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Previously on Traffic Engineering

Suppose sg > vC . Calculate the following quantities:

254     Chapter 7     Traffic Control and Analysis at Signalized Intersections 

7.5.1 15B15B15B15B15B15B15B17B17B17B17BSignalized Intersection Analysis with D/D/1 Queuing 
The assumption of D/D/1 queuing (as discussed in Chapter 5) provides a strong 
intuitive appeal that helps in understanding the analytical fundamentals underlying 
traffic analysis at signalized intersections. To begin applying D/D/1 queuing to 
signalized intersections, we consider the case where the approach capacity exceeds 
the approach arrivals. Under these conditions, and the assumption of uniform arrivals 
throughout the cycle and uniform departures during green, a D/D/1 queuing system 
as shown in Fig. 7.13 will result. 

Note that this chapter will use the variables v (for arrival rate) and s (for 
departure/saturation flow rate),  rather than the variables λ and μ used in Chapter 5, 
as these variables are more commonly used in signalized intersection analyses. 

The “Arrivals v×t” line gives the total number of vehicle arrivals at time t, and 
the “Departures s×t” line gives the slope of vehicle departures (number of vehicles 
that depart) during the effective greens. Note that the per-cycle approach arrivals will 
be vC and the corresponding approach capacity (maximum departures) per cycle will 
be sg. Figure 7.13 is predicated on the assumption that sg exceeds vC for all cycles 
(no queues exist at the beginning or end of a cycle). 

 

Figure 7.13  D/D/1 signalized intersection 
queuing with approach capacity (sg)  
exceeding arrivals (vC) for all cycles. 
 

 
v = arrival rate, typically in veh/s, r = effective red time in seconds,  
s = departure rate, typically in veh/s, g = effective green time in seconds, and 
t = elapsed time since a reference time, typically 

the start of green or red, in seconds, 
 C = cycle length in seconds. 

tc = time from the start of the effective green until 
queue clearance in seconds,  

    

 
Given the properties of D/D/1 queues presented in Chapter 5, a number of 

general equations can be derived by simple inspection of Fig. 7.13: 

I The time to clear the queues
after the start of the effective
green.

tc =
vr

s − v

I The proportion of the cycle
time with a queue.

tc =
r + tc
C

I Total vehicle delay per cycle and average delay per vehicle.

Dt =
vr2

2(1− v/s)
Davg =

0.5C (1− g/C )2

1− (v/c)(g/C )
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Previously on Traffic Engineering

Based on empirical and simulation studies, the following formula has been pro-
posed in US-HCM for average additional delay per vehicle due to random arrivals
and oversaturation.

d2 = 900T

[
(v/c − 1) +

√
(v/c − 1)2 +

8kI (v/c)

cT

]

I T is set to 0.25 if a 15-min peak hour traffic is considered for analysis.

I k is set to 0.5 for pre-timed controllers and is a function of v/c for
actuated signals.

I The metering factor I which accounts for the presence of an upstream
signal since it can reduce the randomness at the junction being analyzed.
It is set to 1 for isolated intersections.

The total average signal delay is estimated as

d = d1 + d2 + d3

where d1 is the uniform delay (same as UD) and d3 is set to the delay due to
initial queues that exist at the start of the analysis period.
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Lecture Outline

1 Corridors and Progression

2 Actuated Signals

3 Networks of Signals
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Corridors and Progression
Introduction

For corridors with multiple signals which are close to each other, it is
prudent to not design them in isolation. These signals typically have the
same cycle time but their greens start with an offset.

In the above figure, t2 − t1 is the offset. Ideally this should be set to the

distance between junctions divided by the average speed of the vehicle.
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Corridors and Progression
Introduction

Bandwidth is another quantity of interest which is the time difference
between the first and last vehicle that passes through the junctions without
having to stop.

In calculating the offsets, one could also add the start-up delay at the first
intersection to t1 in calculating the offsets.

Since vehicles go through the subsequent intersections without queuing,
start-up delays at downstream junctions are not needed.
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Corridors and Progression
Effects of Offsets

In the earlier example, the bandwidth is same as the effective green because
there are only two intersections and the offsets were carefully chosen.

When there are more than two intersections and traffic flow in both direc-
tions have to be optimized, things can get complicated very quickly.
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Corridors and Progression
One-Way Corridors

For more than two junction in a one-way stream, we can still find the
offsets as before but by looking at adjacent junctions.

