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ARTICLE INFO ABSTRACT
Article history: Road network is one of the important transport astiucturesdemanded for
Received 12 February 2016 urbanization. Traffic volume of the road networkiga from time to time due to dai
Accepted 18 March 2016 routine and citydevelopment. The fluctuating traffic volumes afeliént regions of th
Available online 20 April 2016 road network require the traffic management andtrot to be intelligent and
automated.ntelligent Traffic Control System (ITCS) ia key facility developed to
Keywords: control the fluctuating traffic demand efficientlyith the capability to perceive the
Vehicle Detection, Traffic Monitoring, traffic condition around the intersection thatsiipervise. Traffic condition can be
Traffic Management and Control, perceived by usingehicle detection system. However, the performaofcthe ITCS
Intelligent Agent, Fuzzy Control generally reduces when the vehicle detectiocueacy reduces. In this paper

simulation is done for a 4-way intersectionNetLogo environment to determine 1
impact of vehicle detection accuracy to the perfomoe of ITCS.t is found that the
optimality of the ITCS performance is preserved mheedetection accuracy is greater
than 95%. And, by reasonably compromising weating time that a driver waits in a
vehicle queue during the red light, a vehidietection accuracy of 90% is gener:
acceptable. However, the ITCS resufisor user experience when the detec
accuracy is reduced below 85%.

INTRODUCTION

Over the past few decades, urbanization has beeelenating all over the world, especially the
developing countries. In 2009United Natins 2015)reported that, for the first time, there are moese
living in the urban areathan the people in the rural areas worldwide. Gahgrrapid urbanization lds to
human migration, in whichigh demand can be expected for transport inuctures.Road network is one ¢
the transport infrastructures that reflects thegasdemand on measurable traffic volume (in vehiclent pel
unit time). Traffic volume of a road network oftemriestemporally and geographically. Geographice
propery developments such as shopping mall and apartesablishments tend to increase overall tre
volume around specific areas. Temporally, critivalirs such as office hours and school hours teriddiace
high traffic volume during specific time Therefore traffic management and control is necessary to tairor
improve the quality of the road infrastructure antling the fluctuating traffic demai

Road traffic planning is an important task to finming the Traffic Management and Control Sm
(TMCS) from time to timeWhen thetraffic demand exceeds the trafiapacity, traffic congestion is incurre
Normally, the bottlenecks of a traffic network doeated at th intersectionsince they need to accommod
the traffic volumes from multip sides. Some poor user experiences can be obséxvadtiraffic congestio
are: slow moving carsncreasing queue lengand long commutingime. Apart from time consuming, traff
congestion causes fuel wastage on unnecessarylevetticelerating andecelerating.Moreover, the risk of
traffic accident happeningsill increase during traffic congestiowhen the interactions between drivhave
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become too frequent. According to (Kooreteal. 2008), inefficient traffic management will takp the social
cost (due to accidents), operating cost (due toredégtion on the infrastructure and facilities) and
environmental costs (due to harmful emissions).

Literature Review:
Intelligent Traffic Control System:

Traffic Control System (TCS) is a facility instdl at an intersection in the road network to presittaffic
signals to the road users, especially the drivBraditional TCS uses fixed signalization, in whittte traffic
signals are generated according to a preprogransigedl timing in the TCS. The TCS can be consideiedn
opened loop consider system as there is no sepgoipped for the TCS to perceive the surroundiafficr
condition. SIGSET (a computer program for calculgtiraffic signal settings) and SIGCAP (a computer
program for assessing the traffic capacity) memtibim (Papageorgioet al. 2003) are two examples of signal
timing optimizing simulators that implement theffi@aflow model developed by (Webster 1958). Meailah
MAXBAND (a computer program that finds traffic si@nsettings to maximize bandwidths on arteries)
developed by (Lwet al. 2008) is a simulator that implements the traffiodel developed by (Little 1966).
Considering the traffic conditions at the neighbdersections for simulation, Little’s model ha# tability to
generate an optimized signal timing that allowsticamous traffic flow over multiple intersectionsoag a 2-
way arterial. The traffic signals at the interset are generated and coordinated based on theipgdi signal
timing. The situation known as green wave.

