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SOFTWARE-DEFINED ARCHITECTURE FOR URBAN
REGIONAL TRAFFIC SIGNAL CONTROL

ABSTRACT

Regional Traffic Signal Control (RTSC) is believed to
be a promising approach to alleviate urban traffic con-
gestion. However, the current ecology of RTSC platforms
is too closed to meet the needs of urban development,
which has also seriously affected their own development.
Therefore, the paper proposes virtualizing the traffic sig-
nal control devices to create software-defined RTSC sys-
tems, which can provide a better innovation platform for
coordinated control of urban transportation. The novel
architecture for RTSC is presented in detail, and micro-
scopic traffic simulation experiments are designed and
conducted to verify the feasibility.
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1. INTRODUCTION

Nowadays, traffic congestion has become a
shared challenging problem in many big cities
around the world. As the essential component of ur-
ban transportation management, traffic signal con-
trol has been applied for a very long time in history
[1, 2]. Especially, since the 1970s regional traffic
signal control (RTSC) platforms, such as TRAN-
SYT, SCOOT, SCATS and so on [3-5], have been
rising as the main method of coordinated traffic
signal control applied in the cites. However, RTSC
systems still face a lot of realistic challenges.

Firstly, with the improvement of refined transpor-
tation management, except for traditional road traffic
signal controller, new Traffic Signal Control (TSC)

devices (e.g. ramp lamp, reversible lane lamp, and
variable lane lamp) emerge in the urban area. These
devices also require collaborative control, such as
traffic control practices in the United States [6] and
Europe [7]. Secondly, there are more application
requirements for RTSC, e.g. transportation diver-
sion and evacuation in public emergencies or large-
scale activities, which are presented in our previ-
ous work [8]. Last but not least, the environment
for wide-ranging RTSC is usually heterogeneous,
especially in the cities with long history. Over the
same period the manufacturer of TSC devices in-
stalled may be distinct. It is rather difficult for plat-
forms and devices from different manufacturers to
dock with each other. Even with national or industry
standards like NTCIP [9], only low-level interoper-
ability can be guaranteed actually. Hence, if not im-
possible, it is formidable to upgrade RTSC systems
or TSC devices independently. The heterogeneous
problems are so complicated that researchers on
RTSC often ignore them and assume that the actual
environment is ideal [10-12]. However, obviously,
unless the issue is considered during the research
process, their innovations are difficult to apply in
practice. At present, although there are few related
studies, some scholars have begun to pay attention
to this issue. For example, Zhang et al. work on traf-
fic signal control of a heterogeneous traffic network
with signalized and non-signalized intersections
[13].

These realistic challenges place extremely high
demands on RTSC systems. However, almost all
existing RTSC platforms are closed and have poor
compatibility, and they are increasingly unable to
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meet the needs of urban transportation manage-
ment. Therefore, the paper proposes a novel soft-
ware-defined architecture for RTSC, abbreviated as
S-RTSC. By adding software virtualization of TSC
devices, S-RTSC overcomes the lacks of the exist-
ing RTSC platforms, and enables innovation in ur-
ban transportation management.

The rest of the paper is organized as follows:
Section 2 reviews the architecture of the existing
RTSC platforms and their shortcomings. Section
3 proposes the S-RTSC architecture with its com-
position in detail. In Section 4, traffic simulation is
conducted to verify the feasibility. Section 5 sum-
marizes the advantages of S-RTSC.

2. ARCHITECTURE OF THE EXISTING
RTSC PLATFORMS

Many countries have developed their own RTSC
platforms, including the British TRANSYT system,
SCOOT system, Australia's SCATS system, the US
RT-TRACS system, Japan's KATENT system, etc.
Although each platform adopts different coordinat-
ed control strategies, their control structure is simi-
lar, as shown in Figure 1. The structure can be rough-
ly divided into two parts: traffic signal controller
and regional traffic signal control software, two of
which are usually connected via Ethernet.