The cycle time and green splits are assumed to be pre-calculated and the
only decision variable here is the offsets.
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Corridors and Progression
One-Way Corridors

The green wave in the previous example was assumed to be derived for a
vehicular speed of 60 ft/s. However, if vehicles travel slower or faster, this
can offset the benefits of designing signal progression.

Can we ensure that the vehicles adhere to the design speed?

Lecture 15 Signalized Corridors and Networks
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Corridors and Progression
Bandwidth Efficiency and Capacity

The efficiency of a bandwidth is defined as the percentage of the cycle time for
which vehicles can pass without having to stop.

EFFB =
100B

C

where EFFB is the bandwidth efficiency in percentage, B and C are the band-
width and the cycle times.

Another measure of efficiency is the capacity of the bandwidth which is the
maximum rate at which vehicles can pass through the corridor without stopping.

cBW =
3600BN

Ch

where cBW is the capacity of the bandwidth in vehicles/hr, N is the number of
lanes, and h is the saturation headway (in s).

For a corridor with bandwidth of 17 s and cycle time of 60 s, what is the size of the

platoon with a saturation headway of 2 s that can successfully go uninterrupted?

What is the capacity of the bandwidth?
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Corridors and Progression
Queued-Vehicles

Not everything goes according to plan. Sometimes stooped vehicles and
internal queues can lead to unexpected results.

What are the source of these queued vehicles? Should the offset in the
above example be decreased or increased to improve bandwidth?
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Corridors and Progression
Queued-Vehicles

The adjusted offset is lower and can be computed using

tadj = L/S − (Qh + start − uplosttime)

where Q is the average number of vehicles in the queue and h is the
discharge headway.

Lecture 15 Signalized Corridors and Networks
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Corridors and Progression
Queued-Vehicles

This exercise can be done at all subsequent intersections. The start-up
lost times can however be ignored from Signal 2.

The speed of progression can be assumed to be the rate at which down-
stream signals turn green.

Note that these speeds are greater than the assumed speed of vehicles,
i.e., 60 ft/s since the signal should turn green before the platoon arrives
to discharge queued vehicles.

Can anything further go wrong after these adjustments are made?

Lecture 15 Signalized Corridors and Networks
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Corridors and Progression
Two-Way Corridors

So far we set the offsets based on north-bound traffic. This can, however,
lead to no bandwidth in the south-bound direction.
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Corridors and Progression
Two-Way Corridors

Setting offsets to cater to traffic in both directions is non-trivial. We may
be forced to adjust with different bandwidths.

One could also try to find bandwidths that are proportional to the volume

of traffic in both directions.
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Corridors and Progression
Two-Way Corridors

Several software automate this process if inputs on average volumes for
different turn movements at each junction along a corridor are given.

I SYNCRO
https://www.trafficware.com/synchro-studio.html

I Tru-Traffic http://www.tsppd.com/

I TRANSYT-7F https://mctrans.ce.ufl.edu/hcs/t7f/

I PTV VISTRO https://www.ptvgroup.com/en/solutions/

products/ptv-vistro/traffic-signal-operations/

Many of these tools use heuristics such as GA, hill-climbing, and simulated

annealing methods for finding the optimal bandwidths.
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Corridors and Progression
Two-Way Corridors

Behind these tools, there are optimization models. One such example is
the MAXBAND algorithm.:8 • Hua Wei, Guanjie Zheng, Vikash Gayah, and Zhenhui Li

Fig. 4. Illustration of the constraints in Maxband under a three-intersection arterial network. Red solid/dotted lines indicate
the red signal for inbound/outbound direction. The green band indicates the green wave. (a) - (b): Bandwidth constraints of
each individual intersection on inbound and outbound direction. (c): Temporal constraint between two intersections. (d) - (e):
Spatial constraints between two intersections.

• Constraints on the bandwidth of individual intersections. For simplicity, all the time intervals in the

following refers to the ratio of time over the cycle length C .
– For each direction (here we use inbound and outbound to differentiate two designated directions), the

green time should be greater than the bandwidth. We have:

wi + b ≤ 1 − ri , wi > 0 (5a)

w̄i + ¯b ≤ 1 − r̄i , w̄i > 0 (5b)

Here, wi/w̄i denotes the time interval between the end of red time and the start of bandwidth on

inbound/outbound direction, b is the bandwidth variable, and ri/r̄i is the red time on inbound/outbound

direction.

