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Abstract— Over the past decades, group-based control has
become one of the most popular signal technologies being
applied in many cities around the world. LHOVRA control
is one of such group-based controls widely employed in Scandinavian countries. While several previous studies showed that
group-based control outperforms stage-based control in many
aspects, implementation and evaluation of signal controllers
are complicated in a real application. In addition, little effort
has been put in optimizing such group-based controllers in
traffic management practice. This study implements generic
group-based control in an object-oriented software framework,
while a software-in-the-loop simulation is developed to integrate
the signal controller with an open-source traffic simulator,
SUMO. Also, stochastic optimization is applied to generate
optimal signal parameters according to different settings of
objective. In particular, part of the study is to improve the
computational performance of the optimization process by
parallelized simulation runs. Test-based experiments are finally
carried out to evaluate traffic and optimize its impact on a
small traffic network in Stockholm.

Fig. 1.

Illustration of group-based control.

I. INTRODUCTION
A. Background

Fig. 2.

A simple example of conflict matrix.

Traffic signal control is one of the most effective and
widely deployed traffic instruments in urban areas. It can be
operated either in isolation or in coordination. In an isolated
system, signal controller assigns time spans independently
from the signals that are located at other intersections. On
the contrary, if intersections are coordinated, signal plans
depend on the signal parameters of one or more adjacent
intersections. On the other hand, control schemes of traffic
signal can be summarized from two perspectives: signal
timing and signal phasing. According to the method in
allocation of phases duration, traffic controls can be classified
into three types: fixed-time (FT) control, vehicle actuated
(VA) control and adaptive system (AS) control. Among
them, FT control is the simplest one and signal plans of FT
control are pre-determined with fixed schedules. While signal
timings in VA control system are adaptive to the variations
of traffic demand. AS control is more complicated because
it continuously optimizes signal plans automatically based
on the actual traffic load on a traffic network. In terms
of the approach for signal phasing, normally, group-based
control and stage-based control are considered. Signal group
controls a specific traffic movement while stage denotes a

specific time span when several compatible traffic movements proceed at the same time. Literally, signal parameters
are assigned to each stage in stage-based control system.
Group-based control, however, is not necessary to maintain
stage structure and directly assigns signal parameters to each
traffic movement instead [1].
One way to improve traffic performance in practice is to
optimize signal control. Signal optimization approach was
first proposed by Webster, who introduced a simple analytical model in order to minimize travel delay experienced
by drivers. With the fast development of computer power
and traffic modeling tools, simulation-based optimization
becomes a favorable solution of traffic planning and management. Especially, microscopic simulation model is most
applied evaluation tool because of its detailed vehicle-and
driver-behavior representations. For instance, several studies applied stochastic optimization methods, using microsimulation model, to generate appropriate signal plans according to various policy goals [2], [3], [4].
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It is demonstrated in [5] that group-based control is more
effective than stage-based control due to its flexibility in the
allocation of signal phases. Specifically, stage-based signal
control assigns equal green time to a specified collection
of traffic movements. Such movements may consist of both
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B. Group-based signal control
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Fig. 3.

UML class diagram for implementation of group-based control.

major and minor traffic demand approaches. Therefore, a
portion of green time for the movement with minor traffic
demand is not used if green time is assigned based on the
movement with major traffic demand. Group-based control,
however, is able to assign green time to each traffic movement rather than a stage of several movements, therefore,
such unused green time can be avoided.
Fig. 1 gives an example to demonstrate the procedure
about how group-based signal control provides flexible
phases structure. As shown in Fig. 1, there is a significantly larger demand on the east-bound and north-bound
approaches. Phase duration is represented by the length of
rectangular in Fig. 1(a). Normally, phase durations are maintained by traffic-response logic (e.g. VA logic) if group-based
control is applied; green times of a signal group are adjusted
in response to changes in demand. Accordingly, length of
of rectangular in Fig. 1(a), representing phase duration, is
relatively shorter regarding the road with lower demand.
Lengths of signal group further determine the displayed
phase configuration in a cycle (see Fig. 1(b)).
Signal group is ordered to be terminated when it does
not satisfy the requirements of extending green time, meanwhile, an alternative signal group is registered. Movement
controlled by the alternative signal group should not conflict
with the other traffic movements whose signal groups are
still active. At the point that signal group is requested to
end, extra red time for the terminated signal group is needed
to assure vehicles have left the conflict points before the
vehicles from the alternative signal group arrive. Conflict
matrix, defining the clearance time between signal groups, is

