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Abstract

Different traffic signal control systems are applied nowadays. They vary in
complexity and approach but mostly aim at improving the intersection level of service
and the efficiency of the traffic network. Fuzzy Logic Models (FLM) have been widely
regarded as quite appealing for real-time applications, in addition to their explicit
considerations for stochasticities or uncertainties of traffic measures. The majority of
the FLMs for signal control were developed to handle isolated intersections in specific.
Very few of these FLM systems explicitly account for neighbor intersections’ traffic
impact on the decisions to be made at the underlying intersections.

The aim of'this research is to develop a fuzzy logic control system for real time
signal control that accounts for various traffic conditions. The system is envisaged to
demonstrate signal control settings close to those developed by optimization
methodologies.

The literature review highlighted the structure of the existing FLMs for traffic
signal control, input and output parameters and testing. The simulation environment
(SYNCHRO) was utilized to model and design the traffic signals of an isolated
intersection using 289 different traffic configurations and traffic volumes. The cases
were carefully selected to cover the domain of different levels of service along the
competing approaches. A FLM was developed and calibrated to estimate the cycle
time, the green times of the intersection (as an isolated intersection) taking into
consideration the traffic congestion status at the downstream side of the intersection.

The model was calibrated to emulate the Highway Capacity Manual (HCM)
method for optimal signal control. The general outcome was that the proposed FLM is
effective in replicating “optimization™ signal control procedures (SYNCHRO).

The devised FLM was thoroughly evaluated against the benchmark solutions
of optimal cycle times, green times of the various phases. Further analysis was carried
out to validate the devised FLM and to assess its effectiveness if deployed in conditions
other than those conditions used model calibration.

The validation results indicated that the FLM is mostly effective for cases of

medium or high downstream congestion and medium to high traffic flows.
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Chapter 1: Introduction

1.1 Statement of the Problem

Different traffic signal control systems are applied nowadays. They vary in
complexity and approach but mostly aim at improving the intersection level of service
and the efficiency of the traffic network; mainly reducing both travel and delay times
and relatively reducing the negative impact of the fuel consumption on the
environment.

Among the most recent approaches applied for traffic management in general
and signal control systems in particular are the artificial intelligence approaches as
well as the logical systems that accounts for traffic measures uncertainties. Fuzzy
Logic Models (FLM) have been widely used in this regard as they seem to be quite
appealing for real-time applications, in addition to their explicit considerations for
stochasticities or uncertainties of traffic measures. Such FLMs were mostly developed
and calibrated based on either experts” opinions. This issue has been widely criticized
in literature. To handle the limitations of the expert-based FLMs, researchers have
utilized either data collection or simulation to investigate the input/output relations and
as such develop the inference engines of the FLMs to emulate such relationships. Tools
for system or control modeling based on data include the use of Genetic Algorithms
or Neural Networks to train the system/control to function according to the extracted
relationships from data.

The majority of the FLMs for signal control were developed to handle isolated
intersections in specific. They explicitly account for the upstream conditions of the

underlying intersections using few state variables (such as link flows or queues). Very
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few of these FLM systems explicitly account for neighbor intersections’ traffic impact
on the decisions to be made at the underlying intersections. In urban traffic networks.
and with closely spaced intersections, ignoring such neighboring traffic impact may
have significant implications on the effectiveness of the system and the overall
network mobility. As an example, it is convincing to note that the traffic states on the
downstream links of the intersection would certainly affect the downstream links’
remaining capacities, which in turn would affect the total number of vehicles (or the
discharge rate) that can be served from the upstream approaches. In case of full
blockage of a link, the allocation of green time to an upstream phase that is fully
blocked by such downstream link is certainly a waste of time and leads to unnecessary
delays. Therefore, accounting for such neighboring intersections effect by the control
system is rather essential in urban traffic networks.

As for the “closeness™ of all the FLMs to optimal solutions or benchmarks of
signal control, it is not really clear how these controliers perform as compared to
“optimal” solutions. The majority of these FLMs were developed using intuitions or
even training versus some simulation. It is not clear also whether these FLMs would
perform favorably in all traffic conditions ranging from free flow to grid locks.
Moreover. it is not clear how would they function in a network (not isolated

intersection) type of control environment.
1.2 Aim and Objectives of the Research

The aim of this research is to develop a fuzzy logic control system for real time
signal control that accounts for various traffic conditions. The system is envisaged to
demonstrate signal control settings close to those developed by optimization

methodologies.



The main objectives of this research are:
To develop a fuzzy logic model for a real time signal control based on
optimization conditions, to estimate green time allocations among the

competing phases. A simulation environment shall be used to develop various

traffic conditions that would be used for the FLM calibration.

[39)

To develop the inference engine (logic) of the FLM from the simulation-based

data covering various traffic conditions

3. To calibrate the proposed developed FLM and to test the closeness of its
outputs to optimal signal control settings. The model will be calibrated to

account for various network congestion conditions ranging from free flow to

grid locks.

4. To account for the network effect, the FLM will be developed as a two-stage
process. In the first phase, the FLM is designed to replicate optimal solutions
for isolated intersections. In the second stage, the FLM will be developed to
explicitly account for the traffic conditions on the downstream links. The
“final” green times allocation to a phase will be based on the two stages of

control.

5. To validate the developed FLM and assess its effectiveness if deployed in

conditions other than those conditions used model calibration.
1.3 Study Approach

This study followed the standard quantitative research approach including the
clear statement of the research objectives, literature review, simulation modeling, data

extraction from simulation, FLM development and calibration, analyses of the FLM
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results, validation of the FLM, and finally overall conclusions, discussing model

limitations and recommendations for future research.

Related books, articles, and papers were thoroughly and critically reviewed.

The review highlighted the structure of the various FLMs, input and output parameters

and testing.

The simulation environment (SYNCHRO) was utilized to model and design
the traffic signals of an isolated intersection using about 289 different traffic
configurations and traffic volumes. The cases were carefully selected to cover the
domain of different levels of service along the competing approaches. A FLM was
developed and calibrated to estimate the cycle time, the green times of the intersection
(as an isolated intersection) taking into consideration the traffic congestion status at
the downstream side of the intersection. The model was calibrated to emulate the

Highway Capacity Manual (HCM) method for optimal signal control.

The devised FLM was thoroughly evaluated against the benchmark solutions
of optimal cycle times, green times of the various phases. Further analysis was carried
out to validate the devised FLM and to assess its effectiveness if deployed in conditions

other than those conditions used model calibration. Figure 1.1.
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Figure 1.1: Flowchart of the study approach




1.4 Organization of the Thesis

This research includes six chapters. Chapter 2 reviews the earlier research
attempts of relevance to traffic management in general. More specifically, articles of
relevance to traffic signal control in particular are also reviewed. More specific

empbhasis is put on the use of fuzzy logic models in traffic signal control.

Chapter 3 presents the details of the proposed FLM structure, rule blocks, input
and output variables. The chapter explains the process of the fuzzification of the
various input variables and the defuzzification of the output decision variables. It also

highlights the 289 cases simulated by SYNCHRO and explains the process of the FLM

calibration in details.

In Chapter 4, the aspects of developing the FLM, using the FuzzyTECH
software, are covered. The inputs, outputs, and the IF-THEN rules for the rule blocks
are also discussed. Moreover, the results of testing the closeness of the FLM outputs
vis-a-vis the SYNCHRO solutions and the calibration results are comprehensively

discussed.

Chapter 5 presents the validation process of the proposed FLM for traffic signal
control. Various tests were conducted to ensure the validity of the proposed FLM and

to assess the extent to which it meets the purpose for which it was built.

Chapter 6 summarizes the primary research findings. The limitation of the
research are pointed, and a list of recommendations for further investigations are also

discussed.



Chapter 2: Literature Review

This chapter reviews the earlier research attempts of relevance to traffic
management in general. More specifically, articles of relevance to traffic signal control

in particular are also reviewed. More specific emphasis is put on the use of fuzzy logic

models in traffic signal control.

2.1 Traffic Control and Management

The main purpose of traffic management is to enhance the movement of
vehicles while increasing the safety and capacity of the offered systems and facilities
(Ross, Prassas and Mcshane, 2004). Active traffic management refers to the
management and control of traffic demand as well as different transportation facilities
based on the application of different operations’ strategies such as real time traffic
control. Different applied traffic management strategies in Europe and U.S include
speed harmonization and variable speed limits signs, queue warning, hard shoulder
running and shoulder use for transit, junction control, road pricing, dynamic re-routing,

and traveler information (U.S. DoT- FHA, 2010).

Wolshon and Taylor (1999) assessed one of the adaptive traffic signal control,
Sydney Coordinated Adaptive Traffic System (SCATS), based on both intersection
and approach delay times using a macroscopic simulator. A statistical analysis was
conducted. for the obtained results of the simulation, for both intersection and
approach total delay times. The main conclusions of this study were; 1) the intersection
total delay time was higher with the use of SCATS control system, due to the concept
of the SCATS that aims to uniformly distribute the green times among the approaches

according to the saturation flows, instead of reducing the delay time of the intersection,
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and that 2) the delay time was reduced significantly using SCATS control in cases of

low traffic flows more than cases of high flows.

Felici et al. (2006) presented a logic programming method for signal traffic
control. A micro-simulator was used to assess the developed method. A rule-based
logical program which incorporates the traffic information (mainly counts of traffic
flows and queues on the approach) was developed. Experience of traffic engineering
experts were coded in the form of the logical (If-Then) rules. Comparisons were
conducted with other types of controllers such as fixed plan, and dynamic actuated
control system. Two performance indicators were used in comparison: 1) detected
traffic flow (using cameras or sensors), and 2) number of stops, travelling times and
fuel consumptions on segments for some floating probe vehicles. Results indicated
that this logical system performs quite well on segments of high traffic flows. At low

traffic flow conditions, the actuated dynamic system showed better performance.

Cai, Wong and Heydecker (2009) discussed the use of approximate dynamic
programming (ADP) for adaptive traffic signal control, and continuously revising
settings for the detected in field parameters (traffic flow and estimated queue length).
Numerical tests were conducted using simulator (MATLAB) for an isolated
intersection of three sequence stages (three links: A, B, C). Numerical tests were
conducted using both fixed plan (pre-timed traffic control) and the ADP for traffic
control systems. Results show that the ADP can be used as a real time traffic controller

and it has improved the traffic efficiency (it reduces the vehicle delay times).

Saini, Sodhi and Saini (2012) provides a methodology for priority distribution
of the green phase based on congestion and the presence of ambulance and/or a VIP

vehicles on traffic lanes. It mainly uses the RFID reader to detect vehicles. Green times
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are estimated taking into consideration the length of the lane, and the speed of vehicles.
Congestion is identified when vehicles are not served within the expected time (to
reach the downstream point), causing increase of queue. In the case of existing of an
ambulance or VIP vehicle, the embedded RFID informs the system about a presence
of such a vehicle. Priority levels are considered such that: 1) if two ambulances occur;
then the priority will be given to the one closer to the intersection, 2) if an ambulance
occur with the presence of a VIP vehicle; then the priority will be given to the
ambulance first. Tests were conducted and results show that by using the presented
approach, the rate of serving vehicles was increased, the waiting time of an ambulance

as well as time difference for two ambulances occurred in two different lanes were

reduced significantly.

Skabardonis and Geroliminis (2008) presented analytical model that uses the
loop detector data to determine traffic flow and detector occupancy, in addition to the
signal settings. This information was used to estimate the travel time as well as the
delay time at the intersection. The extended model takes into consideration the delay
resulted from long queues, and the queues spillover condition. Another type of model
extension (transit signal priority model- TSP) was presented in the paper. By
comparing the actual bus time (predicted from the data of automatic transit vehicle
location, AVL), and the planned/scheduled bus times; a decision for applying the TSP
model is made. In order to reduce the transit delay time, the proposed TSP model
considers different parameters such as; cycle time, queue length, offset, and green
times. A decision is made to account for the transit by one of the following options;
phase insertion- an exclusive signal phase, phase extension- increasing the green phase
till the transit is served, or advance phase- the green phase will start before the planned

time. Once the transit gets served, the signal controller is reset back to the original
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mode. This paper considers the priority to transit based on the location of the bus from

the intersection. It was important however to account for bus occupancy as well.

Prakash and Tiwari (2011) presented a traffic management scheme for that is
based on the communication between the vehicle and a base station that is located at
the intersection. The vehicle initially sets the destination of the trip, and once it started
to move from the origin and gets close to the intersection, information will be sent to
the base station informing. A cost function (of minimum travel time, and fuel
consumption and gas emission) is used for route selection. A simulation test was
conducted to assess the efficiency of the proposed method. Results indicate that the
proposed approach can help reducing the average travel time. The input variables are
limited to traffic counts. The methodology does not account for other important
parameters such as average link speeds, composition of vehicles in traffic streams, etc.

The proposed method can be applied only to GPS-equipped vehicles.

In brief, there are several methods for traffic management that can be used for
traffic management. Among the most notable methods are the ones related to traffic
intersection control. Such traffic signal control vary widely ranging from simple to
complex systems that enable additional functions such as TSP and on-line routing.
Logical systems based on experts’ opinions were also found to be promising tools for
traffic management and may actually outperform dynamic actuated systems. Among
these known logical systems are the “fuzzy logic model” (FLM) — based ones. In the
following section, the emphasis is put on the use of fuzzy logic models for traffic

control and management purposes.
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2.2 Fuzzy Logic Models (FLM) for Traffic Control

Traffic signal control and monitoring is among the most commonly known
network traffic management schemes. The common types of the traffic signal control
are the pre-timed, semi-actuated, and actuated. The application of new technologies
mainly the intelligent transportation systems (ITS) had an essential role in the
advancement of traffic monitoring and control, especially traffic signal control.
Sydney Coordinated Adaptive Traffic System (SCATS), Split Cycle and Offset
Optimization Technique (SCOOT), and Fuzzy Signal Control (FUSICO) are among
the advanced new traffic signal control systems. Such systems are designed to provide
network wide control and as such they are more/or less depend on some optimization
logic. Based on the size of the controlled network, huge data inputs may be needed to
control the various intersections. Such excessive data needs and corresponding
processing times are among the main challenges for online system deployment and
real time control. Such excessive data inputs are commonly accompanied with errors
and that consequently raises questions on the true effectiveness of such network-wide
control systems. Herein, a research question is raised on whether simplified local
decentralized logical controllers can be designed to replace the excessive data and time

consuming network controllers.

Fuzzy logic modeling is a technique that can be used to model or to control
complex systems exhibiting uncertainties in its input/output variables or parameters
and decision making. The essence of the FLM is converting the numerical variables
into linguistic terms and vice versa (Fuzzification and Defuzzification processes). The

principles of the fuzzy logic were initially presented by Lotfi Zadeh in 1965. The
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introduction of membership functions was proposed as the basis of decision making

for uncertainties in variables/information (Ross, 2004).

Teodorovic (1999) presented the basics of FLM and its applications in
transportation engineering including; planning and traffic controlling models,

incidents analysis, routing models, etc. The paper summarized the main components

of the FLM including:

- Fuzzification: numerical data input are converted to fuzzy sets based

on a membership function.

- Fuzzy logic rules: mostly in the form of “if-then™ statements and

commonly based on human experts in pure FLM.

- Inference engine: the initial fuzzy sets are mapped onto other fuzzy

sets.

- Defuzzification: some output term is selected and then converted into

a numerical value.

Different transportation engineering applications were addressed. FLM were
used for OD matrix estimation. Genetic algorithms and fuzzy logic rules are used for
trip distribution applications. Travel time and cost of the different modes together with
fuzzy rules were used to represent the modal split function. FLMs were used widely
for traffic control purposes to reduce the average vehicle delay time, mostly by
deciding if green time extension is required based on traffic volumes in both directions.
It was concluded that using the FLM actually improves the network as well as the

intersection’s efficiency (average vehicle delay time reduction).
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Trabia, Kaseko and Ande (1999) presented FLM for a traffic signal controller
for an isolated intersection with four main approaches. Two types of detectors were
used; 1) upstream detector for determining the approach flow, and 2) downstream
detector for the left turn movement presence detection. The FLM is used in deciding
on the green time extension. The FLM was tested comparatively against the actuated
traffic signal controller. Both controllers were assessed using the delay time (average

and total), and the percentage of the stopped vehicle. The main input and output

parameters were:

- Traffic flow of each approach estimated based on detector counts
(input);

- The queue lengths (input/output);

- Vehicle delay time (average and total) (output)

- Number of stopped vehicles on the approach (output).

A mathematical model was developed to estimate the phase queue length,
vehicle delay time, and the number of stopped vehicles at time , given the upstream
traffic flows, and previous interval’s queue length. A FLM was also developed. It uses
predicted approach flow and maximum queue length on opposing approaches as input
variables. Trapezoidal membership functions were assumed with four fuzzy terms

zero, small, medium, and big.

Results showed that the FLM controller is more effective than the actuated
controller in terms of delay and percentage of stopped vehicles. The vehicle’s average
delay was better by more than 9%, and the % of stopped vehicles was lesser by around
1%. Tests were conducted with various flow levels flow (high, moderate, and low),

and with the use of a simulator program.
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This research work by Trabia, Kaseko and Ande (1999) was particularly useful
in forming the FLM developed in this thesis. The main limitation is that the FLM was

developed mostly in a subjective manner.

Arora and Banga (2012) presented an FLM for signal traffic control of four-
leg isolated intersection. The input variables included the arrivals on the serving
approaches and queues on the opposite approaches. The FLM rule base was designed
based on experience. The FLM makes decisions on green extensions based on the input
variables on competing approaches. The FLM does not have any limitations on number
of possible of green extensions. The effectiveness of the FLM was not discussed. The

presented FLM was limited to two-phase through movement signal operation without

left turning vehicles.

Hou et al. (2012) developed a FLM for signal setting based on the upstream
and the downstream link flows. The bottleneck problems were taken into consideration

in traffic flow data prediction using the mathematical statistics and time series.

Actual filed data were collected. A mathematical statistics and time series
model were applied for data correction. Corrected flow data were then used to predict
the future traffic flows using the BP neural network. The developed FLM takes into
consideration the lane traffic congestion of the green phase of one approach (based on
flow ratio) as well as the red phases (based on occupation ratio) of other approaches.
The congestion level was indicated by one of five categories; VB: very blocking (0.8-
1.0), B: blocking (0.6-0.8), N: normal (0.4-0.6), F: free (0.2-0.4), and VF: very free (0-
0.2). The output green time decisions are green time +8, green time +4, invariant green

time, green time -8, and green time -4.
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The proposed method was tested using VISSIM simulation software. Results
indicated significant superiority of the proposed method in low or normal traffic flow
conditions. In the case of saturation or oversaturation, the proposed method was
slightly better than the typical controller. The presented method was only limited to a

specific intersection configuration and it does not account for variant link length,

average speed, number of lanes, etc.

Mucsi, Khan, and Ahmadi (2011) presented a FLM to estimate the “Number
of Vehicles in a Detection Zone (NVDZ)™ based on time occupancy detector data,
rather than traffic counts obtained from the detectors. Each lane is assumed to have
three time-occupancy detectors. The output of the FLM is a crisp value of the NVDZ.
The rule base was built using neuro-fuzzy approach. Training data were generated

using VISSIM simulation. The neuro-fuzzy system was developed using the (ANFIS)

function of MATLAB.