– For two different directions (inbound and outbound), usually the bandwidths for inbound and outbound

are set equal:

b = ¯b (6)

• Temporal and spatial constraints on offsets between two intersections i and j.
– Temporal constraints.

ϕ(i, j) + ¯ϕ(i, j) + ∆i − ∆j =m(i, j) (7)

, Vol. 1, No. 1, Article . Publication date: January 2020.
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Corridors and Progression
Two-Way Corridors

The variables for the SB direction are indicated with similar notation but
with a bar.

I b: Bandwidths for the NB direction.

I ri : Red time at junction i

I φ(i , j): Offsets between signals at junctions i and j

I t(i , j): Represents the travel times to go from i to j

I τi : Queue clearance time at i

I m(i , j): Multiple of the cycle length.
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Corridors and Progression
Two-Way Corridors

The objective could be to maximize the bandwidth (if both bandwidths
in both directions are made equal) or sum of bandwidths (with additional
constraints on minimum bandwidths).

max b

s.t. wi + b ≤ 1− ri ∀ i ∈ N

w̄i + b̄ ≤ 1− r̄i ∀ i ∈ N

φ(i , j) + φ̄(i , j) + ∆i −∆j = m(i , j) ∀ i , j ∈ N

φ(i , j) + rj/2 + wj + τj = ri/2 + wi + t(i , j) ∀ i , j ∈ N

φ(i , j) + r̄j/2 + w̄j = r̄i/2 + w̄i +−τ̄i + t̄(i , j) ∀ i , j ∈ N

wi , w̄i ≥ 0 ∀ i ∈ N

mi ∈ N ∀ i ∈ N

The constraints represent bandwidth restrictions at each intersection and

spatial and temporal constraints between pairs of intersections.
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Actuated Signals
Introduction

The green times provided by fixed-time controllers are not effectively used
due to fluctuations in demand.

,2.1  TYPES OF ACTUATED CONTROL 527
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Figure 22.1: Effects of a Variable Demand at a Traffic Signal

1 used by excess vehicles arriving in cycles 4 and 5. If the sig-
nal had been a properly timed actuated signal, the green in

cycles 2 and 3 could have been terminated when no demand
was present and additional green time could have been added
to cycles 4 and 5 to accommodate a higher number of vehi-
cles. The ability of the signal timing to respond to short-term
variations in arrival demand makes the overall signal opera-
lion more efficient. Even if the total amount of green time
allocated over the five cycles illustrated did not change, the
ability to 

"

save
" unused green time from cycles 2 and 3 to

increase green time in cycles 4 and 5 would significantly
reduce delay and avoid or reduce a residual queue of unserved
vehicles at the end of the five-cycle period.

Another major benefit of actuated signal timing is that
a single programmed timing pattern can fl6x to handle vary-
ing demand periods throughout the day, including peak and
off-peak periods and changes in the balance of movements.

If the advantages of allowing signal timing to vary on a
cyde-by-cycle basis are significant, why aren

'

t all signalized
intersections actuated? The principal issue is coordination of
signal systems. To effectively coordinate a network of signals
to provide for progressive movement of vehicles through the
system, all signals must operate on a uniform cycle length.
Thus

, where signals must be interconnected for progressive
movement

, the cycle length cannot be permitted to vary at dif-
ferent intersections

. This removes the principal benefit of
Muated control in such circumstances, the ability to vary the
ivcle length. The additional cost of actuated signals and the
squired detection systems are also a consideration.

Actuated signal control is often used at isolated sig-
nalized intersections

, usually a minimum of 2.0 miles from
nearest adjacent signal. Over the past two decades, how-

-ver
, the use of actuated signal controllers in a coordinated

signal systems has greatly increased. In such systems,

the cycle length must be kept constant, but it can be changed
at intervals as short as 15 minutes

, and the allocation

of green time within the cycle may change on a cycle-by-
cycle basis.

22.1 Types of Actuated Control

There are three basic types of actuated control, each using
signal controllers that are somewhat different in their
design:

1
. Semi-actuated control. This form of control is used

where a small side street intersects with a major
arterial or collector

. This type of control should be
considered whenever Warrant IB is the principal rea-
son justifying signalization. Semi-actuated signals
are almost always two phase, with all turns being
made on a permitted basis. Detectors are placed only
on the side street. The green is on the major street at
all times unless a "call" on the side street is noted

.