Agent is an entity that has the capability to peee@and act upon the environment to direct theviiets
towards achieving goals (Russell & Norvig 2003).illicstrate, a driver can be treated as a humantagéiich
drives on the road with a goal to reach the destinaset before the trip. Along the way, the driveay also
choose any path to minimize the travel time andeasps, according to the past experience (sucheas th
condition encountered in the previous trips) angspnt information (such as traffic condition repdrby the
traffic reporters). The driver is also requiredrtteract with the other drivers to avoid collisi@specially when
the front cars accelerate or decelerate. Afterhiegcthe destination, the driver may evaluate the tvhether
the selected path is efficient or not. In the sdendt is noted that an agent must have sensopetoeive the
environment, a memory to keep knowledge for shemmitand long-term durations, a strategy to decideries
of actions to achieve the goals, and an evaluatiethod for the possible actions.

In contrast to the traditional TCS, an Intellig&naffic Control System (ITCS) is a machine agequipped
with sensors to perceive the traffic condition. sThiapability allows the ITCS to implement actuated
signalization, in which the traffic signals are geated according to a flexible and adaptive sigingihg that is
computed according to the traffic conditions frome to time. One cycle of traffic signal is nornyatime-
sliced into multiple phases, in which different igd queues are serviced in each phase. In one,aitiqueues
will be serviced with different length of green #@maccording to the perceived traffic conditions toé
respective queues. Normally, longer green timdlacated for the phase with higher demand. As ahimac
agent, the ITCS has a goal to maximize the throughphich is the count of vehicles serviced pert tinie.
The goal is also equivalent to the minimizatiorthaf average time the drivers wait in the vehicleugs.

Based on the structure of the system, ITCS cacldssified into 3 types: isolated ITCS, centralif€€S
and decentralized ITCS (Papageorgibal. 2003). Isolated ITCS only has the capability éogeive the traffic
condition locally, limited to the area around thaersection being controlled. MOVA (Microprocessor
Optimized Vehicle Actuation) developed by (Contebkl. 1988) is an example of isolated ITCS. Centralized
ITCS is a hierarchical system, where a group ofS$@re collectively supervised by a centralizedeseiThe
centralized server has the responsibility to gerettge signal timings, that will optimized the perhance of
the system for the entire road network, rather thatimizing the performance of each individual rsttion.
Some examples of centralized ITCS are SCAT by (Sim3obinson 1980), SCOOT by (Zhaomeng 2010),
OPAC by (Gartneet al. 2001), PRODYN by (Fargeat al. 1990), CRONOS by (Boillott al. 2006), and
RHODES by (Mirchandani & Head 2001). Meanwhile, elgcalized ITCS is a modern ITCS that can be
considered as an advancement from isolated ITC8emrlized ITCS does not only perceive the traffic
condition locally within its own intersection, itsa interrogates the neighbor ITCSs to understaednearby
traffic conditions. This capability allows a groopdecentralized ITCS cooperatively and optimatiyirol the
traffic at the network level. The simulations ddne(Daneshfagt al. 2009) and (Haset al. 2015) are based on
the decentralized ITCS.

From earlier works until recent works, the reshascon ITCS generally demonstrate advancementen th
system design complexity requirement to accommotiagieer and higher level of 'intelligence’. Manyliea
works focus on optimizing signal timings accordingmathematical traffic models. However, the matatoal
approach becomes difficult as the ITCS has to becorare intelligent. Today, ITCS is often developgth
the newer approach: agent-based or rule-based dhelinchis approach, the ITCS is considered asemtag
mimicking human reasoning, which issues traffiaiaig according to a set of rules (Mandatzal. 2012).
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Vehicle Detection:

Incorporating sensors into ITCS was started in0192hen Charles Adler, Jr installed the first carrih
activated TCS at Baltimore intersection. At the eatime, in-pavement-based pressure-sensitive sewasr
developed by Henry A. Haugh for vehicle detectionwhich the sensor was popular for over 30 yelaegher
than sensing the vehicle weight, today's technoltpws the vehicles to be detected according t@ua of
properties: opacity (optical and infrared sensarsd computer vision), electromagnetic inductiordiictive
loop detectors), reflection of transmitted enermpfréred laser radar, ultrasonic transceivers, amcrowave
radar), sound (acoustic sensors), and geomagn@tiagnetic sensors, and magnetometers) (kdiegh 2006).

Inductive loop is a widely used vehicle detectiechnology nowadays. To obtain more informativéfitra
data such as vehicle speed and queue length, tadtiigps have to be installed for each lane (Ki &kB2006).
However, lane closure is required during the intrignstallation and repairing works for the induetloops.
Ultrasonic transceiver is a detection technologt tequires non-intrusive installation, in whicle tiechnology
is commonly used in Japan (Matsetaal. 1999). Comparing to the blind sensors (induckdap and ultrasonic
receiver), a camera provides significantly widetedgon area that allows more informative traffatal to be
collected. Thus, computer vision for vehicle datathas caught much attentions from many reseascbday.