Different tests were conducted to evaluate the proposed NVDZ method. The
tests were conducted using different geometric arrangements (places of detectors), and
signal timing (a fixed cycle time signal control was used). Results showed good
performance of the proposed method accuracy. Nonetheless, re-tuning the ANFIS is
necessarily needed for various signal settings and detector arrangements. This would

as such limit the applicability of the model.

Kosonen (2003) presented a new technique of the traffic signal control system
using three different levels: real-time simulation, multi-agent control, and FLM. In the
first level, and to model the actual real traffic condition, a real-time simulator is used.
The simulator is connected with a real time detectors’ system. Lane occupancy is the

main input to the simulator. The main advantage of the simulator is to keep the drivers
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updated with the traffic conditions such as the travel times, and queues. Another

advantage is its effectiveness in monitoring and controlling the traffic signal.

Inthe second level, the multi agent control relies on parameters such as; safety
(minimum inter-green times between conflicting signals), and equality (each approach
will has a chance to get green). This approach adopts a sort of negotiation mechanism

among the adjacent intersections, taking into consideration the safety as well as other

parameters.

The third FLM level is applied for decision making within the multi-agent
control level. The FLM considers the traffic conditions (from the simulator at the first
level) as inputs to decide whether to extend the existing green time or to terminate it

(as an output). This decision is sent to the multi-agent control.

The logic was implemented in a simulation environment using HUTSIG. The
performance of the FLM was compared to the commonly known vehicle actuated
control (VA). While the VA showed better performance in cases of low traffic flow,

the FLM was better in medium or high traffic flows.

Zaied and Al Othman (2011) developed a FLM for signal control. The inputs
include the position of the vehicle from the intersection within the detection zone (8 m
away from the intersection, with a length of 100 m), and the phases setting times. Each
input/output variable consists of five fuzzy sets: No (N), Semi-Half (SH), Half (H),
Semi-Full (SF), and Full (F). The FLM outputs are the modified signal timing setting,
cycle time and reducing unused green time. The proposed FLM was modeled and
tested using MATLAB. The results indicated better performance (lesser delay) of the

FLM as compared to existing intersection’s pre-timed control. The FLM does not
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account for various vehicle types. Other important parameters such as lane length,
speed, and number of lanes were not considered. The research is not also clear about

the specification of the IF-THEN rules in the inference engine of the FLM.

PraneviCius and Kraujalis (2012) presented a method for traffic signal control
for isolated intersections using fuzzy memberships coupled with expert knowledge
system, EKC. Two main inputs are estimated from road detectors; the number of
vehicles that were not served during the existing green time phase, and the summation
of the arrived vehicles (AV) during the red phases and the remaining vehicles (RV)
from the previous green phases. The output of the FLM is the decision whether to
extend the existing green by certain time duration, or to terminate it. The queues on
the green phase and the red phases are compared and decision is then made on
extension or termination of green. Experts’ knowledge forms the basis of
extension/termination decisions. The EKC was built using the ARENA simulation
software. The initial green time is preset to 10 seconds, the extension interval is set to

6 seconds, and the maximum green is preset to 40 seconds.

The proposed EKC control model was tested and compared with two other
controllers (FLM, and pre-timed). The results indicated that the proposed model is
more efficient than the other two controllers. Much better performance in the case of
high traffic flows. The model is particularly applicable to only specific three-leg

intersection geometry and phase sequencing.

Mehan (2011) presented a FLM for traffic signal control of four-leg isolated
intersections with two through only phases (neglecting the turning movements). The
presence of motorcycles was taken into consideration, in addition to passenger cars.

Two main inputs were estimated through intersection cameras; the number of arriving
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vehicles to the current green phase, and current queue on the opposite conflicting
phase. The phases are initially set using fixed green time intervals (pre-timed). The
FLM then decides whether to increase, decrease, or keep the preset green time interval.
The two input variables were set to fuzzy memberships of five terms each, and the

output decision is set to three term fuzzy variable. The inference rule base was

developed based on human experts.

The FLM was compared to some pre-timed controller in a simulation
environment. No details were provided on the comparative performance of both
controllers. The FLM is rather limited in the sense that it is only applicable to specific

intersection of two through movement phases only. It is particularly useful for urban

areas with significant number motorcycle vehicles.

Zarandi and Rezapour (2008) presented a fuzzy signal control System (FSCS)
for an isolated signalized intersection. Two main outcome decisions were to be
obtained from the proposed FSC System including; a) green time modification
(extension or termination of the existing serving phase), and b) the phase sequencing.
The proposed model input data are collected from the embedded detectors on: average
queue length of the current green phase, average arrival rate of the current green phase,
and the average queue length of the competing red phase, A minimum and maximum
green time durations are preset for each phase, The decision to extend/terminate the
current green phase is deployed only beyond the minimum green with the maximum
green constraint. The green extension unit was set to 5 seconds. Upon terminating the
current green phase, the “next” green phase is set to the one with highest average queue

length among all current feasible red phases.
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Trapezoidal membership functions were set for the three input variables. The
rule base was formulated initially based on experts” knowledge, and later modified
based on simulation data. The proposed model was tested against a pre-timed
controller using a simulation software. The results indicated the better performance of
the proposed model in comparison to the pre-timed controller, especially in heavy
traffic conditions. The model was tested using a three-leg intersection. The model does
not account for the various vehicle types that may exist and their influence on the
estimates of the PCU on the various approaches. Moreover, the model is lane-based;

it does not account for number of lanes served by the various competing phases.

Royani, Haddadnia, and Alipoor (2013) developed a neuro-fuzzy logic using a
genetic algorithm approach. Three main inputs were considered; number of vehicle
arrivals in the current green interval, number of queued vehicles in current green
interval, and number of queued vehicles on current red phase(s). The decision to
extend/terminate the green time is bounded by minimum and maximum green time

durations of 15 and 30 seconds, respectively.

A five-layer neuro fuzzy logic is developed. The fuzzification process takes
place in the first layer. A Gaussian membership function is placed in the second layer.
The rule base function is set in the third layer, with a total of 48 rules. The fourth layer
estimates and modifies the rule consequents and the weights of each rule through
training. The fifth layer handles the defuzzification of the output variable. The Genetic
algorithm was applied in the training stage to reduce the squared error of the difference

between the estimated output and the corresponding training values.

The proposed model was developed and tested against a pre-timed controller

using MATLAB. The model was tested using a two phase traffic signal control of a
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four-leg intersection with through movements only. The average waiting time was

reduced from 330 seconds (using the pre-timed controller) to 178 seconds (using the

developed controller).

Murat and Gedizlioglu (2005) presented a Fuzzy Logic Multi-phased Signal
Control (FLMuSIC) for isolated junctions. Two FLM’s were developed for signal
timing and phase sequencing. Traffic information are collected from two detectors
placed 10 and 100 m along each intersection approach. The membership relationships

between inputs and outputs were driven by observations (using the mean and standard

deviation).

The main inputs of the first signal timing FLM signal are the longest queue
length of the red time phases, and the arrivals to junction during green phase. The
decision on the currently preset green time phase is driven by the fuzzy output variable
of five terms (more decrease, decrease, do not change, increase, and more increase).
The main inputs of the phase sequencing FLM are the longest queue length of the red
time signal phases, longest vehicle queue of the next phase, and red time of the longest
queue. The phase ordering FLM makes the decision on whether to (change/don’t
change) the sequence. The rule bases of both FLMs were derived using the well-known
Generalized Modus Ponens (GMP) concept of logic derivation. A total of 64 and 37

rules were derived for the signal setting and phase sequencing FLMs, respectively.

The proposed controller system was tested in comparison aaSIDRA actuated
model and traffic-actuated simulation model. Two signal phase arrangements were
tested: three and four phases. Two cases of traffic volumes were considered (equal and
unequal). The proposed FLMs resulted in considerable delay time savings in cases of

high and variant traffic volumes.
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Schmocker, Ahuja, and Bell (2008) developed a FLM for an urban
intersection. The FLM accounts for pedestrian delays and vehicle queues. The

membership functions (for both inputs and outputs) were optimized using the VISSIM

simulator and Genetic Algorithm (GA).

The rule base structure was built based on assumption (degree of belief). The
proposed FLM was applied and tested in Marleybone Street, London. The traffic data
(vehicle queue length and pedestrian density) were obtained from detectors or using
video techniques. The obtained results show good performance of the proposed model,

especially in reducing the pedestrian delays.

Askerzade, and Mahmud (2011) proposed a FLM traffic signal controller for
estimating green time extension of a pre-timed traffic signal controller. The developed
FLLM considered five main input variables representing the traffic status (arrivals,
queues and travel time) at the underlying intersection as well as the upstream and the
downstream ones. The presented FLM is cooperative as it depends on neighboring

intersections information.

A test was conducted using MATLAB simulation tool for two cases; single
intersection (isolated control) and group of intersections (cooperative control). Results
show that considering the group of intersections affects the green time extension. The
cooperative type of control can help improving the performance of the intersection

signal control especially in urban areas with closely-spaced intersections.
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2.3 Discussion

This chapter provided a brief review of the research attempts on traffic signal

control management in general and on the use of the fuzzy logic for signal control in

particular.

The research attempts on the use of FLM for signal control has been evolving
for decades since the establishment of the fuzzy logic principles by Lotfi Zadeh in
1965. The majority of these attempts are what can be categorized as “pure” fuzzy logic,
where the rule base or the inference engine of the FLLM is merely developed based on
human expertise or intuition. Examples of these are those developed by Trabia, Kaseko
and Ande (1999), Zarandi and Rezapour (2008), Arora and Banga (2012), Zaied and
Al Othman (2011), Pranevi¢ius and Kraujalis (2012), Mehan (2011), Zarandi and
Rezapour (2008), Schmo“cker, Ahuja, and Bell (2008), Askerzade, and Mahmud
(2011). These controllers were mostly developed for isolated intersection control,
where the controller accounts only for the traffic conditions upstream the underlying
intersections. The primary fundamental difference among these pure FLM is the input
variables. Some attempts considered only two inputs (e.g. Mehan, 2011; Zaied and Al
Othman. 2011; Arora and Banga, 2012), while others may use more (Pranevicius and
Kraujalis, 2012). Among the most common input variables are the queues along the
red phases, and the expected arrivals along the current green phases. The FLM control
decisions are mostly related extension/termination of the current green phases (Zarandi

and Rezapour, 2008; Pranevi¢ius and Kraujalis, 2012).

Simulation has been used as the tool for evaluation in virtually all FLM
developments. In the majority of these FLM, comparative analysis is conducted

against a preset controller (pre-timed phase arrangement). Simulation envircnment
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varied from the use of MATLAB (Zaied and Al Othman, 2011), or ARENA

(PraneviCius and Kraujalis, 2012) to the use of specific traffic simulators such as

VISSIM (Mucsi. Khan, and Ahmadi, 2011; Hou et al., 2012).

To overcome the drawbacks of the intuitive specification of the FLM inference
engine, other researches utilized the neuro-fuzzy logic in developing the FLM and
calibration of its memberships (Mucsi, Khan, and Ahmadi, 2011; Hou et al., 2012).

Other attempts included also the use of Genetic Algorithms in the training (Royani,

Haddadnia, and Alipoor, 2013).

Only very few research attempts realized the importance of control provision
beyond the isolated intersection. Kosonen (2003) developed a multi-level agent
controller that takes into consideration the safety and the equality principles in
negotiation among neighboring controllers. Askerzade, and Mahmud (2011)
developed a cooperative control that accounts for the traffic conditions on the
neighboring intersections. Hou et al. (2012) developed a FLM for signal setting based
on the upstream and the downstream link flows. None of these controllers accounts
explicitly for the effect of the downstream congestion on the discharge rate of vehicles
from the upstream signals. In cases of spillbacks, this discharge rate may dramatically
drop (reaching zero) in cases of full downstream blockage. Accounting for this
downstream conditions, spillbacks and congestion in specific is critical in developing
efficient control systems, especially in urban networks of closely spaced intersections,

where isolated control cannot be implemented.

The literature review indicated also the superiority of the FLM to the
conventional controllers in in low or normal traffic conditions (Hou et al., 2012).

Kosonen (2003) on the other hand indicated that the FLM would perform better in
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medium to high traffic conditions. Pranevi¢ius and Kraujalis (2012) indicated the
better performance of the FLLM at high traffic flow conditions. The diversity of these
conclusions on what situations would suit mostly the deployment of the FLM makes

it necessarily important to devise methodologies that can be deployed to function

effectively in all traffic conditions.

It is worth noting that many of these FLM developments were quite limited in
terms of the intersection geometry it accounts for or the number of signal phases it can
handle. For instance, Mehan (201 1) presented a FLM for traffic signal control of four-
leg isolated intersections with two through only phases (neglecting the turning
movements). The model by Pranevicius and Kraujalis (2012) is particularly applicable
to only specific three-leg intersection geometry and phase sequencing. Hou et al.
(2012) is only limited to a specific intersection configuration and it does not account
for variant link length, average speed, number of lanes, etc. Virtually all the research
attempts of relevance to FLM traffic control do not account for traffic composition.
The various vehicle types have implications on the traffic measures and consequently
the signal control. Moreover, many of these attempts just ignored the turning
movements. The FLMs were essentially developed to tackle phases of through
movements. It is rather important as such to devise methodologies as such that can
handle all traffic congestion levels ranging from free-flow conditions to grid lock ones,
traffic compositions that encompasses cars as well as other types of vehicles,

intersection geometry (not limited to a specific number of legs or lanes),

As for the “closeness” of all the presented methodologies to optimal solutions
or benchmarks of signal control, it is not really clear how would such controllers

perform as compared to “optimal” solutions. As indicated, the majority of these FLMs
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were developed using intuitions or even training versus some simulation. It is not clear
also that such methodologies would perform favorably in all traffic conditions ranging
from free flow to grid locks. Moreover, it is not clear how would they function in a

network (not isolated intersection) type of control environment.

Based on all the above discussion, it was determined that FLM is perhaps a
very appealing approach for intersection control as it can handle uncertainties of traffic
measures in urban networks. The FLM is also amenable to real time control as it
enables quick decision making as compared to conventional optimization techniques.
Nonetheless, it is important that such FLMs won’t deviate significantly from such
benchmark optimization solutions. The primary functional requirements of an ideal

FLLM based on the extensive literature review can be summarized as follows:

The FLM should effectively perform and provide solutions close to optimal

benchmark solutions

- It should function effectively in all traffic conditions covering all levels of
service possibilities and ranging from free flow traffic conditions to grid locks

- It should not be limited to specific network geometry or number of phases

- It should account for all traffic turning movements

- It should not be limited to isolated intersection control. It should incorporate
logic to account for the network traffic effect; at least the effect of the
neighboring intersection congestion and spill backs. It should be flexible
enough to act in both ways as warranted.

- Tt should not be based on intuitions solely as this may lead to system that is far

deviant from optimal solutions. In fact, optimal solutions should be used to

derive the inference engine of the FLM.
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- Finally, it should be valid for traffic conditions that it was not calibrated for to

ensure the generalization of concepts.

Based on the above extensive literature review. this research aims at

developing a control system that meets all the above primary functional requirements.
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Chapter 3: Methodology and Results

3.1 Introduction

Alternative methods for traffic signal design exist in literature. They range
considerably in functional form and methodology. The fuzzy logic based methods are
mostly intuitive and are not usually verified against well-known signal control
optimization techniques. There is very little research that conducted to look into
effectiveness of fuzzy logic based systems vis-a-vis optimization methods. In this
research, we attempt to formulate a fuzzy logic system to emulate well known
optimization methods. Furthermore, we amend the devised fuzzy logic to add

additional capabilities of handling downstream congestion.

Among the main objectives of this research is to study the effect of the
downstream congestion on the traffic signal control design (mainly the green times
allocations). The majority of the existing traffic light controllers considers the traffic
flows conditions upstream the intersection. The effect of the downstream congestion
is almost negligible in most of the existing procedures. Some of the existing controllers

take into account the propagating effect of congestion along the downstream links.

Hou et al. (2012) presented a fuzzy-logic macroscopic model that considers
both upstream and downstream link flows for the estimation of the next interval signal
timing. The final decision of the model was set to either increase/decrease the green

time of the current green phase by 0, 4 or 8 seconds.

The presented model herein offers better flexibility and wider range of options.

The final decision options are not limited to preset time intervals. Furthermore, the
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fuzzy logic is not intuitive; it is in fact calibrated to emulate optimization based

procedures. This will as such give sounder theoretical basis for the model.

3.2 Model Development and Calibration

For the purpose of illustrating how the model is developed and calibrated, we
assume a single intersection (as the base intersection). The intersection is modeled by
the well-known SYNCHRO model that uses the Highway Capacity Manual formulae
in optimizing the traffic signal and estimating the green times of each phase. Some

parameters were assumed known and fixed for all modeled operational scenarios.

Among the fixed parameters are:

- Geometric Parameters:
o Number of lanes: 3 shared lanes
o Split phase arrangement
o Link length, L: 500 m
o Link speed: 60 km/hr
o Lane width: 3.7 m
o Saturation flow rate: 1900 veh/hr/lane
o Passenger car length: 7.6 m

o Heavy vehicle length: 13.7 m

- Traffic Parameters:
o Right turn percentage: 30 % of approach volume
o Through movement percentage: 60 % of approach volume

o Left turn percentage: 10 % of approach volume
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o) Peak hour factor (PHF) = 0.92

o Growth factor: 0.95

o Percentage of heavy vehicles: 2%

- Control Parameters:

o Signal control type: Pre-timed signalized intersection, protected
left turn movement, split phase operation.

o Yellow time: 3 sec

o All red: 1 sec

The devised fuzzy logic is assumed to operate in field and having access to
limited “raw” field data on real time link flows and link queues. Having these field
data, the envisaged fuzzy logic will estimate the so-called “green weight™ of each
phase. The green weight is simply an index to indicate how important it is to allocate
the green to this particular phase; the higher the weight, the higher the portion of green
that this phase will be allocated (out of the total cycle time). In determining these green
weights, the fuzzy logic model was not set arbitrary or intuitively, but rather it was
calibrated to more or less produce close values to those that would be estimated by a
pure optimization method (such as the Highway Capacity Manual optimization

method).

In developing the fuzzy logic model (FLM) system, a specialized software
(known by FuzzyTECH) was used. The details and structure of the overall model and
its rule blocks are exhibited in Figures 3.1 through 3.5. In brief, the devised FLM has

five (5) rule blocks. The various rule blocks are connected all together; that is, the
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outputs of one block may be inputs to another one, etc. In the following section we

highlight the main function of each rule block, we define its input and output variables.

In order to calibrate the devised pure fuzzy logic and instead of just using the
intuitive settings of the fuzzy memberships, a more rigorous method was used in
calibrating the rule base (IF-THEN) statements and in verifying the devised FLM

system. The method of calibrating the FLM can be summarized as follows:

1. Fuzzification of the input variables; namely the approach traffic flow (veh/hr).
It is assumed that the only input to this system would be the incoming flows on
the various competing approaches. Setting the input variable as a fuzzy term has
been conventionally done in literature arbitrary and equally. That is, the fuzzy
term ranges are split equal along the domain of potential approach volumes.
Herein, we relate the fuzzy terms to specific Levels of Service (LOS). For
instance, the “low” term of the approach volume is related to uncongested
situations (LOS A through C). The “very high™ term corresponds to LOS of F.
To do that, one would need to determine the range of approach volumes that will
correspond to these LOS’s. Herein, we present the simple mathematical
formulae that can be used to estimate the numerical ranges of each fuzzy term.
This was done using the well-known conventional method and based on the
volume to the capacity ratios (v/c) as stated in the Highway Capacity Manual.
The details of the fuzzification procedure and the mathematical formulae are
explained later in this chapter.

