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Abstract: Traffic flow is by nature a dynamic process, rendering static, fixed-time signal-
ing systems inadequate. A new, adaptive traffic control system is presented in this paper.
Traffic load is continuously monitored by loop detectors connected to a microcontroller-
based system, which also performs all intersection control functions. Intersection control-
lers of an area are interconnected with a communication network, passing to each-other
traffic load information, and getting synchronized. As a result, the duration and relative
phases of each traffic light cycle dynamically change. The new architecture is completely
distributed and eliminates the need for a region computer to individually control traffic

lights.
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1. INTRODUCTION

Traffic control systems in urban areas are usually of
static nature and their design is based on measure-
ments and statistical analysis performed prior to the
installation of these systems. However, traffic load is
highly dependent on parameters such as time, day,
season, weather and unpredictable situations such as
accidents, special events or construction activities. If
these parameters are not taken into account, the
traffic control system creates delays and bottlenecks.
A dynamic traffic control system solves these prob-
lems by continuously sensing and monitoring traffic
conditions and adjusting the timing of traffic lights
according to the actual traffic load. Furthermore, a
control system can be synchronized along a route so
that the resulting traffic waves will move with opti-
mal speed, thus minimizing waiting intervals.

The main purpose of any traffic control system is to
reduce the mean overall travel time of vehicles
moving in the controlled area, without compromis-

ing vehicle and pedestrian safety. The mean reduc-
tion time for a dynamic traffic control system ranges
from 15% to 40% as compared to a static system,
resulting in 10% fuel consumption reduction and
15% air pollution reduction. Other benefits include
reduction of accidents, noise and workers’ man-
hours. Total benefits have been demonstrated to ex-
ceed the implementation cost of a dynamic traffic
control system by a ratio of 10:1 and the system de-
ployment cost may be recovered in one to two years
of operation (Rowe 1991; Sims and Dobinson 1980).

Most traffic control systems implement a three-level
architecture, as shown in Fig. 1, comprising of the
central computer, the regional computers and the
intersection controllers. The computer, or local area
computer network (Haver and Tamoff 1991;
Hanchey and Smith 1995), in the top level of the
architecture, is located in a control building. This
computer, besides controlling the system, is used for
surveillance, for data recording and database update,
and for report generation. One level down in the



architecture, there are the regional computers. Their
purpose is to control and synchronize a number of
intersection controllers. Typically, a regional com-
puter controls 200 to 400 intersection controllers,
depending on the size of the system and geographi-
cal considerations. A star topology is used to connect
the intersection controllers to the regional computer,
using private or leased lines. An intersection con-
troller, which is implemented using a microcontrol-
ler, takes commands from the regional computer,
changes phases, checks and monitors the system for
malfunctions, collects data from loop detectors (if
they exist) and transmits them via the regional com-
puter to the control center.
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Fig. 1 Typical Traffic Control System Architecture

The intersection controllers in existing systems use
either relay logic, or, microcontrollers replacing re-
lay logic. When microcontrollers are used, their ca-
pabilities are not fully exploited toward maximum
system effectiveness and efficiency. The microcon-
trollers are used to simply replace the relay logic in
previous generation systems. However, a microcon-
troller has greater capabilities: it can be used to
process data from loop detectors, to take decisions
based on these data and to perform sophisticated
communications functions.

The system described in this paper is an autonomous
area-wide traffic control system. In the context of the
architecture described above, it performs the func-
tions of an area computer and its intersection con-
trollers. The new system combines the data process-
ing with the communication capabilities of micro-
controllers to achieve traffic light control in a dis-
tributed fashion: the reasonably powerful regional
computer controlling “dumb” intersection controllers
is replaced with a network of low computational
power microcontrollers, in which every microcon-
troller collects data locally, exchanges information
with its neighbors, controls its local traffic light, and
relays data for data logging purposes. In previous
systems there has been a need to synchronize all
intersection controllers so that they will produce
correct phases of the traffic light cycles; by compari-
son, the new system achieves synchronization by
passing time information from a master coatroller to

the remaining ones, with time skewing no worse
than a few milliseconds.