Computer vision is an image analyzing technoldwat tan be consider the duplication of human vision
Preliminary process of vision-based vehicle detectian be done using a background model (@teb. 2013).
The later process emphasizes on recognizing thieleshin which non-vehicle objects are filtered.dn the
daytime, vehicles can be apparently seen in tHéctrscene. However, vehicle cast shadow was regotd
cause inaccurate detection by (Kim & Malik 2003peTcast shadows can be naturally included as aop#re
detected vehicels. This makes the detected vehsidgsficantly larger than its size, especiallytive evening,
when the cast shadows are long. The oversize dmtetends to merge closely separated vehicles as on
detected object (Paragios & Deriche 2000). The lprakcan be solved with shadow elimination procésst
al. 2011). Different problems exist in the nighttimehicle detection. The first problem is due to thersize
detection due to vehicle headlights, where multigdhicles can be detected as one object (Yue 2@0@ther
problem for nighttime vehicle detection is duedw lillumination, in which the vehicles are veryfititilt to be
differentiated from the dark scene. By assuminglallers will turn on the headlights at nighttinfZpu et al.
2015) developed a system to detect the vehiclesdbas the headlights.

Since the illumination is greatly different betweelaytime and nighttime, today’s computer vision
implements dual schemes for vehicle detection. &lieno continuous time response for the accutaegause
there are transitions of the schemes between daydmd nighttime. Thus, a more robust method isireddor
single-scheme vehicle detection that can solvealiadeadlight and low illumination problems at onRather
than focusing on visible spectrum, researchersrbégiinvestigate the use of infrared spectrum (Whie
invincible to human) for vehicle detection (Duckspet al. 1995). The machine vision operated in infrared
spectrum is known as thermal vision, which formages based on the thermal distribution of the cagtu
objects. Under the thermal vision, there is no eglair cast shadow in the daytime and the visiomghttime is
clear (Iwasaket al. 2013).

Accuracy is an important measure of the performaot a vehicle detection system. Although vehicle
detection is actively researched since 1930, thezefew works to relate the vehicle detection aacyrto the
performance of ITCS. Research works on ITCS gelyeaasumed that the sensors operate perfectly,hadrie
actually not flawless as demonstrated in the reteavorks on vehicle detection. Recently, (Medina &
Benekohal 2015) studied the performance of a trafétwork with respect to different amount of inarede
sensors in the network. In a traffic network, tk@iongestion may happen locally at the intersecttmt is
supervised by an inefficient ITCS. The inefficiéntersection can be considered as a bottleneck nediced
traffic capacity. Traffic congestion happens beeaie reduced traffic capacity is insufficient ttammodate
the normal traffic demand. Eventually, the congesitetersection induces traffic congestion all otbe
network. Although the process takes time, the lathe congested area built up in the network, tloeenthe
time required later to clear the traffic. Thus,isiimportant to understand the level of compronaisethe local
performance of ITCS for certain level of the accyraf the vehicle detection system being incorpaianto
the ITCS.

Experimental Setup:

In this paper, an ITCS is modeled using NetLogesttaly the local performance of a 4-way intersectio
NetLogo is a multi-agent modeling environment, whis programmable with Logo-alike programming
language (Wilensky 1999). The NetLogo environmea$ feen used in many research area to study the
emergence phenomena, in which larger patterns @imigagh interactions between smaller and simpiéties.

In this context, the vehicles are smaller entified the traffic condition at the intersection imer entity. At
the intersection, vehicles are not only interactiogeach other, but also interacting with the tcaffignals
generated by the ITCS.
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Fig. 1: 4-Way Intersection Model in NetLogo EnvironmenheTintersection connects to 4 roads and all
vehicles on the roads are driven on the left. Tétgicles are colored in blue if it is detected, otlise
they are colored in red.

The 4-way intersection to be studied is modeledlét_ogo environment, in which the graphical inked
of the model is shown in Figure 1. The intersectervices traffics from 4 roads: North (N) roads&#) road,
South (S) road, and West (W) road. On the roadisjehicles are driven on the left. The ITCS isstraffic
signals in green, yellow and red to respectivelwise, slow down and stop the vehicles approacHiom
different roads. By assuming an inaccurate vehdelection system is used, vehicles entering thersattion
can be either detected or non-detected. The ddteetkicles and the non-detected vehicles are régplc
colored in blue and red. During the simulation, Idgfo updates the status of every agent in the matdehce
every tick, which is a time unit that is synonymstcond in the real world. Every vehicle is consideas an
moving agent that is known as 'turtle' in the Ngdl@nvironment. At every tick, the vehicles movetioa roads
according to the behavior governed by the followinlgs (ordered from high priority to low priority)

i. Ifthere is a vehicle ahead, then decelerate.
ii. Ifred lightis encountered, then stop.

ii. If yellow light is encountered, then decelerat
iv. If there is no vehicle ahead, then accelerate.