2. Following the development of the membership function of the approach traffic
flow. a verification stage was carried out. The rationale is to ascertain the

applicability of the fuzzification procedure to various v/c ratios. This was done
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by modeling various approach flows in Syncho software. We then compared the
estimated v/c from SYNCHRO versus these used in determining the approach

flows and the fuzzification of the terms.

. The conventional way in literature to calibrate the IF-THEN rules is either by

using intuitive experts’ opinions or by training using neural nets. Herein we used
a different approach that calibrate fuzzy logic to mimic optimization procedures.

This is explained in the steps to follow.

. Design experiments to cover the wide spectrum of approach flows. There are

literally infinite number of numerical values for each approach flow. In a four-
leg intersection, the possible combinations of link flows are infinity as well. To
ease the process, we selected carefully only 289 combinations of link flows.
These will fairly cover all possible approach flows ranging from “low” to the
“very high” fuzzy levels. Each of the selected combinations is distinct and
different from the other ones. The details of these 289 experimental scenarios

will be discussed later in this chapter.

. Use the verified simulator (SYNCHRO) to simulate and optimize the signal

settings for the 289 different scenarios. The outputs of these simulation runs are
then used to extract three outputs; namely, the 95 percentile queue length, the
effective green of each approach and the optimal cycle length. The effective
green of each approach and the cycle length were then used to estimate the
proportional “green weight” of each approach. The green weight is simply the
proportion of the effective green to the total cycle’s effective green. The higher
the green weight the higher the green time allocation to the approach. It is to be
noted here that all of these values correspond to the “optimal” conditions of the

signal setting. As such, the use of these information in calibrating the rule base
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of the first rule block (Figure 3.1) will result in a fuzzy logic that mimic
optimization systems.

- The fuzzification of the output variables (queue, green weights and optimal cycle
time) is done by discretizing these variables to equal ranges for each fuzzy term
over the domain of the potential numerical values. The outputs of the 289
simulation scenarios were used to identify the minimum and maximum values
for each output variable. The overall domain of each variable (maximum minus
minimum values) was then divided into equal number of terms, and the domain
of each term was determined.

. Each of the 289 simulation scenarios was then used in explicitly defining a
relationship between the input fuzzy terms and the output variable fuzzy terms.
For instance, “low™ traffic flows on all four approaches would result in low 95%
queue length, “medium” green weight and “low” cycle time. It is worth noting
that each of these experimental scenarios is distinctive (not repeated) and as
such, each of these scenarios is used to “add” one (IF-THEN) statement to the
first rule block of the fuzzy logic.

. The queue on each link as an output of the simulation is also used to estimate a
congestion index to reflect on the congestion on the downstream approach of
any signal phase. This will imply the downstream blockage and will as such be
used to modify the signal settings. For instance, based on the high upstream
approach flow, its specific phase might be given a high green weight.
Nonetheless. if the downstream approach of this phase is blocked, the green
weight is modified to minimize the green time allocation of this phase. The
consideration of the downstream congestion index and the modification of the

initially calculated green weight to a “final” green weight is exhibited in the ’
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through the 5" rule blocks (Figures 3.2 — 3.5) and will be explained later in the

chapter.

Details on each of the above steps will follow afterwards.
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Figure 3.1: Structure of the FLM rule block 1
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Figure 3.2: Structure of the FLM rule block 2
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Figure 3.3: Structure of the FLM rule block 3
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Figure 3.4: Structure of the FLM rule block 4

Inputs Outputs
South App GW
(GWS)
Rule Block 5 Green Weight

Downstream —_> — Final South App
Congestion : (RBS) (GWFS)
South App

(DSS)

________ i

Figure 3.5: Structure of the FLM rule block 5

The main stages which were followed in this research were as follows;
1. Design of experiments to cover the wide spectrum of approach flows

(around 289 combinations of traffic flows were selected).

.t\)

Model a single intersection using SYNCHRO to simulate and optimize the
signal settings for the selected scenarios.
3. Data extraction from SYNCHRO, mainly the 95 percentile queue, the

actual green times, and the cycle length.
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o

Development of the FLM including;

a. Fuzzification process

b. Membership function development.

5. Calibration of the FLM.

o

Validation of the FLM.

e

Finally, listing all conclusions and recommendations.

A flow chart diagram represent the procedure sequence followed in Model

developing and calibration. Figure 3.6



Design of experiment

.

Model a single
intersection using
SYNCHRO

Data Extraction from
SYNCHRO
1

B

Development of FLM

Calibration of the
developed FLM

}

Validation of the FLM

}

Final Conclusions &
Recommendations

\4

Fuzzification
process

Membership
function
development

Figure 3.6: Flowchart of the study approach.

3.3 Definition of Rule Blocks

38

The rule block is a database of IF-THEN statements that defines the

relationship between the inputs and the rule block outputs. The inputs incorporate the

traffic information (herein the approach traffic flows and its queues). The rule blocks

are commonly developed based on the experience of traffic engineering experts to end

up with a logic decision for the traffic controller (Felici a et al, 2006).
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3.3.1 Rule Block 1 (RB1)

The rules of the RB1 was constructed using data collected through a simulation
environment. The well-known simulation software model (SYNCHRO) was used to
model and optimize the signal settings of a pre-timed signalized intersection (with split
phasing) of four approaches (East, West, North, and South). The simulation model was
run for preselected hourly volumes. These volumes are then used as inputs of RB1.

The simulation/optimization model is used instead of field data collection to
capture the various traffic measures associated with various hourly volumes, in case
the traffic signal is optimized for these particular conditions. The approach hourly
volumes were categorized as low, medium, medium to high, high, and very high
according to the value of the volume as compared to the saturation flow. Section 3.2.1
below explains how the traffic volumes were selected. The outputs of the multiple
simulation runs were recorded for each approach including the 95 percentile queue
length (m), the effective green times (sec), and the optimized cycle length (sec).

These traffic measures from the simulation were used to calibrate the outputs
of the fuzzy rule block. That is, the 95 percentile queue is used to calibrate the “Queue™
variable of each approach. Similarly, the effective green times were used to estimate
the “green weight” of each approach as will be explained later. The “Optimum™ cycle
time output of the fuzzy rule block was similarly calibrated using the “optimum” cycle

times estimated from the SYNCHRO model.
3.3.2 Rule Blocks 2 to 5 (RB2-RB5)

RB2 through RBS5 are applied for the four approaches in parallel; each
approach traffic data feed into one specific rule block. RB2 is used for the East

approach, RB3 for West, RB4 for North and BR5 for the South. The inputs to any of
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these rule locks includes the so-called “green weight” of each approach; which is the
estimated output of RB1 for this particular approach. The inputs also include the so-

called “downstream congestion™ estimated from the SYNCHRO traffic measures.

Further description of these inputs will follow later in section 3.2.5.

The outputs of these rule blocks were calibrated intuitively using a logical
relationship between the two input variables of the approach rule block. The output
variable of rule block is denoted by the “final green weight™, and it is a sort of index
that can be used to indicate how important it is to allocate green to the approach in the

current cycle; the higher the weight, the higher is the green time allocation of the phase.

3.4 Fuzzy Logic Structure

As mentioned earlier in Chapter 2, the four main components of the fuzzy logic
system are the Fuzzification (the conversion of the numerical data input into fuzzy
terms based on a predefined membership function), the fuzzy logic rules (the IF-THEN
statements that defines the relationship between the inputs and output fuzzy terms and
it is conventionally calibrated intuitively based on human experience. Herein, the rule
blocks are calibrated using the data derived from the simulation/optimization
environment. The third component of the fuzzy system is the Defuzzification (the
process of converting the resulting fuzzy terms into numeric values. The final
component is the result that combines the outputs of the various rules in specific result

(TeodorovicA, 1999).

The following sections present in more details the main fuzzy logic

components and the proposed model parameters.
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3.4.1 Fuzzification of the approach hourly volume

Field data collection is commonly considered a major and essential stage in
designing traffic models. In this research, a pure fuzzy logic model (FLM) was
developed based on data developed through simulation/optimization environment in

addition to some intuitive logical settings based upon expert’s knowledge.

To develop a FLLM that is applicable to all potential traffic conditions, it was
necessary to consider the various levels of approach traffic flows (hourly volumes) and
to design the FLM to provide optimal signal setting solutions that correspond to the
various flow levels. Due to the limitation of resources (time, tools, and human
resources) and in order to cover possible variations of the traffic situations (congested
and non-congested traffic), a simulation environment was considered (using the well-
known SYNCHRO software). Different combinations of the traffic flows (ranging
from low to very high flows) along the four approaches (East, West, North, and South)

were considered, applied and tested.

In brief, in calibrating the FLM, a total of 289 simulation scenarios (or cases)
reflecting various flow levels on the competing four approaches of the intersection.
The resulting traffic measures of the 95 percentile queue length on each approach, the
effective green times for the competing split phases, and the optimum cycle time were
recorded for each simulation scenario, and were later used in developing the rule base

of the first rule block of the FLM.

In order to set the membership function of the first input variable (approach
hourly volume), the minimum and maximum volume values for each fuzzy term were

determined to correspond to some specific level(s) of service (LOS). For instance, the
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LOS of A as defined by the Highway Capacity Manual (Transportation Research
Board, Highway Capacity Manual, Special Report 209, Washington, D.C., 1994) is
one that corresponds to a v/c (volume to capacity ratio) of 0.6 or less. The LOS of B

corresponds to v/c [0.6-0.69], and LOS of C corresponds to v/c [0.7-0.79] as shown in
Table 3.1.

Level of service | Interpretation v/e ratio

A Uncongested operations; all queues clear in a single Less than
signal cycle. 0.60
Very light congestion; an occasional h phase i

B P R APProach PRAseIs |- 66 10 0.69
fully utilizes.

c Light congestion; occasional backups on critical 0.70 t0 0.79
approaches.
Significant congestion on critical approaches, but

D intersection functional. Cars required to wait through 0.80 to 0.89

more than one cycle during short peaks. No long-
standing queues formed.

Severe congestion with some long-standing queues on
critical approaches. Blockage of intersection may
E occur if traffic signal does not provide for protected | 0.90 to 0.99
turning movements. Traffic queues may block nearby
intersection(s) upstream of critical approach (es).

1.00 and

F Total breakdown, stop-and-go operation Greater

Table 3.1: Intersection Level of Service (LOS) Definitions (source: HCM, 1994)

For any specific intersection, it is expected that the approach’s volume that
corresponds to a specific LOS would vary, based on many factors among which is the

intersection geometry, lane width and number of lanes. In order to obtain the
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approach’s hourly volume range that corresponds to the different LOS. the v/c ratios

as indicated in Table 3.1 were used.

Assuming the lane saturation flow rate “s” to be 1900 (veh/hr/lane), each
approach has three (3) lanes, and four lane groups (or split phasing approaches), the

hourly volume range corresponding to the various LOS was calculated using the

following formulae;

Saturation flow rate of lane group i, (vhe;h) e
-

veh

Lane saturation flow rate "s;" (%) x Number of lanes(lanes) (3.1)

Where s; was assumed to be 1900 (veh/hr/lane) for urban intersections. For the
purpose of demonstrating how the FLM is developed, all approaches were assumed to
have three (3) lanes. If the number of lanes is different, one would expect applying
same methodology with some additional simulation scenarios. Herein, the number of

lanes of any lane group (approach) is set to three (3). Therefore;

veh
Saturation flow rate of lane group i = 1900( - >x 3(lanes) = 5700 (%} {3:2)

lane

For a split phasing, each approach will be represented by the lane group. For a
lane group i, the saturation flow rate was assumed to be equals to the lane group
capacity (5700 peu/hr).The intersection’s v/c ratio is estimated as the sum of the

individual approaches v/c’s as indicated in Eq. (3.3)

4 .
Intersectionv/c = —E% (3:3)

If all the lane groups are of equal volume, then
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4le'

Intersectionv/c = ol 34

Equation (3.4) is applicable only if the traffic stream constitutes only through
movements. In case of right and/or left turning movements, one would expect a further
reduction in the resulting interaction’s v/c due to the accompanied turning factors
effect. That is, the turning traffic has higher passenger car unit equivalency values
(higher approach PCU values) as compared to the through traffic. As such, mixed
traffic streams would result in higher intersection v/c values, as compared to the case

of the traffic stream constituting only through movement.

Herein, each lane group (or approach) was assumed to constitute a 30% RT
and 10% LT. Simulation experiments were conducted to estimate the so-called
“reduction factor” to account for the RT and LT traffic components. It was found that
a reduction factor of 35% would result in close estimates of the overall intersection’s
v ratio (as estimated by SYNCHRO). That is, this 35% reduction factor of the
intersection’s v/c ratio was considered due to the 10% left and the 30% right turning
movements. Therefore, Eq. (3.5) can be used to estimate the traffic flow (hourly
volume) of any lane group (approach) “v;”.

veh
Traffic flow for lane group (approach), v, (W) =

5700(%)

(1 —0.35) x Intersection v/c X (3.5)

4

Using the above equations and the suggested v/c ratios of the various LOS by
the Highway Capacity Manual, the approach hourly volume as an input fuzzy variable
was assumed to have five (5) terms (Low, Medium, Medium High, High and Very

High) as shown in Table 3.2 and Figure 3.7. Each of these terms corresponds to a
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range of approach volumes and as such a range of LOS. For instance, the Low traffic
volume term covers the range of traffic volumes from zero to b as shown in Figure 3.7.
The reverse estimation of the volume range for the Low term indicates that this term is
likely to result in intersection LOS of A through C (as indicated in the 2™ column of
Table 3.2). Using SYNCHRO to estimate the LOS using the Low term volumes results
in LOS of A and B as shown in the third column of Table 3.2. The remaining columns
of Table 3.2 are self-explanatory. The expected volume range for each fuzzy term is
used to estimate the expected range of the intersection’s v/c ratio, the reduction factor

and the resulting average approach’s volume.

The estimated approach volumes (of the various terms as shown in the last
column of table 3.2) were then used to construct the 289 simulation scenarios that were
used to estimate the resulting queues, and optimal signal settings. It is worth
mentioning that these 289 scenarios were carefully selected to cover almost all possible

traffic congestion scenarios ranging from low to very high congested situations.

In brief, the HCM’s v/c values for the various LOS can be used to estimate the
traffic volume ranges of the various fuzzy terms. This is known by the process of
“fuzzification”. Conventionally, in almost all reviewed FLM’s in literature, the
fuzzification is done arbitrary and almost equally. That is, the terms numerical ranges
are distributed equally over the entire domain of the possible numerical values. Herein,
the fuzzification and the setting of the membership function of the fuzzy terms is done
logically and in relation to the various LOS’s using the above explained systematic

procedure.
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Total Approach
Traffic ey vl tatio inler;ection . voluTe, vi
Flow Term® Resulting (TRB- Average volume Reduction =
Input erm’s . . v = (Intersection
npu LOS Simulation HCM Interval £ A 3504 + Vol
Fuzzy danil LOS’s Report Ve YoES Sl o umc.:, N
Terms 209) Interval v/c (veh/hr) Reduction)/
* 5700 4
(veh/hr) (veh/hr)
Low A-C A&B 0-0.7 0.35 1995 698.25 324
Medium B-D & 0.7-0.8 0.75 4275 1496.25 695
Medium
Hi C-E D 0.8-0.9 0.85 4845 1695.75 787
igh
High D-E E 0.9-0.99 0.95 5415 1895.25 880
Ve
.ry F F >1 12 6840 2394 1112
High

Table 3.2: Definition of the FLM Traffic Flow (Hourly Volume) Input Variable

Fuzzy Terms

In Figure 3.7, the hourly volume is divided into five (5) fuzzy terms. The range

of the numerical value for a specific term were determined using the procedure

explained earlier. For instance, the “min™ value in the figure corresponds to the value

of 324. The b value corresponds to 695, the d value corresponds to 787, the f value

corresponds to 880, and the “max” value corresponds to 1112, as determined in the last

column of Table 3.2. The points of intersect between the various terms (g, ¢, e, g) are

determined through geometric calculations.
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Low Medium Medium, High Very High
High

Membership function (i)

Vv

0
mi a h c d e f g max

Traffic Volume

Figure 3.7: The membership function of the input (traffic volume) — Fuzzification

3.4.2 Verifying the fuzzification of the approach hourly volume

Following the estimation of the numerical ranges of the various fuzzy terms,
and prior to running various simulation scenarios needed for the calibration of the rule
base, a test was done to verify the set values of the various terms (the traffic flows per
approach). In this test, different values of traffic flows were coded in SYNCHRO. For
each traffic flow input and run, the intersection capacity utilization (ICU), the ICU
LOS as well as Intersection delay-based LOS were recorded, in addition to the ICU
value and the v/c ratio from SYNCHRO output as shown in Table 3.3 (columns 6, 7,
8 and 9). These SYNCHRO -based outputs were compared with the initial v/c value
(column 1) and the LOS estimated by the HCM in column 5 (TRB- HCM Report 209).
Table 3.3 shows the comparison between the SYNCHRO estimated LOS’s based on
the applied formulae for approach volume (as estimated in column 4) and the HCM
based on the applied v/c ratio (column 1). The 5™ and the 6™ columns show almost

identical results and LOS’s. Note here that the SYNCHRO LOS estimated based on
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the ICU (which is itself estimated based on v/c ratios) gives closer results to the HCM

estimated LOS, as compared to the delay-based estimated LOS.