A characteristic feature of the new system is that
each traffic light cycle can potentially be of different
duration than the previous one. This is achieved by
each controller sending a request for the desired next
cycle duration, whereas the master controller com-
putes and broadcasts the common cycle time to be
used by all slave controllers. This process is repeated
during every traffic light cycle. Thus, the cycle itself
can change, whereas all microcontrollers remain
synchronized.

2. TRAFFIC DETECTORS

An essential feature of any dynamic traffic control
system is its capability to compute traffic flow rates
of the controlled intersection. There are several
methods to detect a passing vehicle (Klein L. A, et
al, 1995), the most common of which being the loop
detector. The main advantages of the loop detector
are that it is robust and reliable, because it does not
come in contact with vehicles, and that it is easily
installed. Its principle of operation is based on the
detection of a vehicle as a metallic mass entering the
magnetic field of an inductor, and thus changing its
inductance. This section describes a loop detector,
which was designed and implemented for the new
system presented in this paper.

The sensing element is a coil with dimensions two
by three meters, placed just below the road surface
and characterized by an inductance variation pro-
portional to the proximity of a vehicle. The detector
must be positioned at a distance of about 50 m before
the stop line at a traffic node. If it is expected that
during the interval of the red light period, the wait-
ing queue will grow longer than 50 m, then the de-
tector must be placed closer to the end of the pre-
dicted queue, in order to detect passing vehicles and
not those waiting for a green light close to the node.
For a road with more than one traffic lane, one de-
tector must be placed at each lane.

The detector circuit senses loop inductance varia-
tions and produces a digital output. The output is a
logic “1”, if there is a vehicle over the coil and a
logic “0”, otherwise. A printed circuit input card was
designed to group loop detectors, so that the micro-
controller can read a byte for each group of eight
detectors. There is no restriction as to the number of
input cards that can be used in a system and, as a
result, even the largest intersections can be handled
at a loop detection cost directly proportional to the
monitored lanes. As an example, the largest inter-
section of the city of Chania, Crete, with a popula-
tion of 60,000, has a total of ten lanes, which would
require two cards for monitoring, whereas a typical



intersection has a total of four to six lanes and could
be monitored with one card. The detector circuit
which converts the loop inductance variation to a
digital signal is described in more detail below.
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Fig. 2. Loop detector block diagram

Since the sensing coil inductance variations are very
low (typically <5%), a sensitive circuit is used to
ensure a reliable vehicle detection. An oscillator, a
phase-locked-loop (PLL), an amplifier and a com-
parator stage are cascaded to form the conditioning
circuit. The block diagram of that circuit is shown in
Fig. 2.

The loop coil is part of a Colpitts oscillator and thus
any inductance variation will result in an oscillator
frequency shift. The PLL stage, acting as a FM de-
modulator, converts the frequency shift into a voit-
age variation. This voltage indicates whether or not
there is a vehicle passing over the coil. Because ini-
tial inductance variations are very small, corre-
sponding frequencies are very close to each other.
Although the use of a filter to separate frequencies
would cost less than a PLL stage, this approach was
rejected, as temperature and other variations would
potentially lead to incorrect output.. After the PLL
stage, the signal is characterized by a small voltage
difference among the two states (i.e. 6.2 Volts when
no car is present and 6.6 Volts, when a car is pres-
ent). The next stage subtracts the DC component,
performs signal amplification and then passes it
through a low-pass filter to cut off high noise fre-
quencies that may be contained in the signal. This
stage is implemented with two cascaded operational
amplifiers, the first of which is a difference ampli-
fier, while the second acts as a low-pass filter. The
last stage is a comparator which converts the ampli-
fied signal to TTL levels. The comparator output is
suitable to drive the input card pins. A hysteresis
loop around the comparator ensures further noise
rejection.

3. THE CONTROLLER

An intersection controller of the system described in
this paper performs the following functions: it reads
the detectors’ state and hence it computes traffic
flow information (car counts), it computes the timing
schedule for the intersection based on the traffic
flow, it communicates with the adjacent node con-
trollers to share data and synchronization informa-
tion, and finally it switches traffic lights on and off.