The number and duration of side-street greens is
limited by the signal timing and can be restricted to
times that do not interfere with progressive signal-
timing patterns along the collector or arterial.

2
. Full actuated control. In full actuated operation,

all lanes of all approaches are monitored by detec-
tors. The phase sequence, green allocations, and
cycle length arc all subject to variation.

 This form

of control is effective for both two-phase and
multiphase operations and can accommodate
optional phases.

Actuated controllers use sensors to extend or curtail the green time for an

approach.
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Actuated Signals
Introduction

Actuated controllers are characterized by the following features:

I Minimum green time: If a phase is initiated, a minimum amount
of green is provided.

I Passage time: If a vehicle is detected by a sensor on an approach,
this time is added to the green. Sensors are usually placed away
from the stop line. Hence, this time must allow a vehicle detected
at a sensor to cross the stop line.

I Maximum green time: If demand is high, one may add multiple
passage times to the minimum green. This can lead to situations
where traffic on minor streets are ignored. Thus, phases are
terminated using the maximum green time triggered by calls or
actuations on a competing phase.

Lecture 15 Signalized Corridors and Networks



25/39

Actuated Signals
Introduction

-j i
72.4  ACTUATED SIGNAL TIMING AND DESIGN 531
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1
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1

t

Passage Time

Actuation on

Green Phase

Actuation on

Competing
Phase

Time

| Figure 22.3: Operation of an Actuated Phase
(Source: Used with permission of Institute of Transportation Engineers, Traffic Detector Handbook, 2nd Edition, JHK & Associates,
Tucson, AZ, p. 66.)

i

l

Assuming that demand exists continuously on all phases,
the green period would be limited to a range of Gmi? to Cm(U.
During periods of light flow, with no demand on a competing
phase, the length of any green period can be unlimited, depend-
ing on the setting of the recall functions.

In most situations, parallel lanes on an approach operate
in parallel with each other. For example, in a three-lane
approach,

 there will be three detectors (one for each lane). If
iinv of the three lane5 receives an additional "call" within PT

seconds
, the green will be extended. Where multiple detectors

lire connected in series
, using a single lead-in cable, gaps may

reflect a lead vehicle crossing one detector and a following
ehicle crossing another. Although this type of operation is

less desirable
, it is less expensive to install and therefore

i used frequently.

Figure 22.4 illustrates the operation of the "gap-reduction"
leature on actuated signal controllers.

 Note the four critical

limes that must be set on the controller. Depending on
'he manufacturer and model selected,

 there are a number of

Afferent protocols for implementing these four times,

deluding:

BY-EVERY option. Specify the amount of time by
which the allowable gap is reduced after a specified
amount of time. For example, for every 1.5 seconds

of extension (after time x), reduce the allowable gap
by 0.2 seconds.

EVERY SECOND option. Specify the amount of time
by which the allowable gap is reduced each second
(after time x). For example, for every second of
extension, reduce the allowable gap by 0.

1 second.

TIME TO REDUCE option. Specify a maximum and
minimum allowable gap, and specify how long it will
take to reduce from the maximum to the minimum

(after Umex). For example, the allowable gap will be
linearly reduced from 3.

5 seconds to 1
.
5 seconds over

a period of 15 seconds.

22.4 Actuated Signal Timing
and Design

In an actuated signal design, the traffic engineer does not
provide an exact signal timing. Rather, a phase plan is
established

,
 and minima and maxima are set

, along with
programmed rules for determining the green period
between limiting values based on vehicle actuations on
detectors.

1
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Lecture Outline

Network of Signals
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Network of Signals
Introduction

The methods discussed so far cannot be used to optimize a network of
signals since road geometry can be complicated.

The phasing patterns and cycle lengths of different junction may have to
be different to avoid queue spillbacks.

Furthermore, demand can be non-isotropic and time-varying which makes
a case for using adaptive signals.
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Network of Signals
Introduction

The infrastructure required for optimizing a network of signals has matured
with more IoT devices, mobile phones, and advances in vision and vehicle
(re)identification.

The most challenging part in this multi-agent system is to predict demand
(and route choice), determine the ‘optimal’ sequence at each junction, and
communicate the actions with each other.