G
| g |3 s | = 3
g |3 | HAEAFRERE
= Z & e |2 | Z T .
o 5 S| 2 s X 8 OB 2 o
> ¥ K{s I 5 = Z | & z 8 g
o S 5 o~ = 15 @) = @ 75] wn = &)
723 e < g SO = ] Q ' ]
5] g > o = 3 (i) %) B ke ! E
= S | T S B , S g B 5 ©
§ =] - 2 =5 = O B
g 2 S E {2 {8& 2
= g = - 2
o z =
<
0.3 1710 599 278 A A 0.38 | 0.32 &
0.6 3420 1197 556 B B 0.6 0.63 C
0.65 3705 1297 602 B B 0.63 | 0.69 C
0.7 3990 1397 648 C @ 0.67 | 0.74 D
0.75 4275 1496 695 C C 0.7 0.79 D
0.8 4560 1596 741 D D 0.74 | 0.84 D
0.85 4845 1696 787 D D 0.77 0.9 D
0.9 5130 1796 834 E D 0.81 0.94 D
0.92 5244 1835 852 E E 0.83 | 0.96 E
0.95 5415 1895 880 E E 0.85 | 0.99 E
0.99 5643 1975 917 E E 0.88 1.05 E
| 5700 1995 926 F E 0.88 1.06 E
i.d 6270 2195 1019 F F 0.95 1.15 F
1.2 6840 2394 1112 F G 1.03 1.25 F
1.4 7980 2793 1297 F H 1.17 1.46 F

Table 3.3: Comparison between LOS Values Estimated by SYNCHRO and
Suggested Calculations

3.4.3 Simulation scenarios for data collection

Following the verification of the methodology suggested to estimate the
approach flows that correspond to a specific v/c and HCM LOS, a total of 289
simulation experiments were determined necessary to cover all possible flow

combinations along the various approaches of the tested intersection. The scenarios
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are carefully selected to cover all the possible “fuzzy™ terms of the approach hourly
volume (Low, Medium, Medium to High, High, and Very High) among the four
approaches (East, West, North and South). These scenarios will serve as the replicates
of the field data collection associated with optimal signal settings. The scenarios are
used to measure the corresponding queues and the green times resulting from signal
optimization. The measured values of each scenario will be then used to estimate the
so-called green weight of each approach and then form a single (IF-THEN) rule in the
first rule block. In this way, the derived fuzzy logic and its rule base will result in close
to optimum solutions of the signal. Table 3.4 shows only a sample of the 289
simulation runs used to estimate the measures needed to calibrate the fuzzy logic rule
base. Table A.1 in Appendix A shows the whole 289 simulation runs derived from the
SYNCHRO simulation software. Following the conclusion of all the 289 simulation
runs, the Minimum and Maximum values were estimated for each of the output
variables, and were used to estimate the numerical domain to be split the fuzzy sets of

these variables (fuzzification).
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3.4.4 Fuzzification of the 95 percentile link queue variable

The minimum and maximum values of the 95 percentile queue length (m) on
each approach were obtained for the 289 runs as shown in Table 3.5 below. The
obtained values (minimum and maximum) were then used in estimating the domain
for each of the fuzzy logic variable sets (the values of the fuzzy logic membership
function) as exhibited in Figure 3.8. The fuzzy variable sets were spread equally along
the domain estimated by the difference between the maximum and minimum values.

The queue variable is divided into three terms; low, medium and high.

95 percentile queue length (m)
East West | North | South
Minimum 243 24.4 24.4 244
Maximum 179.1 f 179.1 | 179.1 | 179.1
Minimum of all approaches 243
Maximum of all approaches 179.1
Mean (Default) 58.33 | 57.70 | 62.69 | 58.71

Table 3.5: The Minimum and Maximum Values of the 95 Percentile Queue Length
(m) for the 289 SYNCHRO Simulation Scenarios
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Figure 3.8: The membership function of the 95 percentile queue length
(Fuzzification).

The estimation of the a, b, and ¢ values in Figure 3.8 is done using Eqs (3.6-3.8)

a=(Q min + i (Qmax — Q min) (3.6)
b= Q min + % (Q max — Q min) G.7)
¢c= Qmin + —i— (Q max — Q min) (3.8)

The calculated values of @, b, and ¢ were 63, 102, and 140 (m), respectively.
The following “If-Then” statements were then applied for the fuzzification of the 95
percentile queue length (i.e. converting the numerical values into linguistic fuzzy

terms).

IfQ<=“a"=» Qislow “L" (3.9)
If“a”< Q<="*c” = Q is medium “M" (3.10)

IfQ > “c" = Qs high “H” 3.11)
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For each fuzzy term of the queue variable, the definition of the domain

{minimum value, mid value, and maximum value} of each fuzzy term was estimated

as follows:
Q (Low): {0, Q min, Q min + %(Q max — Q min)} (3.12)
Q (Medium): {Q min, Q min + = (Q max — Q min), Q max} (3.13)
Q (High): {Q min + f (Q max — Q min), Q max, Q max +} (3.14)

3.4.5 Fuzzification of green weight variable

For each of the 289 simulation scenarios, the resulting green times for each of
the competing split phases and the optimal cycle time were recorded, and were used

to estimate the “green weight” (GW) of each phase as follows:

Green wight (GW) = froen Fimgyeee] (3.15)

Totl green time (sec)

Total Green time (sec) = Cycle time (sec) — no.of phases [All red (sec) +

Yellow time (sec)] (3.16)

In all simulation runs, the number of phases is 4, the all red time is 3 (sec) and

the yellow time is 1 (sec).

The minimum and maximum values of GW for each approach were obtained
for the 289 simulation scenarios as shown in Table 3.6. The minimum and maximum
values were then used in estimating the domain for each of the GW fuzzy logic variable
sets (the values of the fuzzy logic membership function) as exhibited in Figure 3.9.

The fuzzy variable sets were spread equally along the domain estimated by the
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difference between the maximum and minimum values. The GW variable is divided

into three terms; low, medium and high.

Green weights =
Green Times (sec) Green time (sec)/Total Green time
(sec)
East | West | North | South | East West North South
Minimum
16 16 16 16 0.23 0.22 0.22 0.17
Maximum 36 | 36 | 36 | 36 | 030 | 028 | 031 | 031
Minimum of all
approaches 16 0.170
Maximum of all
approaches 36 0.311
Mean (Default) | 1751 166 | 17.0 | 165 | 025 | 025 | 025 | 025

Table 3.6: The Minimum and Maximum Values of the Green Times (sec) and
Estimated Green Weights (GW) for the 289 SYNCHRO Simulation Scenarios

Low

Membership function (p)

Medium

High

min

a

b

Green Weight (GW)

max

Figure 3.9: The membership function of the calculated green weights-

(Fuzzification).

The estimation of the a. b, and ¢ values of the GW variable in Figure 3.9 is

done using Egs (3.17-3.19)

a= GW min + 5 (GW max — GW min)

(3.17)
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L e B .
b= GW min +3 (GW max — GW min) (3.18)
c= GW min +> (GW max — GW min) (3.19)

The calculated values of a, b, and ¢ were 0.205, 0.241, and 0.276 respectively.
The following “If-Then” statements were then applied for the fuzzification of the green

weight (GW) variable (i.e. converting the numerical values into linguistic fuzzy terms).

IfGW <=*a"=>» GW is low “L” (3.20)
If“a"< GW <=*“¢" = GW is medium “M" {3.21)
IFGW > “c™ D GW is high “H" (3.22)

For each fuzzy term of the GW variable, the definition of the domain
{minimum value, mid value, and maximum value} of each fuzzy term was estimated

as follows:

GW (Low): {0, GW min, GW min + = (GW max — GW min)} (3.23)

GW(Medium): {GW min, GW min + E(GW max — GW min), GW max}

(3.24)

GW(High): {(GW min + > (GW max — GW min), GW max, GW max +} (3.25)

3.4.6 Fuzzification of cycle time variable

The minimum and maximum cycle time length were estimated from the results

of the 289 simulation scenarios as shown in Table 3.7.
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The minimum and maximum values were then used in estimating the domain
for each of the cycle time (C) fuzzy logic variable sets (the values of the fuzzy logic
membership function) as exhibited in Figure 3.10. The fuzzy variable sets were spread
equally along the domain estimated by the difference between the maximum and
minimum values. The C variable is divided into five terms; low, low medium, medium,
medium high and high. The variable is split into five terms (instead of three as in the
case of the queue and the GW) because the FLM performance is expected to be quite
sensitive to the cycle time value, and as such more discretization of the output term

would result in more accurate system.

Cycle length (sec)
Minimum 80
Maximum 160
Mean (Default) 83.39

Table 3.7: The Minimum and Maximum Values of the Cycle Time (sec) for
the 289 SYNCHRO Simulation Scenarios

fow MLO\'V— Medium Medium High
edium -High

Membership function (1)

0
mi 4 b ¢ d R 5 & max

Cycle Time, C (sec)

Figure 3.10: The membership function of the cycle time (C), (Fuzzification).
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The estimation of the g, b, ¢, d, e, fand g values of the cycle time (C) variable

in Figure 3.10 is done using Eqs (3.26-3.32)

a= C min +% (€ max — C min) (3.26)
b= C min + = (C max — C min) (3.27)
c= Cmin +% (€ max — C min) (3.28)
d= Cmin + 2 (C max — C min) (3.29)
e= Cmin+2 (Cmax — C min) (3.30)
f= Cmin +§ (C max — C min) (3.31)
g= Cmin + 2 (Cmax — C min) (3.32)

The calculated values of a, b, ¢, d, e, f, and g were 90, 100, 110, 120, 130, 140,
and 150 (sec), respectively. The following “If-Then” statements were then applied for
the fuzzification of the cycle time (C) variable (i.e. converting the numerical values

into linguistic fuzzy terms).

IfC<=%“a”=>» Cislow “L” (3.33)
If“a”< C <=*¢"=» Cis low- medium “LM" (3.34)
If “¢”< C <= *¢” =» C is medium “M” (3.35)
If “e”< C <=*g” = C is medium- high “MH" (3.36)
IfC>*“g”=» Cis high "H” (3.37)

For each fuzzy term of the C variable, the definition of the domain {minimum

value, mid value, and maximum value} of each fuzzy term was estimated as follows:
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; . : 2 :
C (Low): {0, C min, C min + . (Cmax — Cmin)} (3.38)

C (Low-Medium): {C min, C min + g (Cmax — C min),C min +

=(Cmax — C min)} (3.39)

C (Medium): {C min +§(Cmax — Cnin), C min +

4 . s
E(C max — C min), C min + g(C max — Cmin) } (3.40)

C (Medium-High): {C min + g(C max — C min), C min +

g(C max — C min), C max} (3.41)

C, High: {C min + g (Cmax — C min), C max, C max +} (342)
3.4.7 Fuzzification of the downstream congestion, DSC

The downstream congestion variable (DSC) is estimated to reflect on the
degree of the blockage of on the downstream approach of a specific signal phase or
lane group. Eq. (3.43) is used to estimate the DSC numerical value. For any specific
link, its congestion index is simply the proportion of the queue length (m) to the link
length. For any specific phase, the blockage on the downstream link to which this
phase feeds vehicles play important role in effectiveness of its green time allocation.
If the link is fully blocked, it is advisable to entirely stop sending more cars to this link,
even if the phase upstream approach has high (GW) allocation based on the competing
upstream link flows. The inclusion of the DSC variable is very important and enhances
the devised signal logic significantly. By including the variable, the logic can be
regarded as a quasi-network control instead of only isolated signal control. That is, by

accounting for the status of congestion on the downstream approaches, the signal
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control would now consider the upstream approach flows in estimating the green
weights (GW), and then use the status of congestion on the downstream links in
“readjusting” these green weights into more reasonable final ones (GWF). If there is
no blockage on the downstream links, the estimated final green weights (GWF) would

simply match the initially estimated ones (GW).

Downstream Congestion Index (%),DSC = 100 x w (3.43)
Link length(m)

The minimum and maximum downstream congestion values were estimated
from the results of the 289 simulation scenarios as shown in Table 3.8. These values
were then used in estimating the domain for each of the downstream congestion (DSC)
fuzzy logic variable sets (the values of the fuzzy logic membership function) as
exhibited in Figure 3.11. The fuzzy variable sets were spread equally along the domain
estimated by the difference between the maximum and minimum values. The DSC

variable is divided into three terms; low, medium and high.

Downstream Congestion Index, DSC =
(Queue Length /L) *100
East West North South
Minimum 4.86 4.88 4.88 4.88
Maximum 35.82 35.82 35.82 35.82
Minimum of all approaches 4.860
Maximum of all approaches 35.820
Mean (Default) 11.67 11.54 12.54 11.74

Table 3.8: The Minimum and Maximum Values of the Downstream Congestion
Index for the 289 SYNCHRO Simulation Scenarios.
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Figure 3.11: The membership function of the downstream congestion index (DSC).

The estimation of the @, b and ¢ values of the downstream congestion index

(DSC) variable in Figure 3.11 is done using Eqs (3.44-3.47)

a= L0 100 + 3 (4R 2MR) 4 100 (3.44)
b= L4 100 4 2 (LRE2MRY 4 100 (3.45)
e= L0, 100 + 2 (LRE=20) 4 100 (3.46)
DSCyin = 222 100, DSCyax = fmex 100 (3.47)

The calculated values of @, b and ¢ were 12.6, 20.34 and 28.08, respectively.
Moreover, both DSCpin and DSCyqwWere estimated as 4.86, and 35.82, respectively.
The following “If-Then” statements were then applied for the fuzzification of the

downstream congestion index (DSC) variable (i.e. converting the numerical values

into linguistic fuzzy terms).

If DSC <=*“a” =» DSC is low “L” (3.48)




61

If “a”< DSC <= “¢” = DSC is medium “M” (3.49)
If DSC > *“¢” =» DSC is high “H” (3.50)
By knowing the minimum and maximum values of the downstream congestion
index: DS Cyin. and DSCy 4, the definition of the domain {minimum value, mid value,

and maximum value} of each fuzzy term was estimated as follows:

. -y 2
DSC (Low):{0, DSCasin, DSCrgin + = (DSChrax — DSCyin)} (3.51)

A- Q min Q min Q max— Q mi
DSC (Low): {0,455 « 100, (L2242 4 Lma-0min) , 100} (3.52)

DSC (Medium):{DSCain, DS Copin + = (DSCrtax = DSCiin), DSCrtax)

{3.

N

3)

DSC (Medium): {2« 100, (Q e e ’""") + 100,274 4 100}

o

(3.54)

DSC (High): {DSCMm +§(Dscmx — DSCrin), DSChsaes DSChrtax +}

(98}
N

5)

(

DSC (High): { (52 + 4222 T« 100,22 « 100, L5 « 100}

(3.56)
3.4.8 Fuzzification of the final green weight

The final green weight “GWF” of any approach is set intuitively based on two
main input variables; namely the green weight (GW) of the (upstream) approach (the

lane group) as well as the congestion index of the downstream link (DSC) to which

the lane group feeds vehicles. The rule blocks 2, 3, 4 and 5 operate the same logic (as
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shown in Figures 3.2 through 3.5) - one for each lane group (or approach). Each of
these rule blocks employs the IF-THEN statements shown in Table 3.9. The rationale
behind the logic is to set the final green weight similar to the initially estimated green
weight (using the upstream flow estimates). As the congestion on the downstream
approach increases, the “final” green weight is decreased and it reaches its lowest value

when the downstream approach congestion index reaches its maximum value.

By applying the rules in Table 3.9 to the traffic conditions (green weights and
congestion status on downstream links) depicted any of the simulation scenarios, the

initially estimated green weights were readjusted. Table 3.10 shows a sample of the

289 scenarios with modified final green weights.
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IF

Then
Green Weight of Congestion Index of Final Green Weight for
approach, i “GWi™ — Downstream Approach “DSC™ approach, i “G I%VFi"
Low “L” and Low “L” Low “L"”
Medium “"M" and Low “L” Medium “M”
High “H" and Low “L” High “H”
Low “L” and Medium “M" Low “L”
Medium “M” and Medium “M” Low “L”
High “H" and Medium “M” Medium “M”
Low “L” and High "H” Low “L”
Medium “M” and High "H” Low “L”
High “H" and High “H” Low “L”

Table 3.9: The IF-THEN Statements of the Rule Block of the Final Green Weight

Variable Estimation

Green weights variables Do.wnstream Congfastion Green Weight Final, "GWEF"
variables, DSC variables (sec)

East | West | North | South | East West | North | South | East | West | North | South
M M M M L I, L E M M M M
M M M M I 1 L 15 M M M M
M M M M M M M i I L L M
M M M M M M M M L L L I
M M M M M M M M L I & L
H M H M M I, M M M M M I;
H M H M M M M M M L M 17
H M H M M M M M M L M i
H M H M M M M M M I, M I
H M M M M M M # M L L M
H M M M M M M M M P I, L
H M H L. M M M M M I, M F
i M H M M M M M M 1 M L
H H H L M M M | M M M L
H M M 1 H H H M I3 I L. L
M M M i H H H M L I5 L L.
M M M M H H H M L L L. ],
M M M M H H H H I, i, I L

Table 3.10: Final Green Weight (GWF) Estimates on a Sample of the 289 Scenarios
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This chapter has reviewed the suggested methodology in the fuzzification
process of all the FLM variables. All memberships were defined and all the numerical
value ranges were determined. Following the application of these fuzzy membership
functions, and the selection of the 289 simulation scenarios, the
simulation/optimization process (SYNCHRO) was carried out to map the input and

output variables (of the first rule block).

Once the first rule block is calibrated, all five blocks were coded as one
integrated FLLM using a specialized software (FuzzyTECH) for testing and verification
of the devised logic effectiveness. The application of the FuzzyTECH software, the

calibration of the IF-THEN statements in the first rule block will be discussed in more

details in Chapter 4.

3.5 Phase Sequencing Concept

This section address the concept of phase sequencing. Implementing such
concept in real-time environment requires the use of link detectors to extract the FLM
inputs. In principle, phase sequencing is essentially implemented by selecting the
phase of highest final green weight. For instance; if the current green phase is the East
bound phase, then the next phase would be the one which has the highest final green
weight among the other three competing phases (West, North, and South). As the
signal timing would be updated each cycle, the phase sequence could be changed each

cycle.

In summary, the phase sequencing starts by comparing the final green weights
of the competing phases following the current green phase. The arrangement of the

phases would be based on serving the highest first, then the second highest, etc.
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Chapter 4: Calibration of the Proposed Fuzzy Logic Model

4.1 Introduction

This chapter covers the aspects of the development of the FLM using the
FuzzyTECH software. It covers the specification of all model inputs, outputs as well
as the specification of the IF-THEN rules of the various rule blocks. Furthermore, it

presents the results of testing the FLM and the closeness of its outputs vis-a-vis the

SYNCHRO solutions.
4.2 The proposed Fuzzy logic Model (FLM)

Using the FuzzyTECH software, the proposed model was built, fuzzy rules
were defined for all blocks, and the membership functions of all variables (inputs and
outputs) were defined as well, based on the specifications of all variables discussed in

Chapter 3.

Figure 4.1 shows the structure of the proposed fuzzy logic model (FLM). The
FLM has five main rule blocks. The first one (seen on Figure 4.1 in two parts) is
responsible for estimating the green weight (GW), the estimation of the queue length
on each incoming approach, and the estimation of the Cycle length (C). The inputs to
this rule block includes only the incoming approaches flow rates. The second rule
block estimates the final green weight for the East bound approach using the estimated
green weight (GW) of the first rule block as well as the estimates of the downstream
congestion index (DSC). The output of this rule block is the final green weight for the
East approach. Similarly, the third, fourth, and fifth rule blocks are identical to the

second rule block and for the other competing approaches.
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The input variables’ membership functions are shown in Figures 4.2 and 4.3.