All integrated circuits used in the controller imple-
mentation are of CMOS technology. CMOS gates
have two significant advantages. The first is that at
the 12-MHz system clock frequency, the power con-
sumption is 100 times lower than a TTL LS gate.
This ensures low power consumption, necessary for
system operation on a 24-hour basis. The second is
that the noise margin of CMOS gates is twice as
high as that of the TTL LS series. The heart of the
system is Intel’s 8051 microcontroller, capable of
executing 1 million instructions per second and ad-
dressing a total of 128 Kbytes of program and data
memory.

The controller consists of a motherboard and four
types of extension cards. In addition to the micro-
controller, the motherboard has a power up reset
circuit, a crystal oscillator, bus control circuits, bus
driver circuits, some LED’s and a timer to interrupt
the microcontroller at a 10-Hz rate for detector sam-
pling. During each interrupt, the controller reads the
state of a detector and compares it with the corre-
sponding state of the previous interrupt. If a detector
state has changed from 0 to 1, the corresponding
variable is updated. Counting vehicles (traveling up
to 100 Km/hr) with this approach requires only a 10-
Hz external timer. If, on the other hand, the proces-
sor was interrupted every time a detector changes
state, an extended external circuit would have been

necessary.
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Fig. 3. Controller architecture

Another function that the controller performs is to
compute optimum cycle times and to distribute time
over the intersection phases. These computations are
based on flow rates and are computed from detector
sampling. The algorithm that performs the above
computations makes the system distributed and
adaptive. The algorithm is described in the section
“The Algorithm”, below.

As previously noted, the controller consists of a
motherboard and a bus connecting the extension
cards. This architecture gives versatility to the sys-
tem. Thus, for each particular traffic node, only the
necessary cards need to be added to the bus. Cards -
are of four kinds: RAM, ROM, input and output.



The RAM card consists of a 2-KB RAM unit and
necessary circuits to read and write it. The micro-
controller has the ability to address 64 KB of RAM
memory, but 2 KB are enough for all intersections.
The ROM card is similar to the RAM card. It con-
sists of a integrated circuit of a 32-KB flash EPROM
and the necessary circuits to read and write it. Input
cards and output cards implement a memory mapped
input-output. The controller has the ability to read
32 KB of data from input cards and to write 32 KB
to output cards. Loop detectors are connected to in-
put cards, whereas power circuits switching traffic
lights on and off are connected to output cards.
Cards may be used for other purposes too. For ex-
ample, output cards may be used to pass data to dis-
plays informing drivers about road conditions, haz-
ards, construction ahead, etc., but such features have
not been implemented yet.

There is one more type of card, in addition to the
above. This is the communication card which is
connected directly to the microcontroller, rather than
the bus. As described in the next section, all inter-
section controllers of an area are interconnected in a
network, in which data are transmitted in an asyn-
chronous serial mode. The communication card con-
sists of line driving circuits, signal regeneration cir-
cuits and circuits to multiplex the controller to the
network.

4, THE NETWORK

The network topology is shown in Fig. 4. It uses
point-to-point connections having a serial protocol.
Only three data lines connect each node with the
next. Therefore, both the complexity and the cost of
a star topology are avoided, as they grow to be quite
high in traffic control systems with many nodes. The
lines connecting the controllers consist of three
twisted wire pairs. Data passed on these lines are
transmitted in serial mode and are of TTL level. The
serial communication speed is 9600 bps. The net-
work card at every node regenerates the incoming
signal, and adds packets of the local node to form
the output. There are no collisions of packets, as will
be described below. The functions are performed by
the communication card, and no controller resources
are needed for them.
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Fig. 4. Network topology

As Fig. 4 shows, there is a node characterized as the
master node, the rest of the nodes being slaves. Any
node of the network can be the master node, and a
jumper setting on the communication card deter-
mines at power-up time the master or slave status of
a communication node. All the slaves have the same
access rights within the network. The master is re-
sponsible for the network operation, in order to
avoid collisions. Of the three network lines, two are
used for data transmission and the third is used by
the master to send a synchronization interrupt to all
slaves. The first data line transmits data from the
master to the slaves and the second transmits data
from the slaves to the master. On the second line,
more than one node can pass data. This is achieved
with the AND gate shown in Fig. 4. A token-based
protocol does not allow two slaves to transmit data
on the same line simultaneously.