The regional traffic control software, which adopts
the centralized control strategies or performs hier-
archical control strategies by dividing the city into
sub-areas, runs on single or multiple computers. The
traffic signal controllers mainly refer to devices that
control traffic lights at the intersection. According to
the internal communication protocol, the controllers
interact with the regional traffic control software di-
rectly, accepting upper-level control commands and
uploading their running status and traffic flow data
collected (if any). The communication protocol for

RTSC contains a system of rules that allow two or
more entities to transmit information via any kind
of variation of a physical quantity. In addition, the
protocol should also describe the syntax, seman-
tics, and synchronization of communications, and
include sophisticated techniques for detecting and
recovering from transmission errors and for encod-
ing and decoding data.

Precisely, the communication protocol becomes
the biggest obstacle to development. For commer-
cial reasons, the manufacturers typically do not
open the protocols, which has resulted in the inabil-
ity for others to replace the traffic signal controller
or regional traffic control software independently
in practice. Over a long time, people have tried to
solve this problem by setting communication stan-
dards [14]. However, due to a lot of differences in
the system design, product logic and control strate-
gies, there is still no universal and easy-to-promote
communication standard in the world.

3. S-RTSC ARCHITECTURE

To overcome the aforementioned problems, the
paper designs a new architecture S-RTSC, which is
implemented with an open and manufacturer-inde-
pendent method. The crucial feature of S-RTSC is
that heterogeneous devices for traffic signal control
are virtualized to software-defined objects with the
same interfaces. The layered architecture of S-RTSC
is presented in Figure 2.

The infrastructure layer is composed of various
heterogeneous TSC devices. In addition to the main
road traffic signal controller, it also includes other
types of traffic signal devices, such as controllers
for ramp lights, variable lane lights, tidal lane lights
and so on. The virtualization layer is by definition

Regional traffic

Urban region

control software

Subregion

Ethernet

Subregion Subregion

Traffic signal
controller Ethernet

Figure 1 — Control structure of the existing RTSC systems
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Figure 2 — Layered architecture of S-RTSC

the virtualization of TSC devices, which can be con-
sidered as middleware. Each TSC device has a cor-
responding virtual device.

The way in which TSC devices communicate
with their native remote controllers, e.g. wired or
wireless Ethernet based on cable or 3G/4G/5G, is
reused as the connectivity between the infrastruc-
ture layer and virtualization layer. The original
functions of remote controllers are transferred to the
application layer, which communicates with the vir-
tualization layer by RPC (Remote Procedure Call)
with TCP (Transmission Control Protocol). When
receiving the request from the application layer,
virtual devices are responsible for transmitting it
to the corresponding TSC devices through the net-
work. The cross-platform Web Service technology
is used as the standard implementation of this part
[15]. Figure 3 demonstrates the software structure of
virtual devices. A virtual device consists of a unified
interface module and a local web service module.
The running of services is based on open standards
like XML (eXtensible Markup Language), SOAP
(Simple Object Access Protocol), WSDL (Web
Services Description Language) and UDDI (Uni-
versal Description, Discovery and Integration).

Unified Interfaces
module

Control
interface

Traffic
information
interface

Request
i
XML/SOAP

Response

—_—

-

XML is the data format used to contain the data and
provide metadata around it. SOAP is used to trans-
fer the data. WSDL is used for describing the ser-
vices available and UDDI lists what services are
available.

The local web service module is responsible for
interacting with various TSC devices, so the coop-
eration of device manufacturers is indispensable. If
the manufacturer is willing to provide the (partial)
communication protocol, then the native code can
be written directly and later packaged into a local
service. If the manufacturer is not willing to expose
technical details, it can provide a post-encapsula-
tion SDK or Web service (local or remote), which
can be further packaged into a local service. The
Web service approach enables the manufacturer
to implement device virtualization without chang-
ing the existing software and hardware products,
making it easier for the manufacturers to cooper-
ate. The devices of different type or vendors use
distinct communication protocols and methods, so
their virtualization involves a little of customization
work. Fortunately, this kind of work just needs to be
done once and can be copied to other similar devic-
es. Later, regardless of the software upgrade or the

Local Web service module

L Communication protocol J

‘ Software development kit ‘

’ Local or remote Web service

Figure 3 — Software structure of virtual devices
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addition or deletion of physical devices, it is only
necessary to update or add or delete the correspond-
ing virtual devices.