Figures 4.4,4.5,4.6,4.7, and 4.8 show the fuzzy logic rule for the various rule blocks.
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Rule Blocks
RB_Cyde |RB1 | RBS West | RB4 South | RE3 North RB2 Fast === ay +=r
» Name igl If And Operators Then With  Comment
o 86[RB2 Fast| £ Min/Max
B6.61 X Dsce 1a? GWE ba? GWFE DoS [%]
B6.G1.R1 /. DSCE.low |3 GWE.low => 13 GWFE.low 100
B6.G1.R2 1/ DSCE.low |3 GWE.medium => |3 GWFE.medwum 100
86.G1.R3 LA DSCE.low |3 GWE.high => |1 GWFEhigh 100
B6.G1.R4 |/ DSCE.medium |3 GWE.low => |1 GWFElow 100
B6.G1.RS |\ DSCE.medium |1 GWE.medium => | GWFE.ow 100
B6.G1.R6 |A. DSCE.medium |3 GWE.high => |1 GWFEmedium 100
B6.G1.R7 |/ DSCEhigh |1 GWE.low => |} GWFEJow 100
B6.G1.R3 |/ DSCE.high |3 GWE.medium => |1 GWFE.low 100
B86.G1.R9 |A. DSCE.high |1 GWE.high => |1 GWFE.ow 100
*
Figure 4.5: Sample of IF-THEN rules in the second rule block
Rule Blocks
'RB_Cyde |RB1 | RBS_West | RB4_South RB3 North RB2 Fast | **=Al ===
Name And Operators Then With Comment
N 85[RB3_North| Min/ Max

B5.G1 *X DSCN 1a7 GWN Ll GWFN DoS [%]
B5.G1.R1 LA DSCN.low |3 GWN.low => |} GWFN.ow 100
BS.G1.R2 |A. DSCN.iow |1 GWN.mediwm  => |3 GWFN.medium 100
B5.G1.R3 |A DSCN.ow |1 GWN.high => |3 GWFN.high 100
B5.G1.R4 |A. DSCN.medium |1 GWN.low => |3 GWFN.low 100
B5.G1.R5 A DSCN.medium |1 GWN.medium => 13 GWFN.low 100
B5.G1.R6 [ A DSCN.medium |1 GWN.high => |} GWFN.medium 100
B5.G1.R7 A DSCN.high |3 GWNLiow => |1 GWFN.ow 100
B5.G1.R8 A DSCN.igh |0 GWN.medium  => |3 GWFN.ow 100
B5.G1.R9 LA DSCN.high |3 GWN-high => |3 GWFN.low 100

Figure 4.6: Sample of IF-THEN rules in the third rule block
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Rude Blocks
RB_Cyde | RB1 | RBS West RB4_South 'RB3 North | RB2_East | === Al ~=

Name i And Operators Then With  Comment
g 2 B4 RB4 South 3 Min / Max
BA.G1 *YX DSCS L Gws 1a? GWFS Do$ [%]
B4.G1.RI LA, DSCS.low |3 GWS.low => | GWFS.low 100
B4.G1.R2 | DSCS.low 1 GWS.medium => |3 GWFS.medium 100
B4.GIR3 |A. DSCS.dow L1 GWS.high => |1 GWFShigh 100
B4.G1.R4 | A DSCS.medium |1 GWS.low => |1 GWFS.ow 100
BA.G1.RS | A DSCS.medium |1 GWSomedium  => |1 GWFS.iow 100
B4.G1.R6 |A. DSCS.medium |1 GWS.high => |3 GWFS.medium 100
B4.G1.R7 . DSCS.high |1 GWS.low =% |3 GWFS.low 100
B4.G1.R8 | DSCS.high |1 GWS.medium  => |1 GWFS.iow 100
B4.G1.R9 LA DSCS.high |3 GWS.high => |1 GWFS.iow 100
*
Figure 4.7: Sample of IF-THEN rules in the fourth rule block
Rule Blods
RB_Cyde (RB1  RB5_West RB4 South | RB3.North | RB2_East | === Al ===
Name And Operators Then With  Comment
o B3 RB5_West Min/Max
B3.G1 R DSCW a7 Gww 1! GWFW DoS [%]
B3.G1.R1 A DSCW.low |1 GWW.ow =% 1 GWFW.low 100
B3.G1.R2 |\ DSCW.low |1 GWW.medium => ‘1 GWFW.medium 100
B3.G1.R3 | A DSCW.low |1 GWW.high => 1 GWFW.high 100
B3.G1.R4 LA DSCW.medium |1 GWW.low => |0 GWFW.low 100
B3.G1.RS | A DSCW.medium |1 GWW.medium => 1 GWFW.low 100
B3.G1.R6 |\ DSCW.medium |1 GWW.high => 1 GWFW.medium 100
B3.G1.R7 A DSCW.high |1 GWW.ow => ] GWFW.low 100
B3.G1.R8 LA DSCW.high |1 GWW.medium  => 1. GWFW.low 100
B3.G1.R9 A DSCW.high |1 GWW.high => } GWFW.ow 100

Figure 4.8: Sample of IF-THEN rules in the fifth rule block

To construct the IF-THEN rules in each rule blocks, the results of the 289
simulation/optimization SYNCHRO model scenarios were recorded. Sample of the
inputs and outputs extracted from these scenarios are illustrated in Table 4.1 and Table

42.

The numerical values of the approaches traffic volumes (shown in table 4.1)
were transformed into corresponding fuzzy terms, following the definition of the

traffic volume membership function (in Chapter 3). In Table 4.2, the output numerical
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values of'the first rule block (extracted from the simulation/optimization), are fuzzified
into the corresponding fuzzy terms. The merging of the fuzzy terms in tables 4.1 and
4.2 (for each raw) would form one IF-THEN rule in the first rule block. As such. given
that we have 289 simulation/optimization scenarios, a total of 289 IF-THEN rules are

coded for the first rule block. The output data of the FLM for all studied scenarios are

provided in Table B.1 in Appendix B.

Fuzzy
Yarkalile Torce Approach Traffic Flow (veh/hr)

E W N S E w N S

L L, Is L 324 324 324 324
L L I M 324 324 324 695
L L L MH 324 324 324 787
L L L H 324 324 324 880
L E M L 324 324 695 324
L L M M 324 324 695 695
2 I M MH 324 324 695 787
1 L M H 324 324 695 880
L L MH 1L 324 324 787 324
L I MH M 324 324 787 695
L L MH MH 324 324 787 787
L L MH H 324 324 787 880
L L H I, 324 324 880 324
L L H 324 324 880 695
L L. H MH 324 324 880 787
L 1 H H 324 324 880 880
L M L L 324 695 324 324
L M L M 324 695 324 695
L M L MH 324 695 324 787
L M L H 324 695 324 880

* Fuzzy terms clarification: “L™: Low, “M”: Medium, “MH™: Medium to High, “H™:
High, “VH”: Very High.

Table 4.1: Sample of Approaches Traffic Flows Input variables (Numeric and
Corresponding Fuzzy Terms) — Inputs of First Rule Block
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4.3 Data Analysis

This section will particularly cover the analysis of the FuzzyTECH —based
FLM outputs versus the SYNCHRO -based outputs, for each of the 289
simulation/optimization scenarios. Descriptive as well as comparative analyses are

presented to quantify the percentages of difference of both models’ outputs.

4.3.1 Descriptive analysis

To summarize the overall output data of the 289 simulation scenarios for each
approach and for all approaches as well, a Descriptive Statistical Analysis (DSA) was
conducted for each of the proposed FLM outputs (as shown in Table 4.3). For each
output variable, different statistical measures were estimated including; minimum,

maximum, mean, median, and the standard deviation (STDV).
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The average cycle time (of the 289 scenarios using the FLM) is 88.2 seconds.
The cycle time value ranges between 86.7 and 153.3 seconds. Among the four
approaches (East, West, North, and South), the 95 percentile queue ranges between
43.6 and 159.8 meters, with an average of 85.9 meters. The green weight (GW) varies
from minimum of 18.8% and maximum of 29.3%, with an average of 24.5%. The
average value of'the final green weight (% GWF) is 45.5. The minimum and maximum
values are 12.5% and 69.3%, respectively. It is to be noted that the GWF variable
exhibits higher difference between the maximum and minimum values [69.3, 12.5], as
compared to the corresponding difference of the GW variable [29.3, 18.8].
Furthermore, the standard deviation values of the GWF variable are higher than the
corresponding values of the GW variable. The differences among the two variables
(range and standard deviation) are merely due to the impact of the downstream

congestion.

The % difference between the two main output variables (GW and the GWF)
was estimated for each of the four approaches. The estimate of the % of difference
between the two output variables can be used to study the effect of the downstream

link’s congestion on the green time allocation upstream the signalized intersection.

For each scenario (with different levels of traffic flow, and downstream
congestion), Eqn. (4.1) was applied to estimate the percentage of difference between
two variables (GW and GWF). Table 4.4 shows a sample of the East approach outputs
and the calculated difference between the GW and GWF. The last column (difference)
is colored with various shade levels. The darker the shade the higher the difference

(regardless of the sign). Further analysis of these results is carried out to relate the
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various levels of traffic flow and DSC to the magnitude and the sign of difference

between GW and GWF.

% Dif ference between GW and GWF = 100x 2-%F 4.1)
Inputs Outputs Calculated
7] _s b~ > —_
Es1Ss |8 2| 2|8 |28 » 2 g2 3
Ses 58 |5a| 2 | 2e| 53| & 2 £ 20
»<5 Es | EE| Q| € |=28|58% = | EES¢e
= o 2 - = = 172} 3 o M 2 = = = AT =
22 | < |s=| A S|l |wg|l © o -2 5
== 2 > 5 =z <o
324 4.88 L » 86.7 15 24.1 50.0 43.6
324 5.34 L L 86.7 L 24.1 50.0 43.6
324 5.5 L, L 86.7 1; 24.1 50.0 43.6
695 10.32 M L 86.7 L 24.1 50.0 87.2
695 10.32 M L 86.7 L 24.1 50.0 87.2
695 10.32 M L. 86.7 L 24.1 50.0 90.9
695 10.32 M L 86.7 L 24.1 50.0 91.5
695 12.4 M & 86.7 L 24.1 50.0 909
787 13.22 MH M 86.7 I 24.1 45.0 101.7
787 13.22 MH M 86.7 L 24.1 45.0 101.7
787 13.22 MH M 86.7 L 24.1 45.0 101.7
787 13:22 MH M 86.7 L 24.1 45.0 101.7
787 13.22 MH M 86.7 1, 24.1 45.0 101.7
787 13.22 MH M 86.7 L 24.1 45.0 101.7
787 13.22 MH M 86.7 I 24.1 45.0 101.7
787 13.22 MH M 86.7 L 24.1 45.0 101.7
880 15.64 H M 86.7 1@ 24.1 35.3 101.7 d
880 15.64 H M 86.7 L 24.1 353 101.7 -46.6
880 15.64 H M 86.7 I 24.1 34.0 101.7 -41.2
880 1572 H M 86.7 b 24.1 34.9 101.7 -45.0
880 15.64 H M 86.7 L 24.1 35.3 101.7 -46.6
880 15.64 H M 86.7 L 24.1 35.3 101.7 -46.6
1112 21.66 VH M 86.7 L 29.3 40.1 101.7 -36.6
1112 21.66 VH M 86.7 L 293 43.6 101.7 -48.5
1112 21.66 VH M 86.7 L 29.3 40.1 101.7 -36.6
1112 21.66 VH M 7.2 LM 293 40.8 101.7 -39.1
1112 20.94 VH M 109.0 | LM 28.1 41.2 115.3 -46.8
1112 23.84 VH M 114.9 M 27.7 B2 119.6 -17.8
2 25.28 VH M 120.6 M 28.1 26.1 115.3 7.3
1112 28.1 VH H 133.3 | MH 25.0 12.5 159.7
1112 30.24 VH H 133.3 | MH 24.1 12.5 159.7
1112 32.3 VH H 138.0 | MH 24.1 12,5 159.7
1112 35.82 VH H 153.3 H 24.1 125 159.7

Table 4.4: Sample of Output Variables (of the FLM) for the East Bound Approach



79

The GWF is set to act inversely proportional to the higher levels of the DSC.

That is, the higher DSC level, the lesser the value of the GWF. The % difference
between GW and GWF among the four approaches varies between -158% and 50%.
The minimum observed value (-158%) was for the case of no high downstream
congestion. The negative values of the % difference between two variables (GW and
GWF) are observed when; 1) traffic flow level is (low) or (medium) and downstream

congestion level is (low), and 2) traffic flow level is (medium-high) or (high) and the

downstream congestion level is (medium).

On the other hand, the % difference between GW and GWF increases in the

case of (very high) level of traffic flow and a (high) level of downstream congestion,

(Figure 4.9).

pA3 Zero is around this point T
) _\- \ % Difference (% GW) and
" . % (»%GWF)
Low Med | Med-High High Very High Level of Traffic flow
Low Medium High Level of DSC Index

Figure 4.9: % Difference between two variables GW and GWF for various levels of
traffic flow and DSC index (East approach).

The effect of the DSC variable on the value of the GWF (and hence the

difference with GW) is evident in many cases. Few observations to mention here:

a) When the % difference between GW and GWF is negative, it means that GWF
is higher than GW. This would occur when DSC index varies from low to

medium. with the traffic flow ranging from low to high (Figure 4.9).



80

b) When the % difference between GW and GWF is positive, it means that GWF

is lesser than GW. This would occur when DSC index is high, with a very high

traffic flow.

In most of the commonly used existing traffic signal controllers, the DSC
variable is not considered in the estimation of the signal timing of the various
competing phases. For instance, if one approach has high or very high traffic flow
compared to other competing approaches, the green weight (or green time) of this
particular approach phase will increase to account for the higher number of upstream
approach vehicles and queues; so as to serve more vehicles and relatively reduce the
queue length along this approach, and as such improve the intersection level of service
(LOS). This type of control is ideal only for isolated intersections, or when the
downstream approaches are long enough so that their congestion levels and the
potential spill back of queues along them would have minimal effect on the flow
discharge rates from the upstream approaches. However, in reality, and in a typical
urban network, such isolated control situation is quite rare. In a connected typical

urban networks, the influence of the downstream congestion is so obvious.

If the signal control decisions are based on the upstream flow and queue
measures only, erroneous decisions may actually be encountered if the downstream
approaches are congested with spill back. If the downstream approach is so congested,
it will influence the discharge rate of vehicles from the upstream approach, literally
resulting in delays or unnecessary waste of green. The rationale here is to allocate
green times negatively proportional to the downstream congestion levels; the higher
the congestion levels on the downstream approach, the lesser the green (time or

weight) to allocate to the upstream feeding approach phase. By considering the
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downstream congestion status as input to the FLM, possibilities of network grid locks

are minimized and also the network overall delay.

In brief, the inclusion of downstream congestion status in the devised FLM
although it may not be effective for isolated intersection control, it is likely to improve

the effectiveness of the controller and enhances the mobility measures in a typical

urban traffic network.

A similar analysis was conducted for the three remaining approaches (West,
North, and South) to study the effect of the levels of the traffic flow and the
downstream congestion on the final green weights, and the % difference between two
variables (GW and the GWF). Tables 4.5, 4.6, and 4.7 show samples of the output
FLM results and the calculated % difference between GW and the GWF. The %
difference between two variables (GW and the GWF) under various levels of traffic
flow and DSC indices are presented in Figures 4.10, 4.11, and 4.12 for the West, North,

and South approaches, respectively.
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Inputs Outputs Calculated
¥ = @ E - P =y
S5l | Nsl 5| 2| 228 5 | 3 H:
Cas B8 = 2 s 2 < 2 g a
>85s8 2| 2 | 2| §| 82| 8| 8| 5«3
FIYEE| EE| R | 2| 2| &% 2 | B | E20
s o<| 2| & > 2 |a2| © 2 | €03
s 9 o o &) =2 v oY &) =2
= a - = N 5, Qc £ 0

@) e
324 4.88 | L 86.7 L 24.1 50.0 | 43.6
324 4.88 L L. 86.7 L 24.1 50.0 | 43.6
324 | 4.88 L, L 86.7 L 24.1 50.0 | 43.6
324 | 4.88 ' 2 86.7 L 24.1 50.0| 43.6
695 | 10.32 M 1 86.7 L 24.1 500 90.9
695 | 10.32 M ¥ 86.7 1, 24.1 50.0 | 87.2 (&=
695 | 10.32 M L 86.7 L 24.1 50.0 | 90.9 | ‘
787 | 13.22 MH M 86.7 L 24.1 45.0 | 101.7
787 | 13.22 MH M 86.7 L 24.1 45.0 | 101.7
787 | 13.22 MH M 86.7 1, 24.1 45.0 | 101.7
787 | 13.22 MH M 86.7 I 24.1 45.0 | 101.7 |
787 | 15.14 MH M 86.7 L 24.1 35.6 ] 101.7
880 | 15.64 H M 86.7 L. 24.1 35.3'| 101.7 -46.6
880 | 15.64 H M 86.7 L 24.1 35.3 | 101.7 -46.6
880 | 15.64 H M 86.7 L 24.1 34.0| 101.7 -41.2
880 | 16.44 H M 993 | LM 24.1 31.4 | 115.3 -30.5
880 | 17.14 H M 1024 | LM 24.1 29.0 | 119.6 -20.6
880 | 17.14 H M 107.9 | LM 24.1 28.0 | 115.3 -16.4
880 | 18.58 H M 109.0 | LM 24.1 21,11 1153 12.4
1112 | 25.28 VH M 106.7 | LM 29.3 26.1 | 101.7 (P
1112 | 28.82 VH H 133.3 | MH 24.1 125 } 159.7
1112 | 30.96 VH H 133.3 | MH 24.1 12.5 | 159.7
1112 | 33.04 VH H 138.0 | MH 24.1 12.5 | 159.7
1112 | 35.82 VH H 153.3 H 24.1 12.5 | 159.7

Table 4.5: Sample of Output Variables (of the FLM) for the West Bound Approach
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Inputs

Outputs Calculated
Y

e |§ |5 £ |2 Zs3
2edz8| £l 2| = |o% £ = =2
S&Ed 38| SE |8 ¢ | R |22 s o 2. B
<94 B |52 || 2| 2 |EE| 2 & £z 2
EEe g =& | 2 77 b e sl B = 209
3L 1u<| E al O e | EZ| © 5 =
=z A % -3 = = = o

- © b X =
324 | 4.88 L L |8.7 | L |241]500 43.6
324 | 4.88 L L | 86.7 L | 24.1]500 43.6
324 | 4.88 L L |8.7| L |241]500 43.6
324 | 4.88 L L | 86.7 L | 241500 43.6
695 | 1032 | M L [8.7| L |241]500 91.5
695 | 1032 | M L |87 L [241]500 91.5
695 | 1032 | M L |8.7 | L [2411]500 87.2
695 | 1032 | M L |87 L [241]500 90.9
787 [ 1322 | MH |[M [ 8.7 | L |24.1]45.0 101.7
787 | 1322 | MH [ M | 86.7 L |[24.1]450 101.7
787 | 1322 | MH | M | 86.7 L | 24.1]450 101.7
787 | 1322 | MH | M | 86.7 L | 241450 101.7
880 | 15.64 H | M| 86.7 L |24.1]353 101.7
880 | 15.64 H |[M[87] L |241]353 101.7 e
880 | 15.64 H M | 86.7 L | 257|448 101.7 -74.5
880 | 15.64 H [M[8.7] L [253]45.2 101.7
880 | 17.14 H |[M][|8.7 ] L |241]280 101.7 -16.4
1112 [ 2238 [ VH [ M [109.0] LM | 28.1 | 40.1 115.3 427
1112 [ 2528 | VH [ M |1149] M [27.7]278 119.6 -0.3
1112 [ 2528 | vH [ M [1206] M | 28.1 |26.1 115.3 7.3
1112 [ 2528 | VH [ M [106.7| LM | 293 | 26.1 101.7 11.2
1112 [ 2882 | VH [ H [1333] MH | 24.1 [ 125 159.7
1112 [ 3096 | VH | H [1333] MH | 24.1 | 12.5 159.7
1112 | 3304 | VH | H [138.0] MH | 24.1 [ 12.5 159.7
1112 | 3582 | VH | H |1533| H |24.1]125 159.7