The microcontroller of every network node has a
different, hardwired in ROM address, with the mas-
ter having the address 0. A node receives only those
packets having the node address and rejects those
with a different address. Each information packet
consists of four bytes and that is the minimum
amount of data a node can transmit. The byte posi-
tion in the packet has the following meaning: The
first byte is always “FF” and protects from random
byte interference in the channel. The second byte is
the receiver address, the third is the type of packet
and the fourth is a data byte. Five types of packets
have been implemented. Of these, two have a par-
ticular importance for the network: the ACK and
ERROR packets. The ACK packet is sent by a slave
to the master, to confirm a packet reception. The
ERROR packet is also sent by a slave to the master,
whenever an error is detected, resulting in retrans-
mission of the corrupted packet.

No slave can initiate packet transmission to the
channel. There are two types of information trans-
mission. The first is when the master must send in-
formation to the slaves. The master sends a packet
containing the information, starting from the first
slave. Then the slave sends an ACK packet. When
communication with the first slave ends, the master
goes on to the second slave, and so on. The second
type of information transmission is when data must
be sent by the slaves to the master. Again, the master
initiates the process with the first slave and sends a
packet which is a specific data request. Then the
slave sends a packet containing that information.
When the packet is received, the master continues
with the next slave. According to the above protocol,
no one slave puts data on the channel, except when
the master has requested it. Since the master never
requests a packet from a slave, if communication
with the previous node has not been completed, there
is no possibility for collision. The above token-based

protocol, in which a transmission token is held by



the master and is passed to one slave at a time, in
addition to collision avoidance, is very simple to
implement in software and results in low-cost, robust
communication. Actual measurements over exten-
sive periods showed no transmission errors, and as a
result, no error detection and correction codes were
included in this protocol; however, it would be very
easy to add such codes, albeit, at the cost of addi-
tional information transmission and hence slower
network operation.

There are two cases that may create problems during
system operation. The first one is when a slave re-
ceives a packet containing an error (e.g. an illegal
packet type) and sends back an ERROR message
requesting retransmission. The second occurs when
a slave cannot send an answer because there is a
problem in the network. If this is the case, the mas-
ter waits during a time-out interval and then as-
sumes that there is a problem, gives an alarm mes-
sage and continues with the next slave. In actual
tests, no ERROR messages have been logged, how-
ever, the second type of error has been detected, e.g.
when the power of a slave was shut off.

With a speed of 9600 bps, the packet consisting of
40 bits (counting also start and stop bits) requires
transmission time equal to 40 bits/9600 bps = 4.17
msec. Based on this time, the time-out interval was
selected to be 15 msec and this period determines the
number of nodes that can be connected to the net-
work. A full conversation of the master with 100
slaves can take place in a 1-sec period. Thus, the 256
nodes that can be addressed with the existing proto-
col can communicate within a reasonable time. A
fairly large region generally contains well below this
number of traffic lights, e.g., the city of Chania has
a total of roughly 40 traffic lights.

5. THE ALGORITHM

A fundamental property and the main contribution
of the system described here is that it is adaptive to
traffic requirements. At the beginning of each traffic
light cycle, the period of the next cycle is computed.
This time computation is based on intersection traf-
fic flow, which was computed during the previous
cycle. Because the system is synchronized, the cycle
length is common for all nodes in the controlled
area. The dynamic traffic flow data of all nodes are
taken into account for the computation of the com-
mon cycle time, and as a result the system controls
traffic in a distributed fashion, as desired (Hecht
1982; Lum, et al, 1980; Tarnoff 1980).

Before the beginning of a traffic light cycle, each
controller computes the traffic flow rates according
to the detector measurements during the previous
cycle. From these flow rates, the optimal cycle time

of the specific intersection is computed. The algo-
rithm used is the well known Webster algorithm
(Webster and Cobbe 1956) which minimizes the
average delays, but any other method can be pro-

grammed as well.