used to determine the actual clearance time. Figure 2 shows
a simple example of conflict matrix. Grey squares basically
represent that signal groups cannot be served simultaneously.
A number is assigned for each square which denotes the
reasonable clearance time between two signal groups.
C. Research objectives
Although group-based control owns its advances in operation, few studies have evaluated signal plans of such control
scheme using high-fidelity traffic simulation. To the best of
our knowledge, group-based signal controller is not incorporated as an internal emulator into most micro-simulation
models. Therefore, it becomes necessary to implement a
software-in-the-loop simulation (SILS) application in order
to run group-based controller with microscopic simulation.
Moreover, this application also makes it possible to improve
operational benefits of group-based control through off-line
analysis. To this end, this paper makes efforts to seek to
achieve the following objectives.
• Design and implement an object-oriented software
framework for group-based signal controller;
• Implement an SILS application that allows for the
exchange of information between traffic simulator and
signal controller;
• Integrate the implemented SILS application into
stochastic optimization framework to facilitate signal
parameters for group-based control;
• Examine feasibility of the proposed methodologies
through test-bed experiments and compare the performance of group-based control to the counterpart of
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Fig. 4.

Computational framework to optimize signal parameters.

stage-based controls.

B. Stochastic optimization of signal plan

II. METHODS
A. Implementation of group-based control
In this section, a software-in-the-loop simulation framework is presented, which is able to consistently adapt traffic
light indications in traffic simulation based on the control
logic implemented in the connected virtual signal controller.
Architecture of this framework comprises three major tiers,
traffic simulator, signal controller and interface responsible
for communication between simulator and controller. In this
study, SUMO version 0.19.0 is used as the traffic simulator,
which is an open-source, discrete-time and microscopic
traffic simulation model [6].
The class diagram (described in Fig. 3) depicts related
classes in the implementation of group-based controller.
SimulatorControllerAdapter is a singleton responsible for
managing all features of the traffic simulator and signal
controller and mediating between them. SUMO-based traffic
simulation is highly portable and flexible to be interacted
by SimulatorControllerAdapter via the socket connection
interface (TraCI). Both GroupBasedSignalController and
StageBasedSignalController are inheritances from SignalController class so that this framework is not confined to
a certain type of signal controller. In other words, signal
logic can be easily plugged in or replaced by deriving
from ControlLogic class. SignalGroup and Detection classes
are associated to control logic object. According to this
class diagram, one-step routine of generating traffic light
indications can be described as follows: Detector statuses
are sent from simulator to signal controller through SimulatorControllerAdapter. Traffic light indications are generated
by employing the control logic (such as LHOVRA which
will be discussed in section III) inherited from ControlLogic
class. TrafficSimulator object will, thereafter, receive these
indications from controller for executing next step simulation.

In this study, optimization framework is extended from
study [7], in which Ma et al. implemented a model-based
framework that integrates microscopic traffic simulators with
a micro-scale emission model, CMEM [8], and evolutionary
optimizer. Here, role of traffic simulator in that study is
replaced by software-in-the-loop simulation. Working principle of this optimization framework is illustrated in Fig. 4.
Simulator-Controller Program is designed to obtain evaluation results of signal control strategies. Simulator-Controller
Adapter is what was introduced in previous section and
Parallel Traffic Simulation is a framework to accelerate
evaluation process. After setting up all the components in
this framework, optimization starts with Evolutionary Optimizer, randomly generating an initial population of signal parameters. These parameters are subsequently sent to
Simulator-Controller Program. During the process of simulation, relevant second-by-second vehicle data are registered in
memory. Instantaneous traffic characteristics are then treated
as the inputs for estimating performance indexes when the
execution of traffic simulation is done. According to the
predetermined optimization objective, performance indexes
in mobility or environmental impacts are calculated and then
summarized by using the received traffic characteristics. If
environmental impacts are set as the optimization objective,
calculation of fuel uses can also be distributed to other
machines for the purpose of reducing computation time [9].
The estimated performance measures will be sent back to
the signal optimizer to generate new signal parameters for
further optimization. The described process above is repeated
until the termination criteria are finally met.
In this study, genetic algorithm (GA) is used as the evolutionary optimizer. GA randomly moves towards the global
optimum through population evolution justified by chromosome fitness. To create a new population, GA performs
the following steps: elitist keeping, encoding, tournament
selection, uniform crossover, bit-flip mutation and decoding.
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Fig. 5.

The geometric layout of the study network.