Table 4.6: Sample of Output Variables (of the FLM) for the North Bound Approach
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Inputs Outputs Calculated
<
IEAE | g %3
B @ad £ o) = o~ = = =R%)
SaX . & §= 2 3 > | s E| 5 - g o
- Q.E @ ° =5 ) ~ N = : = 3 g = <3
=<5 2|l =3 & 2 5 =EgE| @« = g3 -3
s€3 = & E = 7% = = 83 z = 209
e = O (= O = = w o = =
= 2 n = o a &} as
n a = - 2O
= O |® X =
324 4.88 L L 86.7 L 24.1 50.0 | 43.6
695 10.32 M 1, 86.7 L 24.1 50.0 | 91.5
324 4.88 L, i 86.7 L 24.1 | 50.0 | 43.6
695 10.32 M L 86.7 L 24.1 50.0 | 91.5
695 13:12 M M 86.7 |7 24.1 47.2 | 101.7
695 13.42 M M 86.7 L 24.1 | 458 | 101.7
695 13.12 M M 86.7 B 24.1 45.8 | 101.7
787 13.22 MH M 86.7 # 24.1 45.0 | 101.7
787 13.22 MH M 86.7 L 24.1 45.0 | 101.7
787 13.22 MH M 86.7 L 24.1 | 45.0 |101.7
880 15.64 H M 86.7 L 25.3 452 | 101.7 j8
880 15.64 H M 86.7 L 3.7 448 [101.7 | :
787 15.14 MH M 92.8 LM 22.4 35.6 | 101.7 -58.7
787 15.14 MH M 1024 | LM 22.4 35.6 | 101.7 -58.7
787 15.86 MH M 972 | LM 21.5" 1322 | 101.7 -49.5
880 15.14 H M 86.7 L 24.1 | 35.6 |101.7 -48.0
880 15.64 H M 86.7 L 24.1 | 353 | 101.7 -46.6
880 15.64 H M 86.7 L 24.1 | 353 | 101.7 -46.6
880 15.64 H M 86.7 L 24.1 | 353 | 101.7 -46.6
880 15.64 H M 86.7 I 24.1 35.3 | 101.7 -46.6
880 15.64 H M 86.7 s 24.1 | 34.0 | 101.7 -41.2
880 16.44 H M 86.7 L 24.1 | 314 |101.7 -30.5
880 17.14 H M 86.7 L 24.1 29.0 | 101.7 -20.6
880 17.14 H M 928 | LM 24.1 | 29.0 | 101.7 -20.6
880 17.14 H M 107.9 | LM 24.1 | 28.0 | 1153 -16.4
880 17.14 H M 86.7 L 24.1 | 28.0 | 101.7 -16.4
880 17.86 H M 1079 | LM 24.1 245 | 1153 -1.9
880 20.82 H M 120.6 M 24.1 12,5 | 115.3
880 27.2 H M 138.0 | MH | 24.1 12.5. ] 1153
1112 | 35.82 VH H 1333 H 24.1 12.5 | 159.8

Table 4.7: Sample of Output Variables (of the FLM) for the South Bound Approach
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N Zero 15 withn this range e
. . % Difference (% GW)
A Y and (%GWF)
Low Medium Level of DSC Index
LLow l Med I Med-High [ High % i ///// Level of Traffic flow

Figure 4.10: % Difference between two variables GW and GWF for various levels of
traffic flow and DSC index (West approach).

“ve Zero 1s within this range tve
A l . % Difference (% GW) and
L Y (%GWF)
: V777, )
Low Medium M/ High Level of DSC Index

Level of Traffic flow

| Low | Med | MedHigh | High

Figure 4.11: % Difference between two variables GW and GWF for various levels of
traffic flow and DSC index (North approach).

-ve Zero is within this range ve
L % Difference (% GW)
& P and (%GWF)
Low Medinm High Level of DSC Index

Low | Med | MedHigh | Hih [/J6#)))) VeyHigh |  Levelof Traffic flow

Figure 4.12: % Difference between two variables GW and GWF for various levels of
traffic flow and DSC index (South approach).
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In conclusion, the GWF is found higher than GW for cases of medium or high
levels of DSC and high or very high traffic flow. In such cases, the % difference

between the GWF and the GW is significantly positive (Figures 4.9 to 4.12).

4.4 Testing and Calibration of the FLM

In order to test the FLM effectiveness, and the closeness of its output variables

to the “optimal™ solutions of the SYNCHRO model, comparative analyses were carried

out in two different ways:

a) Comparing the absolute values of difference between both the FLM and
the SYNCHRO-based outputs. Namely, the comparison included the
variables of the cycle time (C), green times using the GW estimates of the
FLM, and the final green times using the GWF of the FLM.

b) Comparing the percentage of difference between both the FLM and the
SYNCHRO-based outputs. Namely, the comparison included the variables
of the cycle time (C), green times using the GW estimates of the FLM, and
the final green times using the GWF of the FLM.

Using the two comparative measures (absolute difference and percentage of
difference) together is quite essential to adequately asses the closeness of both FLM
and SYNCHRO solutions. For instance, in cases of low green times or cycle estimates,
the increase/decrease of green times or cycle length by small values would be
translated into high percentage values, and as such the percentage of difference
between the FLM and the SYNCHRO cannot be solely used. In general, higher
percentage of difference values can be accepted when the absolute difference values

are relatively small.
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The comparison of the outputs (using the two measures) was utilized here as
part of the calibration process of the FLM itself, and to assess the accuracy of setting

its membership functions and its rule blocks.

Calibration is a fundamental requirement to accept the FLM model. Calibration
refers to the adjustment of model parameters to improve the model’s ability to

reproduce local traffic conditions (U.S-DoT, FHWA, 21 century operations using 21*

century technologies).

Steps of the FLM calibration include the identification of parameters to
calibrate (such as membership functions of rule blocks), the output variables to assess
their closeness to desired outputs, setting priority to the importance of these output
variables for the calibration process (high importance level should be accepted by the
acceptance criteria, low importance level may/or may not be accepted by the
acceptance criteria), identification of the acceptance method, run the FLM model,
assessing the output variables for acceptance, and finally making decisions on whether
to accept and stop the calibration process or to make further adjustments and

recalibrate (its membership functions or rule blocks) again if required.

Table 4.8 and Figure 4.13 summarize the calibration stages of the FLM
followed in this research. As can be seen in Table 4.8, three output variables were
selected for the purpose of assessing the closeness of the FLM solution vis-a-vis the

SYNCHRO one.

e Green times (sec) using the GW estimate of the FLM is set to a very high

importance levels. The FLM is designed to replicate optimal signal
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controllers, and as such it must be able reproduce the “optimal”
(SYNCHRO) green times to a high level of accuracy.

The Cycle time is set to a high importance level. The FLM is designed to
replicate optimal signal controllers, and as such it must be able reproduce
the “optimal” (SYNCHRO) cycle times to a high level of accuracy.

The Final Green times using the GWF estimates of the FLM is set to a low
importance level. Since the GWF does explicitly consider the downstream
congestion (DSC), which is not considered in SYNCHRO, it is expected
that the estimated green times using the GWF may significantly differ from
the green times estimated by SYNCHRO. As such, it is not mandatory that
the final green times using the GWF estimates of the FLM are close to the

“optimal™ green times estimates of SYNCHRO.

Calibration stages | Explanations

Identification of

variables to assess

- Green times (sec) using the GW estimate of the FLM;
- Final Green times (sec) using the GWF estimate of the
FLM;

- Cycle time (sec)

and Importance

Variables Importance level
Green times (sec) using the GW estimate of the )
Output Variables —_ Very High

Cycle time (sec) High

Final Green times (sec) using the GWF
Low

estimate of the FLM

Acceptance SYNCHRO not to exceed the confidence level, which is considered

The average percentage difference between the FLM and

as 10%. This condition may be relaxed only if the absolute value of

difference is relatively small.

Table 4.8: The FLM Calibration Stages
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Fuzzy Logic Model SYNCHRO Model

(FLM) Output Variables
Output Variables

»
>

v

Measure the Absolute and Percentage of
Difference between the FLM and SYNCHRO
Model Outputs

Re-adjust the FLM
Membership
Functions and
Rule Blocks

Difference Measures
Passed the
Acceptance Criteria?

Accept the FLM and
Proceed to Model
Verification (Chapter 5)

Figure 4.13: Flowchart of the FLM calibration process

The same input numerical values of the input variables used in the 289
simulation/optimization runs were used in the FLM. The output variables (namely, the

cycle time, the green times of the four competing approaches, and the final green times
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of the FLM model) were recorded. The difference (in absolute value and percentage)

of the output variables of the FLM and the corresponding SYNCHRO were estimated

using Eq. (4.2) and (4.3).
Dif ference = FLM output value — SYNCHRO output value (4.2)

: FLM output value—
%leference = 100% put value—SYNCHRO output value
SYNCHRO output value

(4.3)

As indicated earlier, both measures are important in judging the closeness of
solutions. For some simulation scenarios, the percentage difference of the green time
estimates between the FLM and SYNCHRO is more than 10%. The absolute
difference between the FLM and SYNCHRO in many of these cases is actually 2

seconds or less. For such cases, the FLM is considered acceptable.

Table 4.9 shows sample of the estimated difference and percentage difference
between the proposed FLM and the corresponding SYNCHRO-based outputs. A full
comparison table is provided in Table B.2 (in Appendix B). Among the notable

observations:

1) For the cases where the downstream congestion (DSC) is low and low to
medium traffic flows, the differences and percentage of difference of cycle
time, and green times were positive.

2) Alternatively, for the cases where the downstream congestion (DSC) is
high and high to very high traffic flows the differences and percentage of

differences of cycle time, and green times were negative.
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Descriptive statistical analysis (DSA) was carried out on the difference and the
percentage difference between the FLM and SYNCHRO-based outputs. Tables 4.11

and 4.12 present the findings of the descriptive analysis.

The cycle time difference ranges between [-12, 19] seconds (corresponding to
percentage difference range of [-8%, 21%]), with an average difference of 4.8 sec
(6%). The green times difference ranges between [-5.5, 6.4] seconds (corresponding

to percentage difference range of [-15.3%, 39.8%]), with an average difference of 1.2

seconds (7.7%).

The final green times (which accounts for the Downstream congestion DSC)
difference ranges between [-10.6, 10.6] seconds (corresponding to percentage

difference range of [-66%, 54%]), with an average difference of 1.2 seconds (7.6%).

Figures 4.14 illustrates the distribution of the percentage of difference in the
cycle time estimates of the FLM and the SYNCHRO models. It is clear that for the
majority of the 289 simulation cases, the percentage of difference is within the 10%
allowable limit. Only very few cases (where the traffic flows are high), the percentage
of difference in the cycle time exceed the 10%. Similarly, Figures 4.15 and 4.16 show
the percentage of difference of the green times and the final green times estimates,
respectively. As indicated earlier, the FLM-based final green times have higher
deviations from the corresponding SYNCHRO-based green times, because the FLM
explicitly accounts for the DSC. Figure 4.15 shows the distributions of the percentage
difference of the green times between the FLM and the SYNCHRO models for the
four competing approaches. As can be seen, the percentage of difference in the 289
simulation runs is within the range of 10% or less. The average percentage difference

is 7.7% with around 8% standard deviation. Finally, Figure 4.16 shows the
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distributions of the percentage difference of the FLM final green times and the
corresponding SYNCHRO green times for the four competing approaches. The
percentage of difference of this variable show more variability and dispersion as it (the
variable) is sensitive to the DSC status. Still, the majority of the 289 simulation cases
meet the 10% error limit. Many cases exceed this 10% limit. This is apparent through
the higher standard deviation values in Table 4.11 (about 16% for the individual
approaches). This variable was set to a low priority level of meeting the calibration

requirement and as such it is considered acceptable.



Ca

sindinQ 2[4 pue sawi [ usdI) OYHONAS PUE AT 941 UdamIaQq 20UIJFI(] PRIeWnSH Y1 Jo ojdwes 16’ 2[qe L,

o Tor 1 o | or [ oF | 9% | 9% | 9F [t [ L1- [ L1- [ 21- [ L0 | L1 | L1 | L0 | L110 | L9 |y H H q | HA | HA | HA | HA
68 ezl [ 6Tl | €61 | 68 | 6Tl Bzl 08 | sT [ st |[SH | SS [ ST |SH [sv|ss |0 .m_ - H H u u uAa | HA | HA
TIL L EiE | cemrel| 18- | L8 [BBE| 8% | €5 | L€ [ Le [ Ly | 0€ | 6T | 6T [6€ [ L9 | o H u i | uw | A | HA | HA
Y- | ve | £8 [66l| 60 [ 60 | €0- | 92 | €6 | £1- |L1- | LT[ Ov |€o-| €0 [ 10 [ €€  ,w | H | H | H W | HA | HA | HA
T0 T0 701 ¥0 | cv- | ¢ | C% o€ [se [ 1o [ 1o ro|ve [0 U] Ul-f €€ | 4 wlow | w 1 ua | ua | HA
] OIT | ¢ | Tar | 1e | vv | ov | 6C |08 |09 | 1c |1l [ST[60 ] 6v [ w | w | W | AW |HN|HA| H | HA
Ll S0 8Y1 g8l [BEIeY 11- [ 9ol [ 10 [ S6 | ¥T [ 19 | ¥9 [ I'¥ | 06l | W Nl ow | ow N HA H HA
.HI:OL.
| 0¢€l 861 eolpssalEseeSlecusiligsesll 1T | €7 [ 28 | €7 To [ 91 [ o~ [ 91 | €8 | o W 1 W W HA 1 HA
<S¢ 901 | 0L | Tl L - [ L€ | 95 | €[ ¥s [ 81| €1- [ 9T | L'0 [ €0 [ €€ | o - 1 W H HA 1 HA
79- | 80- | 29 | 29 | s1- P@tt | st | st- | L€ [oT- [ 20 [01- |01~ [ €0 | 9T [ €0 [ €0 | €€ | o n ol ow | oW u HA | Ha | HN
g9 | .80 (4 s 9 | S'1- | Tl S'Is ci-ulgEeenl 071- [ 20~ [ 01~ | 01~ | €0 || 9%¢c- | €0 | €0~ | €€ W W N W W | HA | HA | HA
6¢l $OL | TIL | 0L | L ST- | L€ | 0€ [ 69 [ 8¢ | 8T 9T [€1- | L0 | €0 | €€ | (o | W 1 1 HA u 1 1
0T 0T ULl Y0 | 8L | v0 | v6 | vv | SS | ¥v [ SE 6L | w | w | Ww | W H H H H
£91 L'8 9L (5 ¥6" BER Lt- | Oy | 8C | 9| 61 | T z0 | 81| 0°¢ | £€ 1 W W W 1 HIN H H
601 | 601 £S s LS €8 | 81 | 81 [Se- [ 99| 60 | 60 [ 60 | 6€ [ L9 1 1 W | w W W H H
501 | 601 s [ Ls LS 9P €8 | 81 | 81 |se-[99 ] 60| 60 [ 60| 6€ | L9 1 1 W W T W H H
I

zel | zel | oz [cer[Twor [ wor | wor [wor | €8 [ 1T [ 1T [€o [ 1T | L0 [ LT[ LT LT L9 T 71w | 1 W W | HN | W
%0l | #OI | #OI | pOI | »OL | #OI | #Or [ ®O1 | €8 | 1 | 0 [ LUt [cv [ v [t [ LT[ L9 11 7| 1] 1 1 1 1 1
S N M d S N M | A S N | M| d S N |[M| 3 A S N | M| 3 S N M d

] b

(99s) ) awn o S

:uoh%vwﬂwmmwm\rmv. & (93s) (OYHONAS) I3

(29s) sawil | u22In) @ awn udain) —(INT14) (02s) saw] uddIN) 7 swia ], DSA SWLI [, SaWnNjOA
awn uaa1n ~(IN14) . 2 - : a
; & SOUIT] Ud2I0) [BUl] <
SAWI ] UARIN) [BUl ]
OUHONAS /(OUHONAS-IWTA)001
- FERITENET 1T
N —— (OMHONAS-WTA) ua S
STGITTS)




‘(s;ndino

OMHONAS PUE JAT.] U22ANIQ 20UIAJJI(] ABLIUDI) SHNSAY 2oUIYJI(] aSeuaoIa ay) 10y sisA[euy [eansnels aAnduasa [ 1'¢ 2qeL

9L Lile 09 UBIAl

9L 8'6€ 1'1¢ WNUIXEBIA

0'99- £ el 0'8- WNWIUTA

'Ll LSl (&) L91 €9 69 09 v'6 0°S AALS

9 S'L r0l 16l v0l v0l POl 70l €8 UeIpIAl

§T 6 (44 681 0% VL vL 68 09 UBdA

L9 0°€s 8y 9'€s 1'8¢C 8°0¢ 8'6€ 9yt le wnuixej

S8¢- 0'99- ['8€- 6'LT 611" 6Cl- 67Cl- (A 0°8- W WIUAl

S N M C S N M q
Wl |, UdRIH Wiy uda19 OYHINAS/Guir] APk sanspels
OMHONAS/(AWI] U215 OYHINAS-DWIL U310 [eul WTA)=001 U219 OUHINAS-IWLL Udd1) WTA)=001 aandusq
:(9/,) SOWIL ], UIAIL) [BUI] JO IIUIIJJI(] IBLIUII] :(9/,) SOWIL], UIAL) JO IDUAIJJI(] BLIUIIII

‘(sindin0) OYHONAS PUB JAT] U29m19q 20UIJJI(]) SHNSAY 2OUIJI(C] Y} 10] (VSQ) SisAjeuy [eonsnels aAnduosa(] (0¥ 219e.L

o1 Z'1 8t UBIJAl

901 v'9 06l WnWXeN

901~ S 0'Cl- winuwiuij|

6'C LC 87T 6C [ gl Il L1 £y AALS

0l €l L'l 3 L'l L'l L' L'l L9 ueipI

£0 L0 90 "¢ 'l Il Cl vl 8 UBIN

€6 901 TL zol 8y 1'9 ) [y 0’6l WnWReIA

CLT 901~ 0°8- &5 9T Sy St g5 0Cl- U EgA

S N I\ a S N 0\ a —

(Guiy usa1H OUHONAS-WIL U215 [euly 1) (uil [ U321 OAHONAS-2WIL U1 TA) PLD aandudsaq

:(995) UIPJI(] AW ] UIAIF) [BUl]

:(295) 2DUAIIPYI(] SAWIL ], UIIAL)

+H A




PERCENTAGE OF DIFFERENCE

BETWEEN FLM AND SYNCHRO

CYCLE
30.0

20.0 o &°

©

10.0 )
R e R R SRR O D &
©

(&} ©

0.0 © &

9 do ' ® &b an'd cmdkmm"’ 330
®

-10.0

SIMULATION CASE

95

Figure 4.14: Percentage difference between the FLM and the corresponding

SYNCRO-based Cycle output variables
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Figure 4.15 (A): Eastbound Approach
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Figure 4.15 (C): Northbound Approach
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Figure 4.15 (D): Southbound Approach

Figure 4.15: Percentage difference between the FLM and the corresponding
SYNCRO-based Green Times output variables
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Figure 4.16 (A): Eastbound Approach
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Figure 4.16 (B): Westbound Approach
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Figure 4.16 (D): Southbound Approach

Figure 4.16: Percentage difference between the FLM and the corresponding

SYNCRO-based Final Green Times output variables
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Chapter 5: Validation of the FLM Signal Control

Model validation is a fundamental requirement to the approval and the
generalization of the any new model. Various tests were conducted to ensure the
validity of the proposed FLM and to assess the extent to which it meets the purpose
for which it was built. This chapter discusses and presents in details the validation

process and results of the proposed traffic signal FLM.