Common objectives include

I Average travel time of vehicles

I Queue lengths

I Number of stops

I Throughput

Lecture 15 Signalized Corridors and Networks
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Network of Signals
Classical Approaches

SCOOT is one of the old-
est adaptive traffic control
method and was developed
in UK and it minimizes a
weighted sum of delay and
stops.

It constructs cyclic flow pro-
files (CFPs) using detector in-
formation.

The size of queues and time required for them to dissipate are used to
optimize cycle times, offsets, and green splits.

https://trlsoftware.com/products/traffic-control/scoot/

Lecture 15 Signalized Corridors and Networks
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Network of Signals
Classical Approaches

SCATS (Sydney Coordinated Adaptive Traffic System) uses loop detectors
to estimate degree of saturation metrics for each phase. This is calculated
by the green time utilized by vehicles/green time provided.

Their algorithms choose from several pre-timed signal plans (which include
cycle length, phasing, splits, and offsets).

https://www.scats.nsw.gov.au/

RHODES is another approach which makes short-term vehicle arrival and

turn-movement predictions using a Bayesian model.

Lecture 15 Signalized Corridors and Networks
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Network of Signals
Classical Approaches

Dynamic programming based methods such as ALLONS-D (Adaptive
Limited Lookahead Optimization of Network Signals - Decentralized Ver-
sion) and OPAC (Optimized Policies for Adaptive Control) were also de-
veloped in the 90s.

These methods use sensor data and short-term predictions of queue lengths
and to minimize the total delay by changing phasing and splits with some
constraints on the min and max green for each phase.

Methods to optimize signals in bi-level framework with route-choices cap-

tured at the lower level using an equilibrium model also exist.
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Network of Signals
Modern Approaches

Inspired by packet-routing in telecommunications, pressure-based methods
have also shown to optimize throughput in transportation networks.A Survey on Traffic Signal Control Methods • :11

N→S
Pressure

= (2 - 1) = 1  

S→N
Pressure

= (2 - 2) = 0  

E→W
pressure
= 1 - 0 = 1 

W→E
pressure
= 0 - 0 = 0 

North

South

Case A

E→W
pressure
= 1 - 0 = 1 

North

South

N→S
Pressure

= (2 - 4) = -2  

Case B

S→N
Pressure

= (2 - 2) = 0  

W→E
pressure
= 0 - 0 = 0 

Phase Pressure
Phase (N-S): (2-4)+(2-2) = -2
Phase (W-E): (0-0)+(1-0) = 1 

Phase Pressure
Phase (N-S): (2-0)+(2-2) = 2
Phase (W-E): (0-0)+(1-0) = 1 

West West

EastEast

Fig. 5. Illustration of max pressure control in two cases. In both cases, there are four movement signals: North→South,
South→North, East→West and West→East and there are two phases: Phase(N − S) which sets green signal in the
North→South and South→North direction, and Phase(N − S) which sets green signal in the East→West and West→East
direction. In Case A, Max-pressure selects Phase(N − S) since the pressure of Phase(N − S) is higher than Phase(W − E); in
Case B, Max-pressure selects Phase(W − E).

Max-pressure control proposed in [Varaiya 2013] is formally summarized in Algorithm 1. From line 3 to line 7,

this method selects the phase with the maximum pressure, activates it as the next phase and keeps the selected

phase for a given period of time tmin .

Algorithm 1:Max-pressure Control
Input: Current phase time t , minimum phase duration length tmin

1 forall timestamp do
2 t = t + 1

3 if t >= tmin then
4 Calculate the pressure Pi for each phase i;

5 Set the next phase as arg maxi {Pi } ;
6 t = 0;

7 end
8 end

3.7 SCATS
SCATS [Lowrie 1990] (Sydney Coordinated Adaptive Traffic System) takes pre-defined signal plans (i.e., cycle

length, phase split and offsets) as input and iteratively selects from these traffic signals according to the pre-defined

performance measurements. Its measurement like the degree of saturation (DS) is detailed as follows:

DS =
дE
д
=
д − (h′ − h × n)

д
(10)

where д is the available green signal time (in seconds), дE is the effective green time during which there are

vehicles passing through the intersection and equals to available green signal time minus the wasted green

time; and the wasted green time is calculated through the detection - h′
is the detected total time gap, n is the

, Vol. 1, No. 1, Article . Publication date: January 2020.
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Network of Signals
Modern Approaches

Several reinforcement-learning based methods have gained prominence in
the last decade.