In the model, there is a probability @D7 that a new vehicle enter the intersection fromheaad in every
tick. This probability will produce a traffic voluenof about0.0616 vpt (Vehicle Count per Tick) for each road.
With a highly accurate vehicle detection system, tilaffic volume will drive the intersection to ap&e under
unsaturated traffic condition, in which the traffiontrol at the intersection is stable and the guieagth is
steady in every traffic signal cycle. This setupvies a gap for accuracy adjustment to study thepommise of
ITCS performance before the intersection is drigio the saturated traffic condition, in which tivaffic
control is unstable and the vehicle queues ardraamisly developed cycle to cycle to occupy thérembads.

Figure 2 illustrates the simulation response obad traffic condition with 10 vehicles in the geewafter
the green light is issued to the queue for 80 tigken, it follows with the yellow light for 5 tick Every vehicle
is counted once it leaves the road and enteringntieesection. Let andt denote the vehicle count and tick.
Figure 2(a) is presents the a smoothen curve &icle count over the time duration. At the beginning of the
green time, the first vehicle in the queue takewtto accelerate from rest and enter the intersec® ticks are
taken before the first vehicle is counted. The rsgiibn asymptote in the figure indicates the lindapendency
of the vehicle count to the timet, when the queue is serviced at the optimum aruestate, which the slope
of the asymptote. After the queue has been cledhedintersection is still servicing the continudnsoming
traffic, which is indicated by the slope of the wmle asymptote in the figure.

Let dn/dt denotes the vehicle flow rate. Figure 2(b) prese¢hé flow rate over the time duration. The
saturation and volume asymptotes are now appearombally at different level in the figure. The ual
indicated by the saturation asymptote is knownadsration flow rates = 0.3866 vpt. Meanwhile, the value
indicated by the volume asymptote is known asitrafblume,v = 0.0616vpt. (Koonceet al. 2008) suggests
the traffic condition with total volume-to-capacitgtio v/c lesser than 0.85 to be unsaturated. The ngto
can be calculated according to Equation (1), inctviél and g denote the cycle time and effective green time
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respectively. The effective green time includesgteen time and the total loss time such as yelime and the
time for the first vehicle to enter the intersentidf the 4 roads have equal traffic volume, anrojted ITCS
must be able to allocate equal effective green tiorveeach roads, making = C/4. Thus, the optimally
controlled intersection in this simulation gives tatiov/c = 0.6374.
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Fig. 2: Traffic Condition during a Signal Phase. (a) Sation and volume asymptotes indicate the linearfty
the of the curve during queue clearance and ongbiific servicing respectively. (b) Horizontal
saturation and volume asymptotes indicates theatain flow rate and traffic volume respectively.

An efficient ITCS must be able to properly alleca@reen time according to the varying traffic coiodi.
And, a fuzzy control system can be used to gen¢hatéraffic signals for the 4 roads. Fuzzy conydtem is a
control system that implements fuzzy logic, whielpnesents logical variables with continuous functiather
than discrete values like 0 and 1 only (Passinowgkgvich 1998). In the simulation, the fuzzy cohtsgstem
takes in two parameters generated by vehicle detesystem with tunable accuracy. The two pararseteat
reflect the traffic conditions are the traffic vale v and queue lengti. For the 4-way intersection in the study,
the ITCS divides a signal cycles in to 4 phase hiibne cycle, the traffic from all roads will takérn to be
serviced. In each phase, different green time neagllocated. Table 1 is the fuzzy decision tablettie ITCS
to compute the green time allocated in each phesdfic volume and queue length are each distrithuie3
condition levels: low, medium and high. Meanwhilee green time is distributed in 5 condition levedlsort,
moderate short, moderate, moderate long and lohg.rdads with higher traffic volume and higher queu
length are considered to demand more on the cgpddius, longer green time should be allocatedtlier
roads. Consequently, the roads with lower traféitume and queue length will have shorter green.time

Table 1: Fuzzy Decision Table for Green Time Allocation.