5.1 FLM Validation Steps

A new set of randomly selected set of data was selected for model validation.
Such data differ from these used in model calibration. The obtained outputs from the
FLM, and SYNCHRO were compared. In this research and in order to validate the

proposed FLLM, the following steps were applied:

1. Data Generation: Using the FuzzyTECH software, and for each of the
four approaches, a new data set of input variables (traffic flow and the
downstream congestion index) were generated. A built in tool in
FuzzyTECH was used to generate an exhaustive data file covering the
domains of input variables. The data generation is carried out
systematically and guided by the minimum value of each variable, the
maximum value, and the step value. For the traffic flow (veh/hr), the
minimum, maximum, and step value were 324, 1112, and 250,
respectively. For the downstream congestion index, the minimum,
maximum, and step value were 4.86, 35.82, and 15, respectively. The
resulting data file has 50625 numerical records covering the possible

domains of the two input variables.
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2. Input Data Debugging: A built-in module in FuzzyTECH was used to

N

debug the generated exhaustive data file. Debugging entails deploying the
FLM on the input data file and estimating all decision variables (namely
the cycle time, green weight, final green weight, green times, and final
green times). Table 5.1 shows a sample of the generated file as well as the
estimated cycle and green weights of the FLM.

Data Extraction: Following the application of the FLM to the generated
data file and the estimation of the output variables through the debugging,
all data (inputs and outputs) were extracted and recorded as “csv (comma
delimited)” file.

Validation Sample Data Selection and SYNCHRO Modeling: Out of
extracted data, a random sample was selected. SYNCHRO was then used
to model the selected input variables. For each modeled case, SYNCHRO
outputs (cycle time and green times for each approach) were recorded.
FLM and SYNCHRO Comparison: The outputs of both models were
compared in two different ways:

a. Comparing the difference between both the FLM and the
SYNCHRO-based outputs. Namely, the comparison included the
variables of the cycle time (C), green times using the GW estimates
of the FLM, and the final green times using the GWF of the FLM.

b. Comparing the percentage of difference between both the FLM
and the SYNCHRO-based outputs. Namely, the comparison
included the variables of the cycle time (C), green times using the
GW estimates of the FLM, and the final green times using the GWF

of the FLM.
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The geometric, traffic, and controller parameters which were used in the
SYNCHRO runs for testing the model, were similar to the ones used for model

development and calibration as stated earlier in Chapter 3.

- Geometric Parameters:
o} Number of lanes: 3 shared lanes
o Split phase arrangement
o Link length, L: 500 m

o Link speed: 60 km/hr

o Lane width: 3.7 m
o Saturation flow rate: 1900 veh/hr/lane
o Passenger car length: 7.6 m

o Heavy vehicle length: 13.7 m

- Traffic Parameters:

o Right turn percentage: 30 % of approach volume
o Through movement percentage: 60 % of approach volume
o Left turn percentage: 10 % of approach volume

o) Peak hour factor (PHF) = 0.92

o Growth factor: 0.95

o Percentage of heavy vehicles: 2%
- Control Parameters:

o Signal control type: Pre-timed signalized intersection, protected
left turn movement, split phase operation.

o Yellow time: 3 sec

o All red: 1 sec



sindinQ AT pRIewWnsy pue A1 pajeIauan uonepiieA HOHIAZZ0] 3y Jo opdwres :1°¢ 9[qe L

14 vT v v STl STl 5 ¢l Sl et [ it | zier [ ¢inn | TINL | T8'S€ | T8'SE | T/'SE | TB'SE
¥ ¥T 14 v STl S.Cl el Lol €€Sl | ziit | zirnr | vLol | TIML | T8'SE | TYSE | TB'SE | TB'SE
ST 54 ST BC 0S 0§ 0S 0S ob'€8 | CTIII | TIII P8 TIN | T8SE | T8SE | T/SE | TBSE
ST 4 ST A 08 0S 0S 0S op'€8 | TIII | TIIT | +LS | TLIL | T8'SE | TVSE | T8SE | T8'SE
ST cC ST ST 0S 0 0S 0S or'€8 | TIIL [ TITI vT€ | TIII | T8SE | T8SE | TB'SE | T8'SE
v 144 144 ¥C STl | STl STl €€ST | pLOL | TIIT | TITL | TILL | T8'SE | TSE | TVSE | TYSE
¥T ¥C L4 14 STl ¢TI Ll STl €€ST | #LOL | TIT1D | vLOT | TIIL | T8'SE | TYSE | T8'SE | TY'SE
ST ST ¢t ST 0S 0S 0S 0S or°'€8 | vLOL | TIII ¥C8 TINL | T8SE | T8SE | T®'SE | T8'SE
§T ST ST ST 0S 0S 0S 0S op'€8 | TIll | vLS | vT8 | ¥LS | T®SE | 98'F | 98°0T | T8'SE
ST ST ST ST 0S 0S 0S 0S ob'€8 | Tl | vLS | vLS | LS | T8SE | 98'F | 98°0T | T¥'SE
ST ST §< ST 08 0S 0S 0S ob'€8 | TI11 | vLOT | TITL | LS | T8'SE | 98+t | TRSE | 98°0C
ST ST 4 ST 08 0S 0S 0S or'es | Ti1l | pLO1 | $LOT | ¥LS | T8SE | 98¢+ | T8'SE | 98°0C
ST ST ST ST 0S 0S 0S 0S ov'es | TILIT | vLOL | ¥T8 pLS | T8SE | 98'v | T8'SE | 98°0C
4 ST 4 ST 0S 0S 0S 0S or'€s | vLol | T8 | vLO1 | ¥LS | T8'SE | 98t | TB'SE | 98°0C
ST Y4 ST ST 0S 0S 0S 0S 0Ov'€8 | vLOI | ¥T8 vZ8 | ¥LS | T8SE | 98t | TB'SE | 98°0C
6T vT vT vT $'Tl 0S STl STl £9'98 | vLol | vT8 | ¥LS | LS | T8SE | 98'% | T8SE | 98°0C
6T vT 144 14 STl 0S STl STl L9798 | vLOl | ¥T8 | #T¢ pLS | T8SE | 98 | T8SE | 980T
ST ST Y4 ST 0S 0S 0S 0S or'€s | vze | vT€ | wLS | TIND | 98F | 98F | 98% 98t
§T ST 4 ST 0S 0S 0S 0S ov'es | vee | ¥T€ | TIID | #CE 98y | 98%v | 98'v | 98F
Y4 ST §T ST 0S 0S 0S 0S ov'es | vT€ | ¥TE€ | vLOT | ¥CE 98y | 98F | 98%F 98t
v vT 14 T 0S 0S 0S 0S L9798 | ¥TE | ¥TE vZ8 1443 98t | 98v | 98F 98t
144 144 v vT 0S 0S 0S 0S L9798 | ¥TE€ | ¥TE | PLS | PTE 98t | 98¢ | 98¢ 98'¥
vZ vT 14 vT 0S 0S 0S 0S L998 | ¥T€ | vTE | ¥TE | PCE 98ty | 98F | 98%F 98t
S N M (C | S N M d (295) S N M C S N I\ C|
(%) IS AL U22IY) (9,) IYSID AN UIIAX) [BUT] APAD (A4/yaA) MO dyjea ], Xopu| uonsITu0)) WeANSUMO(]

€01




104

5.2 Results and Comparative Analysis

Among the FuzzyTECH exhaustive generated data file, only few number of
cases were randomly selected as shown in Table 5.2. The different levels of the traffic
flow (from low to very high levels), and the downstream congestion levels (from low

to high levels) were almost covered in the selected cases.

Based on the FLM estimates of the green weights (GW) and final green weight
(GWF), Eqgns. 3.15 and 3.16, the green times and final green times were calculated as
shown in Table 5.3. Table 5.4 shows the SYNCHRO corresponding outputs for the
validation cases. The difference and the percentage difference between SYNCHRO

and FLM results are presented in Tables 5.5 and 5.6, respectively.

Moreover, in order to summarize the overall output data of the 15 simulation
scenarios for each approach and for all approaches as well, Descriptive Statistical
Analysis (DSA) was performed on the difference and the percentage difference
between the FLM and SYNCHRO-based outputs (as shown in Tables 5.7 and 5.8).
For each output variable, different statistical measures were estimated including:

minimum, maximum, mean, median, and the standard deviation (STDV).

5.2.1 Green Times and Final Green Times analysis

Among the four approaches, the green times difference ranges between [-14.2,
3.3] seconds (corresponding to percentage difference range of [-45.6%, 10.8%]). with

an average difference of -1.3 seconds (-3.3%).

In order to study the effect of the downstream link’s congestion on the green

time allocation upstream the signalized intersection, the % difference between the two
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main output variables (FLM final green time and SYNCHRO green time) was

estimated for each of the four approaches.

Among the four approaches, the final green times difference ranges between [-
14.2, 24.4] seconds (corresponding to percentage difference range of [-55.8%,

152.4%]), with an average difference of -1.3 seconds (-3.4%).

Positive values of the difference and percentage difference were experienced
when the final green times provided by the FLM were greater than the ones determined
by SYNCHRO. This was experienced generally with the scenarios of “/ow” DSC
index. Negative values of the difference and percentage difference were experienced
when the final green times provided by the FLM were lesser than the ones determined

by SYNCHRO. This was experienced generally with the scenarios of “medium” or

“high” DSC index.
5.2.2 Cycle time analysis

The cycle time difference ranges between [-46.6, 13.3] seconds (corresponding
to percentage difference range of [-35.8%, 9.5%]). with an average difference of -5.1
sec (-3.5%). The negative values of the difference and percentage difference between
the FLM and the SYNCHRO means that the optimized cycle time obtained from

SYNCHRO was higher than the one estimated from the FLM.

Reference to Tables 5.5 and 5.6, it is apparent that the minimum difference and
percent difference of the cycle time correspond to medium to high, high, or very high
traffic flows with medium average DSC index. The maximum values of the cycle time
difference and percentage of difference relate to the case of /ow DSC index and very

high traffic flow.
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In general, it can be concluded that FLM is quite effective and sufficient to
replicate “optimization™ signal control procedures (SYNCHRO). The validation of
results indicated that the FLM is mostly effective for cases of medium or high DSC

and medium to high traffic flows.



a[1 uoneIuN BIe( HOAIAZZN] 3y} WOl Sase)) UONEPI[EA PAIIAS (TS AqEL

0°ST | 0°ST | 0°ST 0°ST 0°0S 008 008 0°0S t'e€8 | TIL1 | #28 | ¥TE | TIIL | 98'F | T8'SE| 98t | T8'SE | Sl
0°ST | 0°ST | 0°ST 0S¢ 0°0S 008 008 008 ¥'€8 pLS | vTE | vLS | TITT | 98 | 98°0T | 98°0T | T8'SE | ¥l
0SZ | 0ST | 0ST | 0ST | 00S | 005 | 00S | 00 t'€8 | vTE | vTE | TITL | ¥LOT | 98°0T | T8'SE | 98'F | 98°0CT | £l
0'Sz | 0S| 0ST | 0°ST | 00S | 00S [ 00S | 00S t€8 | vLOL | ¥T8 | vLS | ¥T8 | 98°0T | 98°0T | 98°0T | 98°0T | Tl
oYz | OvT | OvT | OvT | S'TI 008 | STl L98 | vze | ¥vTE | vT8 | ¥T8 | 98°0T | 98t | T8'SE | 98°0CT | 11
06T | 0ST | 0ST | 0ST | 00S | 00S | 00s | 00§ ve8 | vz8 | ¥T8 | TINI | $LS | T8'SE | T8'SE| 98'F | 98F | Ol
ovz |ovT | OvT | OFC | STI e STl 008 L98 | ¥T€ | ¥TE | ¥TE | ¥LS | TYSE | 98°0T | 98°0T | 98'F | 6
ovZ | 0¥T | OFT | OFVC | STI 008 ¢zl 0°0S L98 | vT8 | ¥T8 | ¥T8 | ¥TE | T®SE| 98°F | TSE | 98'F | 8
0'ST | 0ST | 0ST | 0ST | 00S | 00S | 00S | 00 ve8 | vLO1 | ¥T8 | TII1 | #LOL | 98'¢v | 98 | T8'SE | T8'SE | L
0ST [ 0ST| 0ST | 0°ST | 00S | 00S | 00S | 00S p'e8 | vLOT | ¥T8 | $LOT | ¥LOL | 98y | 98y | T8'SE | T8'SE | 9
vz |l vz | 1wz | vz | 00s | 00s | 00S | 000 | €€ST | bLOI | ¥LOT | PLOT | ¥LOT | 98'F | 98°F | 98 | 98'F | S
I'vC | I'vC | I'vT | 1'ST | STI STl ¢zl ¢zl L98 | T8 | vT8 | vT8 | vT8 | T8'SE | T8'SE | TB'SE | T8SE | ¥
I'vC | I'vT | I'¥C | 1'ST | S°TI ¢l STl L6l L98 | vT8 | vT8 | ¥T8 | ¥T8 | 98°0T | 98°0T | 98°0T | 98°0T | €
I'vT | 1'¥C 1'vC ['¥C A ¢TI &Gl STl L98 pLS | vLS | ¥LS | vLS | 98°0T | 98°0T | 98°0T | 98°0C | C
I'¥C | 1'%C 1'vC ['¥C 008 008 0°0S 00 L98 vLS | VLS | VLS | VLS | 98V | 98'F | 98F | 98°F |
S N M d S N M d (235) S N M d S N I\ d m
(%) 14319 129.15) (9,) 1Y319M U243 [RUIy PAD (Ay/yaA) Moy duyjea ], :c_:uw:owu”h_“w_?:m:.scn "




$aSB7) UOIEPI[BA AU} 0] SAWI | UIAID) [BUL] PUB SAWIL ] UAID) *9[0LD) pajewinsy HOd1Azzn g ;€ ¢ d[qe

6ol | 691 | 691 | 691 | 691 | 691 | 691 | 691 | +'€8 |zTii1 | ve8 | vTe [TIII | 98 | T8'SE| 98’ | T8'SE | Sl
6ol | 691 | 691 | 691 | 691 | 691 | 691 | 691 | €8 | vLS | vT€ | bLS | TUIL | 98F | 98°0T | 98°0C | TE'SE | ¥
6ol | 691 | 691 | 691 | 691 | 691 | 691 | 601 | +'€8 | vz | vze | TILL | bLOL | 98°0C | T8'SE | 98 | 98°0T | €I
6ol | 691 | 691 | 691 | 691 | 691 | 691 | 691 | t'€8 | L0l | ¥T8 | vLS | ¥T8 | 980T | 98°0C | 98°0CT | 98°0T | Tl
ol ee e |oeen [ ror [ o | ror | ror | Los | vze | vze | ves | vz8 | 98°0T | 98 | T8'SE | 98°0T | 11
691 | 691 | 691 | 691 | 691 | 601 | 691 | 691 | v'€8 | vz8 | vz8 |zill | vLs |z8'se | T8se| 98 | 98 | OI
ot e U 1oz | von | vor | ot | vov | L'98 | vze | vze | vTe | LS | T8SE | 98°0T | 98°0T | 98 | 6
cot Lot e | eor | e [ ese| ove | esc| Los | ves | ves | vzs | vze |T8'SE | 98t | T8'SE| 98 | 8
691 | 691 | 691 | 691 | 691 | 691 | 691 | 691 | +'€8 | vLot | vz8 | Tiil | vLol | 98 | 98 |T8'SE | T8SE| L
691 | 691 | 691 | 691 | 691 | 691 | 691 | 691 | +'€8 | Lol | ¥28 | pLOT | vLOT | 98% | 98 | T8'SE | T8'SE| 9
cve | eve | eve | eve | eve | eve | eve | €ve | €51 | bL01 | BLOT | BLOT | bLOT | 98 | 98'F | 98% | 98 | S
cut lser | osur | zsr [ eer | een | cen | e | cos | v28 | vz | ves | v28 | 78'S€ | T8'SE | T8'SE | T8SE| b
et | sur | szt | zsr | st | vst | vt | vv | L98 | vz8 | vzs | vT8 | vT8 | 98°0T | 98°0T | 98°0T | 98°0T | €
cot oo | cor |oeen | een [ e | e [ een | o8 | vLs | vLs | vLs | vLs | 98°0T | 98°0T | 98°0T | 98°0T | T
con L e oo | oeen oo oo | e [ een | ocos | ves | ves | vLs | vis | 98 | 98 | 98 | 98 | 1
s [N | M | a | s [ N[m]a][@g| S | N|m|a]s | N|m]F|O

WA | (ay/yan) moy dygea o ‘

(995) 2wy udIIY)

(995) aun) UIIIS [euly

:O:moM:cu We.sSuMo(]




$a58) UONEPI[EA 10J SAWI [, USAID) pue 9[0K)) parewnsy OYHONAS 'S e

06 irA (IR 91 Ic LI ¥T8 (43 488! 98t 78'S¢E 98'Y 78°S¢ Sl
08 91 91 91 91 vLS {43 vLS CLLY 98t 98°0C 98°0C 78'SE !
06 91 91 IT 1T vTe 1443 CIiT | PLOI 98°0C 78'S¢E 98'Y 98°0C €l
06 Ze INLl 91 61 vLOT ¥T8 vLS ¥T8 98°0C 98°0C 98'0C 98°0C Cl
08 91 91 91 91 {43 143 ¥T8 vT8 98°0C 98t 78'S¢ 98°0C I
06 Ll Ll €T L1 ¥T8 vT8 AL vLS 8°S¢ 78'S¢ 98'v 98y 01
08 91 91 o1 91 (43 143 {43 vLS 78°S¢ 98°0C 98°0C 98t 6
08 91 91 91 91 vT8 vT8 vT8 vCe 78°S¢ 98'Y 78'S¢E 98t 8
0€l 0€ £C I€ 0€¢ vLOI ¥T8 ARSI 750) 98t 98t 78°6¢ 78'S¢E L
0€l 0€ £C | 0¢ & vLO1 ¥T8 vLOT | $LO] 98t 98'v 78°S¢ 78'S¢E 9
orl 1€ 1€ 1€ 9 vLOI vLOT | #LOT | ¥LOI 98t 98y 98'Y 98t S
06 81 81 81 0T ¥Z8 vT8 vT8 vT8 (4: 893 78St 78'SE 78°6¢ 14
06 81 81 8l 0t ¥T8 vT8 vT8 vT8 98°0C 98°0C 98°0C 98°0C 3
08 91 91 91 91 vLS vLS vLS vLS 98°0C 98°0C 98°0C 98°0C 0
08 91 91 91 91 vLS vLS vLS vLS 98t 98t 98y 98'v |

(29s) S N M C| S N M q S N M a

J)3ua| ase)

APAD

(995) Wiy UAAIY)