Some sets of control parameters of GA operators are tested
and the one that generates best convergence performance
is chosen. GA operators used in this simulation driven
optimization are detailed described in study [7] .
During the optimization process, traffic simulation runs
have to be carried out for every individual set of signal
parameters at each generation. Furthermore, multiple simulation runs are needed to make simulation-based evaluation
statistically significant. Hence, computational time increases
dramatically when number of parents and/or number of
simulation runs increase. The proposed optimization has the
capacity to allocate multiple traffic simulation runs to different processes in systems with multiple processors or cores
(SMP). Therefore, the most computationally expensive part
of this application, traffic simulation, is able to be executed
simultaneously. In [10], parallelized simulation framework
is implemented and its scalability is tested, which turns out
that computational time of the optimization process can be
largely reduced.
III. TEST-BED EXPERIMENTS
The practical experiments were performed for a network
in Stockholm. This network consists of a pair of connected
intersections, and its configuration is displayed in Fig. 5.
Hornsgatan is the connected arterial street between the
studied intersections. Ringvägen is the road located left while
the right side street is named as Rosenlundsgatan. Distance
between two intersections is around 270 meters. Traffic
lights located at these two intersections are maintained by
LHOVRA controllers. LHOVRA is a typical group-based
control and was initiated for the purpose of reducing crash
frequency and delays at intersections [11]. In addition, two
stage-based signal controllers are optimized as references using this optimization framework and the same configuration
input of SUMO model for comparison purpose. They are
fixed-time (FT) control and vehicle actuated (VA) control.
In particular, FT control system is operated in coordination

and Hornsgatan-Ringvägen intersection (shown on the left)
is defined as the master node.
Letters of LHOVRA acronym represent six additional
functions. Specifically, L, H, O, V and R stand for truck/bus
priority, major road priority, incident reduction, variable yellow, red light infringement and all red turning, respectively.
Generally, control logic works with the following orders of
status: green period, past-end green (PEG) period, yellow
period, and red period. In particular, PEG time refers to a
continuation of green past the end of the normal green time.
O function uses PEG time to delay an imminent change to
amber when vehicles are detected in a dilemma zone, which,
in effect, tends to improve safety efficiency but may reduce
traffic mobility. Durations of these four periods are all determined by vehicle actuated logic at detector level. Decisions
of whether extending or terminating the current status in a
particular signal group is made based on the recorded time
gap when a vehicle passes a predefined detector position.
Description and implementation of LHOVRA can be found
in [11] in details.
Performance analyses are based on 60 minutes simulation
running with additional 15 minutes for initial vehicle loading.
Optimization process follows the GA-based evolutionary
computation. Two objectives, average travel delay and fuel
economy, are set in the experiments. Once the simulationbased optimization is completed, the best signal plan is evaluated through 30 randomly seeded traffic simulations. Average
and standard deviation statistics of all related performance
measures are computed.
A. Optimization formulation
In this section, optimization formulations for LHOVRA
control and two other reference controls are presented. Performance of signal system is associated with signal plan and
a set of random seeds. Therefore, the objective function for
these three controllers can be generalized as:
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min J(s, ρ)
s

(1)

where J denotes performance measure; s denotes a set of
signal parameters; ρ is a set of random seeds.
LHOVRA control system introduces additional signal
parameters, such as minimum and maximum green time,
maximum past-end-of-green time and etc. (see Equation (2)),
to fully execute its internal functions. Usually, most of the
parameters are required to be kept constant in order to assure
that LHOVRA is under proper operation whereas maximum
green time is the only constraint needed to be satisfied in
this study (shown in Equation (3)).
s = {ϕ, ϕmax , p, pmax , y, ymax , r, rmax }
ϕmax,g,i,− ≤ ϕmax,g,i ≤ ϕmax,g,i,+

s.t.

(2)
(3)

in which ϕ and ϕmax denote a vector of minimum green times
and maximum green times; p and pmax denote a vector of
minimum and maximum PEG times; y and ymax represent
a vector of fixed and maximum amber times; r and rmax
represent a vector of fixed and maximum red times; ϕmax,g,i ,
ϕmax,g,i,− and ϕmax,g,i,+ represent the value, lower bound and
upper bound of maximum green time for gth signal group at
intersection i, respectively.
In the case of state-based controller, signal parameters
are manipulated at stage level (see Equation (4)). When
VA is employed, performances of controller are based on
the setting of maximum green times and the corresponding
constraint is shown in Equation (5).
s = {ϕ, ϕmax , y, r}
ϕmax,s,i,− ≤ ϕmax,s,i ≤ ϕmax,s,i,+

s.t.