At the end of a cycle, the master is informed,
through the network, about the optimal times that
every slave has computed. Then the master computes
the common cycle time that will take effect in the
next cycle. There are several methods to compute the
common cycle time after the master node has col-
lected all of the requested times from the slaves: The
average time, the largest time, or, if there is a wide
variation, it is possible to ignore the extremes and
have some slaves handle the traffic load in multiple
cycles whereas the rest complete in one cycle. In the
current implementation, the average of all the slave
times is computed and this is the cycle time of the
entire system. When the cycle time is computed, the
master transmits it to every slave separately.

The continuous cycle time change requires synchro-
nization at every cycle. To start a cycle, the master
sends a synchronization pulse through the network.
Such a pulse is sent every time the master initiates a
cycle. A slave does not start its cycle immediately
with the synchronization pulse, but waits for a time
called intersection delay, and then starts the new
cycle. For every node there is a different time delay
with respect to the master-slave distance. This delay
causes a progressive movement on the street of vehi-
cles having a desired speed. This process allows for
the relative phase synchronization between the mas-
ter and the slaves. Since the locations of traffic lights
and the desired speed of traffic flow are known in
advance, the delay time is pre-computed and is
hardwired in each node. Nonetheless, the relative
phase times of each node can vary, as described be-
low, and thus adjustments to the optimum times can
result from the dynamic variations at each node.

After a slave controller is informed of the next light
cycle time from the master, it is responsible to man-
age it and to use it in an optimal way. Based on lo-
cally measured traffic flow, the intersection approach
time distribution is computed from the Webster rela-
tion. A phase sequence table is subsequently con-
structed, to determine the phase code and the phase
duration on every phase. For the remaining cycle
duration, the controller switches traffic lights on and
off according to this table, and gathers traffic flow
data. After all the phases of the table are executed, a
synchronization pulse is sent from the master to the
slaves denoting the beginning of the next cycle.



6. EXPERIMENTAL RESULTS

A complete three-node traffic control prototype sys-
tem has been developed and tested in the laboratory.
One controller was programmed as master and two
controllers were programmed as slaves, intercon-
nected with 100-meter long lines to comprise the
control network. The detector was tested under ac-
tual conditions and was adjusted to detect passenger
cars or heavier vehicles, avoiding false operations
caused by bicycles or small metallic objects. The
network was thoroughly tested by transmitting pack-
ets over long distances without any error reports.
Suitable diagnostic programs check the integrity of
the system. For testing purposes, a three-node road
miniature replica was also constructed with com-
puter simulated traffic. The controllers were con-
nected to the traffic lights and the synchronization
between the nodes was never lost, even under simu-
lated severe traffic conditions.

7. CONCLUSIONS

In this paper, the development of an area-wide traf-
fic control system is presented. At each intersection
there is an intersection controller implemented with
a microcontroller. The controller collects data from
loop detectors located in each intersection and man-
ages traffic lights. All intersection controllers of an
area are interconnected via a communication net-
work. Traffic control is accomplished in a distrib-
uted way, where each node computes the relative
phases of each traffic light cycle. A major advantage
of the described system is the adaptation of the traf-
fic light cycle period to the entire region’s traffic
profile. Benefits arising from this adaptive approach
are the reduction of the mean travel time, of the fuel
consumption, and of the air pollution.

Another benefit of the system is the network con-
figuration. The network is based on a point-to-point
architecture, thus avoiding the complexity and cost
of a star connection. Furthermore, network lines are
private, thus avoiding problems that usually arise
from the telephone company, if leased lines are used
(Cimento A. A. 1980).

The system has a high degree of versatility. Any
intersection can be controlled by simply connecting
input and output cards to a motherboard. Other ad-
vantages of the system are its low-implementation
cost and low-power consumption. Finally, the hard-
ware capabilities are not completely used by soft-
ware. Thus, in the future, the system can be pro-
grammed to perform more functions that are re-
quired at an intersection (e.g. to display warning
messages to drivers, to include error detection in the
packet transmission, and to send local statistics to a
centralized computer).
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