, hy) CDF of shifted exponential distribution
F(h|py, ons ho) CDF of lognormal distribution

F. F, F> Empirical CDF

F.(gs) CDF of upstream flow gs, 1 — F.(gs) is lifetime function
”‘:c(l]s) PLM estimation
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xiv Acronyms

Frv, Fypy Conditional distribution of headway/spacing with respect to v
F;,’luw a quantile of headway distribution
h Average headway
ho, ko Shift coefficient and its estimate
hop, hog Shift coefficients of car-following state and free flow state
Afree Critical headway of free flow
h; Observation samples of headway, i = 1,2,...,n
hy(t) Headway
Bain Minimal headway
Arandom Random headway from uniform distribution ¢/ (Hj‘,H]-*)
h, Mean headway and speed of T
]}n'n_h Vi Mathematical expectations of headway and speed
H(:) Heaviside function
H, H Upper and lower limits of the ith headway state
H, Summation of headway
H b @) Disturbance propagation time to the nth vehicle in
ac/deceleration waves
i=+v—1 Imaginary unit
J Population
T Sample size of that h(f) belongs to stateJ
and k(1 + At) belongs to state j
Jk Number of triple, analogically, J;, Jx, Ji, J;
ky, ks Weight coefficients of density and speed gradients
L Circular road length
Leong Jam queue length
Lieee Free flow traffic length
Ly, Loy Likelihood function
L Lagrangian function
N, M Finite dimensional state space,
satisfying N = {1,2,...,n},M = {1,2,...,m}
N* The set of positive integers
N, Log—N Normal and lognormal distributions
o(-) Infinitesimal of higher order
p(h) PDF of car-following state headway
p*(d) Laplace transform of p(h)
Pslow Slow-to-start probability
P, P Probability estimate
Py Traffic flow breakdown probability

Py(v) Distribution of speed expectation
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P(v|x,1)
Py, Py
PGug
PPoisson

qe(p); ve(p)
Qlowers Gupper

Gmains Gramp
Gmax

gs

r

R

R

sh(w), sP(v)
Shefores Safter
Sbreak, Sfree

Scong
Sstart; Sstop
si(1)
Smin, Smax
Snp—1y Bnn-1
A D
Ssmp’ Sstop
A D
Suppers Supper
Sk
S
SA, SD
t

(k) (k)
(ta,i Y Payi )
T
T

Speed distribution

Pressure terms, satisfying 0,P; <0 and 0,P, <0
Gaussian unitary ensemble, GUE

Poisson distribution

Transition probability matrix, satisfying P = (Pj)
Transition probability matrix and stationary
distribution of headway in the ¢th velocity range
Probability of a jam queue with n vehicles at time 7
Probability of being state z at time #

Probability of being state S at time ¢

PDF of headway in free flow state

Equilibrium functions of flow and speed
Maximal and minimal traffic flow rates,
analogical])’i Prower> Pupper

Mainline flow and ramp flow

Maximal flow rate

Breakdown traffic flow rate

Iteration times

Least squares residual

Response function

Spacings of ac/deceleration curves at speed v

Spacings when joining and departing from jam queues

Spacing thresholds of braking and free flow states
Spacing in a jam queue

Spacing thresholds of starting and stopping states
Spacing

Minimal and maximal critical spacings

Headway and spacing of the nth vehicle

Fully stopping spacings of ac/deceleration curves

Maximal and minimal spacings corresponding
to the maximal speed 0" in metastable traffic
flow, analogically, s .., SPyer

Sample set, analogically, S;, S;, S, Sf

Arbitrary discrete state of traffic flow

Probabilistic boundaries of microscopic fundamental
diagram

Time

Acceleration point of the ith vehicle,

analogically, (tgf,? ; ng) )

Entering time interval of ramping vehicles

Average travel time
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Tau factor
Tau factor Related statistics
Estimate of Tau factor

Velocity

Mean velocity at location x and time ¢
Congestion wave speed and free flow speed
Speed of the nth vehicle at time ¢

Lower bound of safety speed

Optimal speed function

Characteristic speed

Expected speed

Perturbation amplitudes of speed and density
Congestion wave speed, analogically, w;, —w;, —W,
Window function

Ac/deceleration congestion wave speeds
Weibull

Location

Location of the nth vehicle at time ¢
Column vector of perturbation amplitude
Transition rate from state (x,v) to state (y,u)
of traffic flow

Arbitrary continuous traffic flow states
Bivariate random variables

Observations of bivariate random variables, i € N

Traffic flow discrete time series data, t = 0,1,...,7 — 1
Summation of random variables

Extreme points of PDF of Z,

Parameters of Weibull distribution

Parameter estimations of Weibull distribution

Net spacings before, within and after the deceleration of the
ith vehicle

Gamma function

Speed and density variations

Field data measurement interval

Update time step

Speed and location differences between the nth and the n — 1
the vehicles

Noise function at location x and time ¢

Inertial coefficient of driving behaviors

a/2 and (1 — a/2) percentiles of

standard normal distribution
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Substitution parameters

Dimensionless critical coefficients

Indicator function, analogically, 1 (-)~ {0, 1}
States and parameter vector at location x and time #
Upper and lower bounds of the ith vehicle headway
First vehicle delay after perturbations
Parameters and their estimations