This framework is characterized by states, actions, rewards, and transi-

tion functions. The objective is to find policies that optimize the to-

tal/average/discounted reward over a time-horizon of interest.

Lecture 15 Signalized Corridors and Networks
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Network of Signals
States

States are inputs to the policy function. There is a trade-off between in-
cluding more information in the state vector and computational complexity
of finding the optimal policy.

A Survey on Traffic Signal Control Methods • :15

traffic signal will have a more flexible phase sequence than defining the action as “keep current phase or

change to the next phase in a cycle”.

• Coordination strategy. How to achieve coordination is one of the challenges that complicate the signal

control problem. In urban environments, signals are often in close proximity, and vehicles departing from

one signal influence the arrival pattern of vehicles to the next downstream intersection. Thus, optimizing

of signal timings for adjacent traffic signals must be done jointly.

4.2 RL Formulation
A key question for RL is how to formulate the RL setting, i.e., the reward, state and action definition. In recent

studies [van der Pol 2016; Wei et al. 2018; Wiering 2000], a typical reward definition for traffic signal control is

a weighted linear combination of several components such as queue length, waiting time and delay. The state

features include components such as queue length, number of cars, waiting time, and current traffic signal phase.

In recent work [van der Pol 2016; Wei et al. 2018], images of vehicles’ positions on the roads are also considered

in the state and fed into deep neural networks to learn the control policies. For more discussions on the reward,

state, and actions, we refer interested readers to [El-Tantawy and Abdulhai 2011; Mannion et al. 2016; Yau et al.

2017].

Table 4. Elements in state definitions

Element References

Queue length [Abdoos et al. 2011a, 2014; Aslani et al. 2017, 2018b; Balaji et al. 2010; Brys et al. 2014;

Chen et al. 2020; Chin et al. 2011; Chu et al. 2019; El-Tantawy and Abdulhai 2010,

2012; El-Tantawy et al. 2013; Mannion et al. 2016; Nishi et al. 2018; Pham et al. 2013;

Prashanth and Bhatnagar 2011; Salkham et al. 2008; Wei et al. 2019b, 2018; Xiong et al.

2019; Xu et al. 2013; Zang et al. 2020; Zheng et al. 2019a,b]

Waiting time [Chu et al. 2019; Wei et al. 2018]

Volume [Aslani et al. 2017, 2018b; Balaji et al. 2010; Cahill et al. 2010; Casas 2017; El-Tantawy

and Abdulhai 2010; Wei et al. 2019a, 2018]

Delay [Arel et al. 2010]

Speed [Casas 2017; El-Tantawy and Abdulhai 2010; Nishi et al. 2018]

Phase duration [Brys et al. 2014; El-Tantawy et al. 2013; Mannion et al. 2016; Pham et al. 2013;

Prashanth and Bhatnagar 2011]

Congestion [Bakker et al. 2010; Iša et al. 2006; Steingrover et al. 2005]

Position of vehicles [Bakker et al. 2010; Iša et al. 2006; Khamis and Gomaa 2012; Khamis et al. 2012; Kuyer

et al. 2008; Mousavi et al. 2017; Steingrover et al. 2005; van der Pol 2016; Wei et al.

2018; Wiering 2000; Wiering et al. 2004a,b]

Phase [Aslani et al. 2017, 2018b; Chen et al. 2020; El-Tantawy et al. 2013; Mannion et al. 2016;

Salkham et al. 2008; Wei et al. 2019a,b, 2018; Xiong et al. 2019; Zang et al. 2020; Zheng

et al. 2019a,b]

, Vol. 1, No. 1, Article . Publication date: January 2020.
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Network of Signals
Actions

Actions are outputs of the policy function.
A Survey on Traffic Signal Control Methods • :19

Table 6. Action definitions

Action References

Set current phase du-

ration

[Aslani et al. 2017, 2018b; Xu et al. 2013]

Set phase split [Abdoos et al. 2011a, 2014; Balaji et al. 2010; Casas 2017; Chin et al. 2011]

Keep or change [Brys et al. 2014; Mannion et al. 2016; Pham et al. 2013; van der Pol 2016; Wei et al.

2018]

Choose next phase [Arel et al. 2010; Bakker et al. 2010; Cahill et al. 2010; Chen et al. 2020; Chu et al. 2019;

El-Tantawy and Abdulhai 2010, 2012; El-Tantawy et al. 2013; Iša et al. 2006; Khamis

and Gomaa 2012; Khamis et al. 2012; Kuyer et al. 2008; Mousavi et al. 2017; Nishi et al.