The unified interfaces module is responsible
for providing a unified programming interface, in-
cluding an interface for control and an interface for
traffic information. The control interface is called
channel table model. A channel table has multiple
channel entries, and each channel entry corresponds
to a release direction in the traffic signal network. A
channel entry item can be represented as a quintuple:
<Time Anchor, Edge Src., Edge Dst., Action, Dura-
tion>. The meaning of each item in the quintuple is
listed in Tuble 1. In practice, regardless of the signal
light control at the intersection or the indicator light
control of the tidal lane, they can be abstracted to
release or ban vehicles in a certain travel direction.
Thus, the channel table can cover all signal control
operations.

The interface for traffic information provides a
unified data view of traffic network for RTSC. Ur-
ban traffic network is a natural complex network, so
the primal approach (treat the intersection as a node
and the section as an edge) from the theory of com-
plex network is used to describe the road network
[16]. Figures 4a and 4b show two main elements of

Table 1 — Items of the channel table

road network, i.e. intersection and ramp, represent-
ed by weighted complex network. The traffic signal
control of intersections or ramps in the road network
can be represented with attributes of nodes. The re-
versible lane lights and variable lane lights which
affect section capacity can be represented with at-
tributes of edges. Thus, the road transportation state
and controllable traffic signal are integrated into one
weighted complex network.

Benefit from the consistent programming inter-
face is that the application layer can focus on the al-
gorithm design of traffic signal control. In addition,
to coordinate the traffic signal daily, the current
RTSC system also needs to play a role in the ap-
plication scenarios like foreign affairs, large-scale
activities, transportation inspection, and public
emergencies. Hence, the application layer provides
both automatic and manual interfaces to reflect traf-
fic constraints (e.g. stop certain releasing, occupy a
certain part of a certain lane) on the network view
in a timely manner. Take large-scale activities as an
example. At the beginning and in the end of the ac-
tivity, it is exceedingly easy to cause traffic chaos,
accidents and congestion. To avoid these problems,

Name Byte length Meaning
Time Anchor 4 The trigger time for an action which can be triggered on a periodic basis or in absolute time.
Edge Src. 4 The starting direction of a channel, which is represented by the identifier of road section.
Edge Dst. 4 The target direction of a channel, which is represented by the identifier of road section.
. Possible actions, including green light, red light, yellow light, green flash, red flash, and yellow
Action 1
flash.

Duration 2 Duration(s) of the action. When the value is OXFFFF, it means the action is maintained.
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Figure 4 — An example of road network element represented by weighted complex network (number labels in the figure are
identifiers of road section)
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specialized applications can be prepared in advance
to guarantee smooth arrival and departure paths of
the event venue.

4. COMPUTATIONAL EXPERIMENT

To verify the feasibility and advantages of
S-RTSC, a prototype has been developed following
the architecture of S-RTSC. The system structure is
demonstrated in Figure 5, where the prototype im-
plements the virtualization and application layers of
S-RTSC.

The execution of a typical RTSC algorithm can
be usually broken down into three steps: (1) data
analysis, (2) decision making, and (3) control plan
update. Decision making is the core of the whole
algorithm [17] which makes new control plans
through a series of calculations based on data anal-
ysis. In the prototype, we use the multi-agent meth-
od to implement the part of decision making where
each TSC device is treated as an agent and all agents
together achieve coordinated regional traffic signal
control through cooperation and competition [18,
19]. With the development of artificial intelligence,
networked and intelligent decision-making algo-
rithms have become a trend. The methods, such as
deep learning [20], fuzzy logic [21], rough sets [22],
neural networks [23], genetic algorithm [24, 25],
particle swarm optimization [26], game theory [27],
expert system [28], self-organizing rules [29], dy-
namic adaptive planning [30], (layered) multi-ob-
jective optimization [31, 32], reinforcement learn-
ing [33], complex network [34] and their variants
have been applied to the design of RTSC algorithm.

As benefit from the consistent interface provided by
virtualization, these existing research results can be
easily ported to S-RTSC applications.