(4)
(5)

where ϕmax,s,i , ϕmax,s,i,− and ϕmax,s,i,+ represent the value,
lower bound and upper bound of maximum green time for
sth stage at intersection i, respectively.
In addition, formulations of the optimization problem are
presented for coordinated FT control below. Offsets, representing the beginnings of green time for slave intersections
relative to master intersection, are required to be defined
for coordination system. Another requirement of coordinated
FT control system is that all signalized intersections have
to be operated in the cycles with identical length. Signal
parameters for FT control in coordination are shown in
Equation (6). Green time for each stage and offset are the
basic signal parameters. Besides, the first intersection is
defined as master node. Cycle length can be determined
when the other signal parameters of the master node are set
(see Equation (9)). Usually, the coordinated stage shares the
same value of green time. We define the coordinated stage
of intersection as the first stage for each cycle (see Equation
(10)).
s = {φ , θ , y, r,C}
(6)
s.t.
φs,i,− ≤ φs,m ≤ φs,i,+

(7)

θi,min ≤ θi ≤ θi,max

(8)

C = Σφs,1 + Σys,1 + Σrs,1

(9)

φ1,i = φ1,1

(10)

s

s

s

where φs,i , φs,i,− and φs,i,+ represent the value, lower bound
and upper bound of green time for sth stage at intersection i,
respectively; θi , θi,min and θi,max are the value, minimum and
maximum of offset at intersection i, respectively; C denotes
the cycle length.
B. Analysis of computational results
Fig. 6 demonstrates how the best fitness value and average fitness value evolve during a stochastic optimization
process for LHOVRA control when average delay is set
as the optimization objective. Best fitness value changes
frequently at the beginning and almost keep constant after
200 generations’ evolution. Similar trends of convergence
can also be observed for the best fitness values in other
optimization experiments.
In Fig. 7, performances measures of optimal signal plans
are summarized when two intersections are applied for
isolated LHOVRA, isolated VA and coordinated FT, respectively. As indicated by previous study [7], there is an obvious
trade-off between travel delay and fuel consumption in signal
optimization problem. Such trade-off can be observed in
the experiments irrespective of what signal controller is
deployed. Specifically, when average delay is set as the minimization objective for LHOVRA controller, optimal signal
plan reports 4.0% more average fuel consumptions compared
with the case that fuel economy is set as the optimization
objective. When fuel efficiency is regarded as the policy goal
for LHOVRA controller, average delay is, nevertheless, 4.4%
higher than the case that signal plan is generated according
to the objective of minimizing average travel delay.
Both LHOVRA and stage-based VA are actuated-based
signal controllers. Despite bearing some similarities, the differences of evaluation results between them are remarkable
(see Fig. 7). As it is aforementioned, O function reduces
traffic performance on mobility because it results in delays by
postponing the change of signal to amber for a small number
of vehicles which are caught in dilemma zone. However,
the resultant minimum travel delay of optimized LHOVRA
control still lower than the counterpart of optimized VA control. In addition, intersection coordination has been reported
as an effective way to improve traffic mobility. However,
LHOVRA even outperforms, though insignificantly, coordinated FT control in the aspects of minimizing average travel
delay. This phenomenon may be caused by group-based
mechanism. It better utilizes green time through flexible
signal phasing.
On the other hand, isolated LHOVRA suggests notable
improvements on saving energy efficiency. For example, Fig.
7 illustrates that a gain of 4.3% reduction in minimum
fuel consumption can be achieved by deploying optimized
LHOVRA control, compared with the case that VA is in
operation. From observing the optimization results when
fuel consumption is used as minimization objective, 5.5%
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Fig. 6.

caused by execution of O function of LHOVRA control,
compared to the other two reference controllers;
• When minimizing average fuel consumption is set as the
optimization objective, LHOVRA control significantly
improve the fuel efficiency of traffic system if the
optimal signal plan is operated, compared to the other
two signal controllers.
This study shows an important step in optimizing
LHOVRA control, which can be extended into several areas.
In order to make the proposed framework more practical,
possibility of improving computational efficiency should be
further investigated. In addition, calibration and validation of
traffic simulation are necessary to make this study to connect
to the reality of field conditions. Moreover, more operational
conditions should be considered and comprehensive analyses
need to be conducted correspondingly.

Optimization results of average delay for LHOVRA controller.
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Evaluation results of optimal signal plans.
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