Parameters of car-following and free flow states
Lognormal distribution parameters, analogically,
headway (u,,, o), spacing (u,, oy), reaction
time (u,, o), bivariate lognormal

distribution (s, |,,, 0,2,)

Lognormal distribution parameter estimation
Random variable

Anticipation coefficient of driving behavior
Average density at location x and time ¢

Steady state density, initial density

Correlation coefficient

Phase space density

Vehicle gap and average vehicle gap

Latency time, relaxation time and reaction time
Interarrival time and service time,

analogically, T, ti(:), Touts Tout

Interarrival time summation of m vehicle
Reaction time of ac/deceleration

Characteristic parameters of acceleration curve,
analogically, (z°, w” s

Inhomogeneous platoon and homogeneous sub-platoon
Substitution parameters

Standard normal distribution

Proportionality coefficient

Dimensionless critical coefficient

Mother wavelet function and its Fourier

transform, the conjugate function is ¥*(f)
Digital frequency

Angular frequency

Transition rate from state z to 7/
Transition rate of jam queue length

from (n+—n+1) and (n—n—1)
Complex solution of w

Transition rate from state S to S’
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Xviii Acronyms

2 Analog frequency
£(-) Likelihood function

. Real part and imaginary part
] Empty set
Abbreviations
ACTM Asymmetric Cell Transmission Model
A-curve Acceleration Curve
CA Cellular Automaton
CCT™M Compositional Cell Transmission Model
CDF Cumulative Distribution Function
CT™ Cell Transmission Model
CWT Continuous Wavelet Transform
D-curve Deceleration Curve
DFT Discrete Fourier Transform
DTA Dynamic Traffic Assignment
DWT Discrete Wavelet Transform
EKF Extended Kalman Filter
ELCTM Enhanced Lagged CTM
EM Error Mean
FD Fundamental Diagram
FF Free Flow
FHWA Federal Highway Administration
FT Fourier Transform
G/D/1 General Determinant 1
G/G/1 General General 1
GKT Gas-Kinetic-based Traffic Model
GUE Gaussian Unitary Ensemble
HCT Homogeneous Congested Traffic
iid. Independent and Identically Distributed
IDM Intelligent Driver Model
ITS Intelligent Transportation System
K-S Kolmogorov-Smirnov Test
LCTM Lagged Cell Transmission Model
LPO Log Periodic Oscillations
LSCTM Location Specific CTM
LSR Least Squares Regression
MCTM Modified Cell Transmission Model
MLC Moving Local Cluster
NGSIM Next Generation Simulation
OCT Oscillated Congested Traffic

OVM Optimal Velocity Model
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PA
PDF
PeMS
PLC
PLM
RMSE
RMT
SCTM
SSM
STFT
TF-BP
TSG/SGW
WSS
WT

XX

Perturbation Analysis

Probability Density Function
Performance Measurement System
Pinned Local Cluster

Product Limit Method
Root-Mean-Square Error

Random Matrix Theory

Stochastic Cell Transmission Model
State Switching Model

Short-Term Fourier Transform
Traffic Flow Breakdown Probability
Triggered Stop-and-Go Waves
Second-order Wide-sense Stationary Process
Wavelet Transform
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Chapter 1
Introduction

1.1 Motivation

Traffic congestion results in a number of negative effects on: (1) Mobility. Travel
delays and wasting time of passengers or goods reduce the efficiency of transporta-
tion systems and increase opportunity costs; (2) Safety. Higher probability of serious
injuries and death crashes as a result of human fallibility in congested flows; (3) Sus-
tainability. Increased travel time and oscillatory acceleration/braking maneuvers in
traffic congestion induce significant environmental impacts, such as fuel consump-
tion, greenhouse gas emissions, air pollution, noises, etc.

Road traffic flow is influenced by various random factors, including both
external factors (e.g., weather) and internal factors (e.g., transportation facilities,
vehicle characteristics, driver behaviors, etc.). These stochastic influences make
deterministic traffic flow models difficult to accurately estimate and predict dynamic
evolutions. To overcome this problem, numerous stochastic approaches were devel-
oped for continuous traffic flow on the basis of microscopic/macroscopic traffic flow
models. Particularly, different kinds of drivers (e.g., aggressive versus passive, young
versus old, skilled versus greenhand, rigorous versus fatigued) run different kinds of
vehicles (e.g., cars versus trucks, buses) on the same road, and thus, traffic flow is
heterogeneous.

Since headway/spacing/vélocity perform fundamental roles in stochastic traffic
flow modeling, it is significant to study their stochastic characteristics in traffic flow
evolutions. According to Highway Capacity Manual 2000 (on page 48 of Trans-
portation Research Board of the National Academies (2000)),

Definition 1.1 Headway (time headway, h) is the time. in seconds, between two
successive vehicles as they pass a point on the roadway, measured from the same
common feature of both vehicles.

Studies on headway distributions received continuous interests since the birth
of traffic flow research, because of their wide applications ranging from measuring
road capacity to scheduling traffic signals. Headway distribution model is one of
© Tsinghua University Press, Beijing and Springer-Verlag Berlin Heidelberg 2015 1
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