Subject to test conditions, it is not currently pos-
sible to test the S-RTSC in practice, so we recon-
struct the microscopic traffic simulation engine of
artificial transportation system called TransWorld
for the experiment [35]. We have started to develop
and improve TransWorld using C# independently
since 2009. Currently, TransWorld is able to simu-
late most traffic scenarios in steps of 0.1 to 1 second.
Benefit from the used object-oriented programming
approach is that all objects involved in traffic (such
as vehicles, roads, traffic lights and their control-
lers) are abstracted and encapsulated into objects,
which is very beneficial for the reconstruction. As
a computing experimental platform, it has been ap-
plied in many major projects such as urban traffic
control and large-scale sports events, and plays a
crucial role in traffic simulating, analysis and pre-
diction [36]. The simulated traffic scenes and traffic
signal controllers are treated as the infrastructure
layer of S-RTSC, and the traffic signal controllers
in TransWorld are reconstructed to act as the actual
ones which can accept remote control by network.
Since these controllers are the same and responsible
for the traffic lights at the intersections, a simple test
protocol based on TCP for adjusting the time plan
(see Appendix for message content) is sufficient for
the experiments, and only one kind of TSC device
needs to be converted into virtual devices.

A transportation scene according to the main
roads in the second ring of Jinan City, Shandong
Province, China, is built, where 419 intersections
and 330 road sections with a total length of 570.81
kilometres are selected. The actual road network is
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Figure 5 — System structure of the prototype
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Figure 6 — Computation experiment based on TransWorld

shown in Figure 6a, and the corresponding road net-
work constructed in TransWorld is shown in Figure 6b.
The simulation time is from 00:00-23:59 on a work-
day. Figure 6c shows the change of traffic volume un-
der the prototype. So far, the experiment has verified
the feasibility of the new framework. Since the paper
does not focus on specific RTSC algorithms, nor are
the details of the applied algorithm given here, and
neither are the control effects (e.g. average travel
speed or delay) discussed or compared further.

In the practical applications, for heterogeneous
TSC devices, each offline physical device needs to be
converted into online virtual device. In this way, we
can build an RTSC system that is loosely coupled to
the underlying hardware and supports rapid deploy-
ment of applications and easy maintenance. This is
the most significant difference between our work and
the traditional efforts on communication standards.

5. CONCLUSION

The paper proposes a software-defined RTSC
architecture which overcomes the shortages of the
traditional ones. By simulation experiments, the
feasibility of S-RTSC is verified. In conclusion, the
main advantages of S-RTSC are:

1) By adding the virtualization layer, S-RTSC sim-
plifies the deployment and maintenance of RTSC
in heterogeneous environment, which is more
suitable for large-scale urban traffic control.

2) S-RTSC realizes a unified programming in-
terface, which can be treated as an isolation of
software plane and hardware plane, so that new
RTSC algorithm can land faster and accelerate
application innovation.

The work is an effort to break the closed ecology
of RTSC platforms, which can facilitate an orderly
competitive market environment. In the future, the
virtualization method will be further improved and
RTSC applications under the new architecture will
be explored.
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Appendix

Index of bytes Content Value

1 Operation type 1

2 Operation object 8

3 Control mode 1

4 Number of time plan 0~255

5 Number of phases N, 0~127

6 Green time 15~120

7 Green flash time 0~10

8 Yellow time 3~10

9 Red time 3~10
Bit 1 Channel 1 (North) 1: released, 0: Not released
Bit2 Channel 2 (North) 1: released, 0: Not released
Bit3 Channel 3 (North) 1: released, 0: Not released

T Bit 4 Channel 4 (North) 1: released, 0: Not released

Bit 5 Channel 5 (North) 1: released, 0: Not released
Bit 6 Channel 6 (North) 1: released, 0: Not released
Bit 7 Channel 7 (North) 1: released, 0: Not released
Bit 8 Channel 8 (North) 1: released, 0: Not released

11 Channel 1~8 (East) ditto

12 Channel 1~8 (South) ditto

13 Channel 1~8 (West) ditto

14~5+8N
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