2018; Prashanth and Bhatnagar 2011; Salkham et al. 2008; Steingrover et al. 2005; Wei

et al. 2019a,b; Wiering 2000; Wiering et al. 2004a,b; Xiong et al. 2019; Zang et al. 2020;

Zheng et al. 2019a,b]

respectively. Depending on whether to learn the value function or to explicitly learn the policy parameter, an RL

method can be categorized as a value-based or policy-gradient method, respectively (and the combination of these

two is an actor-critic method). Depending on whether the functions, policies, and models are learned through

tables with one entry for each state (or state-action pair) or through parameterized function representation, an

RL method can be categorized as a tabular or approximation method, respectively.

Table 7. Model-based and model-free methods in RL-based traffic signal control methods

References Strengths

Model-based methods [Cahill et al. 2010; Khamis and Gomaa 2012; Khamis

et al. 2012; Kuyer et al. 2008; Steingrover et al. 2005;

Wiering 2000; Wiering et al. 2004a,b]

Models the state transitions,

explores the state space effi-

ciently by planning and im-

proves convergence speed.

Model-free methods [Abdoos et al. 2011a, 2014; Arel et al. 2010; Aslani

et al. 2017, 2018b; Bakker et al. 2010; Balaji et al. 2010;

Brys et al. 2014; Casas 2017; Chen et al. 2020; Chin

et al. 2011; Chu et al. 2019; El-Tantawy and Abdulhai

2010, 2012; El-Tantawy et al. 2013; Iša et al. 2006;

Mannion et al. 2016; Mousavi et al. 2017; Nishi et al.

2018; Pham et al. 2013; Prashanth and Bhatnagar

2011; Salkham et al. 2008; van der Pol 2016; Wei et al.

2019a,b, 2018; Xiong et al. 2019; Xu et al. 2013; Zang

et al. 2020; Zheng et al. 2019a,b]

No need to handcraft/pre-

train transition models,

learns the models directly

with the policy.

4.3.1 Model-based vs. model-free methods. Depending on the modeling philosophy of RL, literature [Arulku-

maran et al. 2017; Kaelbling et al. 1996] divides current RL methods into two categories: model-based methods
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Network of Signals
Rewards

One-step rewards can focus on one performance measure or can be a
weighted combination of the following metrics.

A Survey on Traffic Signal Control Methods • :17

Table 5. Factors in reward functions

Element References

Queue length [Abdoos et al. 2011a, 2014; Aslani et al. 2017, 2018b; Balaji et al. 2010; Cahill et al. 2010;

Chin et al. 2011; Chu et al. 2019; Iša et al. 2006; Khamis and Gomaa 2012; Khamis et al.

2012; Kuyer et al. 2008; Mannion et al. 2016; Prashanth and Bhatnagar 2011; Salkham

et al. 2008; Steingrover et al. 2005; van der Pol 2016; Wei et al. 2019b, 2018; Wiering

2000; Wiering et al. 2004a,b; Xiong et al. 2019; Zang et al. 2020; Zheng et al. 2019a,b]

Waiting time [Bakker et al. 2010; Brys et al. 2014; Chu et al. 2019; Mannion et al. 2016; Nishi et al.

2018; Pham et al. 2013; Prashanth and Bhatnagar 2011; van der Pol 2016; Wei et al.

2018; Xu et al. 2013]

Change of delay [Arel et al. 2010; El-Tantawy and Abdulhai 2010, 2012; El-Tantawy et al. 2013; Mousavi

et al. 2017]

Speed [Casas 2017; van der Pol 2016; Wei et al. 2018]

Number of stops [van der Pol 2016]

Throughput [Aslani et al. 2017, 2018b; Cahill et al. 2010; Salkham et al. 2008; Wei et al. 2018; Xu

et al. 2013]

Frequency of signal

change

[van der Pol 2016; Wei et al. 2018]

Accident avoidance [van der Pol 2016]

Pressure [Chen et al. 2020; Wei et al. 2019a]

In the traffic signal control problem, although the ultimate objective is to minimize the travel time of all

vehicles, travel time is hard to serve as an effective reward in RL for several reasons. First, the travel time of a

vehicle is influenced not only by the traffic signals, but also by other factors like the free-flow speed of a vehicle.