Traffic Volume
Low Medium High
Low Short' Moderate _Short Modergte
Green Time Green Time Green Time
Queue Length Medium Moderate _Short Modera}te Moderate‘Long
Green Time Green Time Green Time
High Modera_te Moderate‘Long Long‘
Green Time Green Time Green Time
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RESULTS AND DISCUSSIONS

In this paper, the simulation is executed forediht vehicle detection accuracy values, rangiog %
(worst detection performance) to 100% (perfect c&ia performance). For each selected accuracy, the
simulation is run for 50000 ticks to assure theudation comes to a steady state. Also, the timatohr assures
sufficient number of signal cycles being considetest i denotes a number to identify each road. At theafnd
the simulation, the traffic volume;, average queue lengtf,  ;, and average green tingg,,; for each road
are recordedqg,,;, and gq,4; are respectively the average values of the quength and the green time
collected in all signal cycles. In addition, theitiveg time per vehicldV is recorded. It is the average of total
time, in which the vehicles rest in a queue. Thautation is repeated for everl® of accuracy and the
performance results are presented in Figure 3.

There performance to the traffic control is meadusccording to 3 categories: traffic volume sediby
the intersection (the higher the better), queugttedeveloped in every signal cycle (the lower lie#er), and
the waiting time a vehicle rests in a queue (theelothe better). Letr denotes the detection accuracy. The
performance indexes for the traffic volume, quearggth and waiting time are calculated with Equatdn (3)
and (4) respectively, in which denotes the number of road being considered.ignphper,k = 4. If the 3
performances are treated to be equally importhetpverall performancB(a) of the traffic control will be the
average of the 3 performances as shown in Equéipmt @ = 100%, the performanc®(a = 100%) =1,
which is assumed to be a perfect performance wighoptimized traffic control. However, as the aecyra
reduces, the performand®(a) reduces also. In Figure #,,(a) reduces at the highest rate among the
performance curves. Thus, extra care has to badsyed for the performandg, (a).

@ =12 V@ =7 Y 0@ Ve = ma V@ @
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Fig. 3: Performance of Traffic Control with Different Vele Detection System Performances. Generally, the
performance curves drop as the accuracy is reduced.

Table 2 highlights the values of the performanicethe accuracy regiofi5% < a < 100%. When the
accuracy is reduced ®5%, the overall performance is 0.9810, in which ohl9% of the optimized overall
performance is compromised. When the accuracy ribidu reduced to 90%, 5.8% of the optimized overall
performance is compromised, majorly due to the ¢cgdn in P, (a). At this accuracy, every driver is expected
to spend 15.62% more time to stuck in the queuéhdrreal world, if the optimized waiting time i® 6econds
at an intersection, 90% accuracy will makes theedrto wait for additional 9.372 seconds, whiclyénerally
acceptable. However, when the accurady reduced to 85%, 35.06% extra waiting time (alzouadditional of
21.036 seconds for the real world scenario) isirequHigher rate of performance reduction is obsdrwhen
the accuracy is further reduced. A& = 75%, the waiting time is almost double of the optintizeaiting time.
Thus, it is important to assure highly accurateicleldetection system is used for traffic cont@enerally, an
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accuracy of more than 90% is acceptable. Meanwaileaccuracy of more than 95% makes almost narost
the overall traffic control performance.

Table 2: Performance of Traffic Control for Vehicle Det@rtiAccuracy Ranging between 75% and 100%.

a 75% 80% 85% 90% 95% 100%
P(a) 0.7486 0.8215 0.8799 0.9413 0.9810 1
P, (a) 0.9919 0.9931 0.9995 0.9982 0.9965 1
Py(a) 0.7429 0.8391 0.8998 0.9607 0.9926 1
P, () 0.5109 0.6322 0.7404 0.8649 0.9538 1
w

(@ 1.9573 1.5818 1.3506 1.1562 1.0484 1

Wmin

Conclusion

Road network is one of the important transpomaisifuctures for country development. The eversasing
traffic demand in the road network has made thiéidrenanagement and control to be an importantaege
ITCS is a key facility developed to handle the fuating traffic demand efficiently. It controls tihead traffic
according to the traffic condition perceived fromhicle detection system. However, the performaricthe
ITCS generally reduces when the vehicle detectoamuracy reduces. In this paper, it is found thatdptimality
of the ITCS performance is preserved with the diEtecaccuracy greater than 95%. With a reasonable
compromise on the performance for waiting time, tletection accuracy of 90% is generally acceptable.
However, an accuracy lower than 85% is not advésads the traffic control results poor user expee Below
85% detection accuracy, every driver is expectegpend extra 35.06% time to wait during the redhtlig
comparing to the time required for the optimizeghal timing. At the 75% detection accuracy, thetingitime
is almost doubled of the optimized waiting timeushit is important to assure highly accurate Vehietection
system being used for optimized traffic control.
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