Second, optimizing the travel time of all vehicles in the network becomes especially harder when the destination

of a vehicle in unknown to the traffic signal controller in advance (which is often the case in the real world).

Under such circumstances, the travel time of a vehicle can only be measured after it completes its trip when

multiple actions have been taken by multiple intersections in the network. Therefore, the reward function is

usually defined as a weighted sum of the factors in Table 5 that can be effectively measured after an action:

• Queue length. The queue length is defined as the sum of queue length L over all approaching lanes, where

L is calculated as the total number of waiting vehicles on the given lane. Similar to the definition of queue

length in Section 4.2.1, there are different definitions on a "waiting" state of a vehicle. Minimizing the queue

length is equivalent to minimizing total travel time.

• Waiting time. The waiting time of a vehicle is defined as the time a vehicle has been waiting. Similar to the

definition of waiting time in Section 4.2.1, there are different definitions on how to calculate the waiting

time of a vehicle. A typical reward function considers the negative value of the waiting time experienced

by the vehicles.

• Change of delay. The change (saving) in the total cumulative delay is the difference between the total

cumulative delays of two successive decision points. The total cumulative delay at time t is the summation

of the cumulative delay, up to time t , of all the vehicles that are currently in the system.
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Network of Signals
Communication Between Agents

To manage a network of intersection, the problem is typically modelled as
a multi-agent reinforcement learning (MARL) problem where signals may
communicate some state information to its neighbours.

A Survey on Traffic Signal Control Methods • :23

Table 10. Different coordination methods for traffic signal control

Coordination Strategies Objective & Explanation References

Global single agent maxaaaQ(s,aaa), where s is the
global environment state, aaa
is the joint action of all inter-

sections

[Casas 2017; Prashanth and Bhatnagar 2011]

Joint action modeling maxai ,aj Σi, jQi, j (oi ,oj , ai , aj ),
whereoi andoj are the obser-
vation of two neighboring

agents i and j

[El-Tantawy and Abdulhai 2012; El-Tantawy

et al. 2013; Kuyer et al. 2008; van der Pol

2016; Xu et al. 2013]

Independent RL without

communication

maxai ΣiQi (oi , ai ), where oi
is the local observation of in-

tersection i , ai is the action
of intersection i

[Abdoos et al. 2011a; Aslani et al. 2017, 2018b;

Balaji et al. 2010; Brys et al. 2014; Cahill et al.

2010; Chen et al. 2020; Chu et al. 2019; Iša

et al. 2006; Khamis and Gomaa 2012; Khamis

et al. 2012; Mannion et al. 2016; Pham et al.

2013; Salkham et al. 2008; Steingrover et al.

2005;Wei et al. 2019a;Wiering 2000;Wiering

et al. 2004a,b; Xiong et al. 2019; Zang et al.

2020; Zheng et al. 2019a,b]

Independent RL with com-

munication

maxai ΣiQi (Ω(oi ,Ni ), ai ),
where Ni is the neighbor-

hood representation of

intersection i , Ω(oi ,Ni )
is the function that mod-

els local observations

and the observations of

neighborhoods.

[Arel et al. 2010; El-Tantawy and Abdul-

hai 2010; Nishi et al. 2018; Wei et al. 2019b;

Zhang et al. 2019b]

• Simulation environment. Deploying and testing traffic signal control strategies involves high cost and

intensive labor. Hence, simulation is a useful alternative before actual implementation. Simulations of

traffic signal control often involve large and heterogeneous scenarios, which should account for some

specific mobility models in a vehicular environment, including car following, lane changing, and routing.

Since mobility models can significantly affect simulation results, the simulated model must be as close to

reality as possible.

• Road network. Different kinds of the road network are explored in the current literature, including synthetic

and real-world road network. While most studies conduct experiments on the synthetic grid network, the

scale of the network is still relatively small compared to the scale of a city.

• Traffic flow. Traffic flow in the simulation can also influence the performance of control strategies. Usually,

the more dynamic and heavier the traffic flow is, the harder for an RL method to learn an optimal policy.

4.5.1 Simulation environment. Various publicly available traffic simulators are currently in use by the research

community. In this section, we briefly introduce some open-source tools used in the current traffic signal control

literature. Specifically, since RL-based methods require detailed state representation like vehicle-level information,
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