(4/4aA) Moy duyea L,

Xapul u01SITU0D WBINSUMO(]




sase) UONEPI[EA Y1 10J SINAINO OYHONAS PUB AT 241 U2aM1aq 2OUIYIC 1SS AL

o 60 60 <y (4 60 60 s 9'9- HA HIN q HA 1 H i H Gl
6'0 60 6'0 60 60 60 6'0 60 ve N j | N HA 1 N N H i
60 60 o (A 60 60 Y (A 9'9- 1 i HA HA N H 4 W €l
/A% 19" 60 AT i e [0~ 60 A7 9'9- HA HIN N HIN N N N N Cl
6'¢- v'vT 6'¢S- 6°S- L'l L'l L'l L'l L9 1 1 HIN HIN N 1 H N Il
[0~ ['0- oo ['0- [0~ [0~ 9 1'0- 99~ HIN HIN HA N H H 1 1 0l
6'S- 6'S- 65 v'¥C L1 L'l L'l i L9 i | 1 1 N H W N 1 6
6'8- €I 68 1A | 2 | L'l L'l L'l L9 HIN HIN HIN il | H A H 1 8
ctl= 9 yl- e T~ T | TR | TEL 9'9%- HA HIA HA HA 1 1 H H /0
ot 9 CElr Rl | 28l | o | el | EYl- 9'9%- HA HIN HA HA 1 1 H H 9
£t £t £t £E €€ £t £t s £'El HA HA HA HA 1 il 1 1 S
£ €0 €0 g S0 S0 S0 81 e HIN HIN HIN HIN H H H H ¥
9°C- 9 9T vy S0 (S0 S0 81 e HIN HIN HIN HIN N N N N g
L'l oy | LT | | Ll L'l e L9 N N N N N N N N C
ol L'l &1 g | L'l 74| £ is L9 N N N N Kl gl 1 g | [
S N A q s | N | m | a [|@Gunawdd | g N | 0 m | 4 S N A 1 | o
LA IEEN OM—-—“NH>W M
Gawao ouonas | PRSI W | wiay, ey
1(29%) :(22s) ou.hu._u.:_n Xopul U0 ISITUOI WEALISUMO(
2IUIIIFI(Y WLY UIIIF) [eutg ADUIJJI(] Sl |, ud2.15) Q_Q%U.

uasyq sindino

sindup




sase") uonepieA 2y} 10§ sinding OYHONAS PUB AT Y} UamIaq adUaI4j1(] afeua01ad 19°6 d[qe

861" S Y 861~ | 86l €9 B 861" ELs HA | HA 1 HA 1 H 1 H Sl
g5 £ £¢ £S £5 &8 A €S 198 4 N 1 N HA 1 N N H 14!
g5 £ g'6l- | 86l 731 £s 86l- | 86l £l 1 1 HA HA N H 1 N el

vee | 60 5 21 ] E) (65 g 60 £'S ELI~ gL~ HA | HA N HN N N N N gl

6'9¢- | TSI | 69€- | 69¢ | ¥0I ¥0l v0l v0l €8 q T HA | HIN N 1 H N 14!
60" 60 L9C 60 60~ 60 L9T 60 el HA | HW | HA N H H 1 1 01

6'9¢- | 69¢ | 69¢ [ ¥TSI v0l v0l ¥0l v0l €8 1 1 1 N H N N 1 6

866 | LI 8's¢- L9L t0l ¥0l ¥0l rol €8 HAN | HA | HIN 1 H 1 H 1 8

g€ | L9T | 9St- | &€y~ | 8Er | LIT- | 95y | 8tV 8'CE- HA | HAN | HA HA 1 1 H H L

8'€r | L9T 8€h | Sy | 8E | L9 | 8EY | 9Sh 8'se- HA | HAN | HA HA 1 1 H H 9

801 801 801 801 801 801 801 801 S6 HA HA HA HA kL 1 1 1 S

6'1- 6'1- 6'l- LT 6T 6T 6'C 6'8- LE HA | HAN | HN | HIN H H H H 14

o i e B Evi- R 6T 6T 6T 6'8- Lg HAN | HAN | HN | HIN N N N N €

#0l v0l r0l ¥0l v0l ¥0l v°01 ¥'0l £8 N N N N W N N N (4

¥01 v°0l vol vol v0l v°0l #0l Pol €8 N W N N 1 ! 1 1 1
s | N | m | @ s N | m» | a | T g [ N | m|a|s | N| x| 3|0

OYHONAS 2
/un 3pA)
dwl] uIH OYHOINAS awi [ U319 OYHONAS OUHONAS
/(Guiy w1 OYHINAS /Guiry, U1 OUHINAS -awn APA) wiia | Azzn g Moy el uLid |, Azzn
-y, udaan) [eut WA <001 - U WA <001 INTA) %001 X2pul UO1)SIZUOD WEINISUMO(]
:(99s) :(93s) sawL |, UL NUIBPIA% :(995) 91P4D)
AUILY, UAAIL) [BUL] DU JIA Y% DUIIA Y

20UIYI(] ABBIUII sindinQ

sinduj




112

Green Times Difference (sec): Final Green(Tir;'ne Difference
sec):
S || T g | Gt G T
E W N S E W N S
Minimum -46.6 | -14.2 -14.2 -6.2 -13.2 | -142 | -142 | -6.2 -13.2
Maximum 13.3 3.3 33 3.3 3.3 244 33 244 33
Mean -5.1 -1.9 -1.6 0.0 -1.6 0.2 -3.5 1.6 3.4
Minimum -46.6 -14.2 -14.2
Maximum 1323 3.3 244
Mean -5.1 -1.3 -1.3

Table 5.7: Descriptive Statistical Analysis (DSA) for the Difference Results
(Difference between FLLM and SYNCHRO Outputs) - Validation Cases.

Percentage Difference of Green

Percentage Difference of Final

Times (%): Green Times (%):
Descriptive Cvele 100*(FLM Green Time- 160*(FLM Final Green Time-
Statistics y SYNCHRO Green SYNCHRO Green
Time)/SYNCHRO Green Time Time)/SYNCHRO Green Time
E W N S E W N S
Minimum -35.8 | -45.6 -45.6 -26.7 -43.8 -45.6 -55.8 -36.9 -55.8
Maximum 9.5 10.8 10.8 10.8 10.8 152.4 10.8 152.4 10.8
Mean -3.5 -6.1 4.2 12 4.3 6.5 -15.6 11.2 -15.7
Minimum -35.8 -45.6 -55.8
Maximum 9.5 10.8 152.4
Mean -3.5 -3.3 -3.4

Table 5.8: Descriptive Statistical Analysis for the Percentage Difference Results
(Percentage Difference between FLM and SYNCHRO Outputs) - Validation Cases.
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Table 5.9: Intersection Geometry. lane Movements and Groups. Phase Timing and
Sequence for Some Selected Scenarios, based on the FLM Final Green Times.

5.2.3 Average delay comparison

For the selected validation 16 cases. additional tests were conducted to examine
the effect of the proposed FLLM on intersections’ average delays. Each validation case
was actually (modeled) simulated three times: one using the FLM estimated green
times, second using the FLM final green times, and finally using the HCM optimal
green times. The intersection average delay time was estimated for each of the three
models for each validation case. Table 5.10 shows the values of the green times which
were implemented in the simulation software SYNCHRO as well as the corresponding
average delay time (seconds/vehicle). For each case. the SYNCHRO model green
time settings were adjusted to be equal to the derived values of the FLM or the HCM
models. The last three columns of Table 5.10 show the obtained intersection average

delay by applying the three groups of green times.

Ideally, testing a new control logic should be done by deploying the control in
a network and then assessing its performance vis-a-vis existing controllers. None of
the reviewed research papers of relevance to this research have actually done that, and
they have mostly used simulation of some isolated intersection for delay comparisons.
It goes without saying that deployment of control prototypes at a network level is a
rather challenging task by itself as it would entails many authorities approvals,

detectors installation, and development as well as deployment cost that was not readily
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available in this research. This explains why a simulation environment was used to

assess the effectiveness of the developed FLM.

For the delay estimates, the three models of each validation case were
developed for isolated intersection control. That is, we estimated only the average
delay for the intersection to which the control is deployed. Herein, the network effect

is not captured as the logic was only applied to one intersection.

With the use of an isolated intersection, the delay times associated with the
FLM might not be favorable as compared with the HCM. Keeping in mind that the
FLM main advantage is that it does account for network congestion effect downstream
the intersection, it is expected (and that was shown earlier) that there could be

significant differences between the FLM extracted green times and the corresponding

HCM ones.

It is as such quite logical that the HCM model would result in least delay
values, as it is by definition the optimal model for isolated intersection control. The
FLM estimated green times would result in closer delay values to these HCM ones.
The FLM final green times would result in completely deviant values of green times
(from those of the HCM) and as such higher delay values for the “isolated”
intersection, but certainly lesser values in case on network deployment and real time

control operation.

Testing the fuzzy logic model in an isolated intersection is not realistic
especially in urban areas with closely spaced signalized intersections, where the
conditions of the downstream links clearly affect the intersections discharge rates and

hence the appropriate allocations of green times. The only accurate and representative
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test for the FLM would be in field and in a real-time control environment. This will
then require the installation of multiple link detectors to estimate the dynamic variants
traffic state variables (namely, the link flows and the queues). The control decisions
(green times or final green times) can be then estimated and deployed. The resulting
delay times in a real-time field environment are the only true values. In a simulation
environment on the other hand, the tests are limited by the many assumptions of
uniform traffic flows, turning percentages, heavy vehicle percentages, etc. In fact, ina
real-time environment, the implicit assumptions upon which the optimal HCM control
decisions were obtained (such as uniform fixed flows and fixed turning percentages)

cannot be actually validated.
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Chapter 6: Conclusion
6.1 Overview and Summary of Findings

This research aimed at developing a FLM that can effectively perform and
provide solutions close to optimal benchmark solutions. Among the primary functional
requirements of the FLM is its ability to function effectively in all traffic conditions
ranging from free flow traffic conditions to grid-locks. The FLM should not be limited
to isolated intersection control. It should incorporate logic to account for the network
traffic effect; at least the effect of the neighboring intersection congestion and spill
backs. It should be flexible enough to act in both ways as warranted. The FLM
development should not be based on intuitions solely as this may lead to system that
is far deviant from optimal solutions. In fact, optimal solutions should be used to derive
the inference engine of the FLM. In light of these main functional requirements, the

findings of this research are reviewed in this Chapter.

Regarding the functional requirement that FLM should effectively perform and
provide solutions close to optimal benchmark solutions, the FLM was designed and
formulated to follow the HCM signal optimization method. In fact, the FLM is
particularly formed to mimic the HCM signal optimization method (in SYNCHRO).
Among the decision variables of the FLM are the cycle length (that corresponds to the
optimal cycle length of the HCM method) and the phase green times (corresponding
to the ones derived by SYNCHRO). As for the functional requirement on developing
the FLM to account for the network traffic effect; at least the effect of the neighboring

intersection congestion and spill backs, the developed FLM explicitly accounts for the
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effect of the downstream congestion on the traffic signal control design (mainly the

green times allocations).

A simulation model was used rather than collecting field data of traffic
measures with different hourly volumes to enable the calibration and validity of the
model for various traffic conditions. The FLM was calibrated through simulation data
of a sample intersection of four legs, accounting for all turning movements and using
a split signal phasing. Moreover, and in order to ensure covering all traffic flow
conditions from free flow to grid locks, the Level of Service (LOS) concepts with the
base of v/c ratio was used in forming the FLM (specifically, in defining the traffic
flows membership function). For example, the /ow approach volume is related to

uncongested situations (LOS A through C), while very high term represents LOS of F.

To account for the traffic congestion downstream the intersection, the FLM
utilized the downstream congestion measure (DSC). This measure was included as an
index that is directly related to the 95 percentile queue length, as well as the link length.
The definition of the maximum and minimum DSC of the link were determined based

on the 95 percentile queue obtained from the optimized solutions and the link length.

Simulation was used in the calibration of the inference engine of the proposed
FLM. 289 simulation runs were carefully selected to cover all possible traffic
conditions and LOSs. The HCM signal optimization method was used in optimizing
the signals, estimating the optimal cycle time, green times of each phase, and the
corresponding expected 95 percentile queue. The downstream congestion index was
estimated for any signal phase based on the 95% queues output from the simulation

runs. Mathematical manipulations were then used to estimate the called “green
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weights™ of each phase. Such weights were then used in calibrating the inference

engine and the rule base of the proposed FLM.

Using the specialized software (FuzzyTECH), a FLM with five main rule
blocks calibrated. The membership functions were designed by relating the inputs with
the outputs recorded from the simulation stage and for each approach. The final green

weights were “intuitively” calibrated to account for the downstream congestion.

The FuzzyTECH software was used in modeling the proposed FLM, and
running the exact 289 scenarios that were used in the FLM calibration. Comparative
and descriptive analyses (of the FLM versus the SYNCHRO) were conducted for the
obtained results. The absolute values of difference, and the percentage of difference
between both the FLM and the SYNCHRO-based outputs were estimated. The
variables of the cycle time (C), green times using the GW estimates of the FLM, and
the final green times using the GWF of the FLM, were used in the comparison and
calibration. The acceptance criteria related to the closeness of the FLM to the
SYNCHRO model was that; the average percentage difference between the FLM and

SYNCHRO not to exceed the confidence level, which is considered as 10%.

Table 6.1 presents the number of runs with different intervals of accuracy
(percentage of difference between the FLM and SYNCHRO). Table 6.2 shows the
percentage of runs (out of the 289 runs) with different intervals of accuracy
(percentage of difference between the FLM and SYNC HRO). The estimates of the
cycle times by the FLM are quite close to these estimated by the SYNCHRO. 98.6%
of the tested 289 scenarios are within the range of [-10% - 10%] percentile difference
of the cycle estimates of the FLM and SYNCHRO. The green times estimates of both

FLM and SYNCHRO are also quite comparable. 70.2% of the tested 289 scenarios are
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within the range of [-10% - 10%)] percentile difference of the East approach’s green

time estimates of the FLM and SYNCHRO. 95.2% of the tested 289 scenarios are

within the range of [-10% - 10%)] percentile difference of the West approach’s green

time estimates of the FLM and SYNCHRO. 87.9% of the tested 289 scenarios are

within the range of [-10% - 10%)] percentile difference of the North approach’s green

time estimates of the FLM and SYNCHRO. 93.8% of the tested 289 scenarios are

within the range of [-10% - 10%)] percentile difference of the South approach’s green

time estimates of the FLM and SYNCHRO.

Number of Runs

Interval of Final Green Times (FLM)-
Pe.rc‘entage Cycle Green Times (sec) Green time (SYNCHRO)/ Green
Difference (sec) time (SYNCHRO) (sec)

E W N S E Y N S
[-10%,10%)] 285 203 275 254 271 50 98 120 96
[-10%,-20%] or , " . L
[10%, 20%] 3 76 11 30 16 119 131 126 123
[-20%, -30%)] or . 5 . -
[20%,30%] 1 10 2 3 2 56 43 31 54
<-30% or > 30% 0 0 | 2 0 64 17 12 19
Total 289 289 289 289 289 289 289 289 289

Table 6.1: Number of Runs with Different Intervals of Percentage of Difference

between the FLM and SYNCHRO

Number of Runs

[10%, 20%]

Interval of Final Green Times (FLM)-
P?rcentage Green Times (sec) Green time (SYNCHRO)/
Difference %‘yCl;f Green time (SYNCHRO) (sec)
sec
B W N S E W N S
[-10%,10%] 98.6 | 70.2 | 95.2 | 879 93.8 17.3 | 33.9 | 415 33.2
[-10%,-20%] or | o | 263 | 38 | 104 | 55 | 412|453 | 436 | 426
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[-20%, -30%] or -
[20%.30%] 03 | 35 | 07 | 1.0 | 07 |194 | 149 | 107 | 176

<-30% or > 30% 0.0 0.0 0.3 0.7 0.0 22.1 3.9 4.2 6.6

Total 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0

Table 6.2: Percentage of Runs (out of the 289 runs) with Different Intervals of
Percentage of Difference between the FLM and SYNCHRO

Out of calibration comparison results, two main observations were noticed
including: 1) for low downstream congestion (DSC) and low to medium traffic flows,
the differences and percentage of difference of cycle time, and green times were
positive, 2) for high downstream congestion (DSC) and high to very high traffic flows
the differences and percentage of differences of cycle time, and green times were

negative.

The proposed FLM was tested for validity. A new set of data (that is different
than the ones used in the calibration) was used. For each of the four approaches, the %
difference between the two main output variables (FLM final green time and

SYNCHRO green time) was estimated.

The general outcome was that the proposed FLM is quite effective and
sufficient to replicate “optimization™ signal control procedures (SYNCHRO). The
validation of results indicated that the FLM is mostly effective for cases of medium or

high DSC and medium to high traffic flows.
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6.2 Limitations of the Research

» This research assumed specific variables, which might vary with other
signalized intersections. Changing the values of these parameters or variable
may lead to change in the results and the final conclusions. These limitations
are as follows;

o This research assumed specific geometric parameters such as the
number of lanes, phase arrangements, link length, link speed, lane
width, saturation flow rate, passenger car length, and heavy vehicle
length. Changing these parameters may affect the calibration of the
FLM and may mandate fine tuning of the inference engine.

o Specific traffic parameters were assumed such as the right turn
percentage, through movement percentage, left turn percentage, peak
hour factor, and the percentage of heavy vehicles. Changing these
parameters may affect the calibration of the FLM and may mandate fine
tuning of the inference engine.

o The FLM is designed to mimic a pre-timed signalized intersection
with protected left turn movement, split phase operation. Yellow and
all red times were assumed to be 3 sec and 1 sec, respectively.
Changing these parameters may affect the calibration of the FLM and

may mandate fine tuning of the inference engine.

> The FLM model was developed and calibrated using simulation data ofisolated
intersection. The traffic measures which were used to calibrate the FLM;

namely the SYNCHRO derived traffic flows, queue length, cycle length and
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green times are generated using an isolated intersection. The neighboring effect
(the downstream congestion) was estimated. The isolated intersection data may

not adequately reflect several aspects or network effects such as signal

progression effect, or car platooning.
6.3 Recommendations and Suggestions for Further Investigations

» Sensitivity analysis to capture the effect of the various parameters accuracy can
be quite helpful. For instance, various turning movement percentage and/or
traffic stream compositions can help understanding the effectiveness of the
calibrated FLM (with specific parameters) in case of its deployment in
situations entailing various values of these parameters.

» The evaluation of the proposed FLM was done by comparing it to the optimal
solution decisions (bench mark comparison against the cycle and the green
times). Further evaluation using other performance measures such as the
resulting average travel time, delay time, and fuel consumption can be quite
helpful.

> Different types of traffic signal control (such as actuated or semi-actuated
traffic signal control) can be tested, and compared with the developed FLM as
well as the benchmark optimal pre-timed signal control.

» The FLM model was developed and calibrated using simulation data of isolated
intersection. The isolated intersection data may not adequately reflect several
aspects or network effects such as signal progression effect, or car platooning.
Future research work may consider further calibration data to be generated

from a network or arterials.
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» The devised FLM estimates the cycle length and estimates the green time
allocation of the various phases. The phase sequencing in the presented model
is assumed fixed; no phase skipping unless the green time allocation to the
phase is estimated as zero. An additional control stage can be easily augmented
to comparatively evaluate the green weights (or final green weights) of the
current red phases and as such selects the next green phase (one with highest
green weight or final green weight). This will handle the logic of phase
sequencing.

» The proposed FLM uses mainly few input parameters that can be easily
extracted from approach detectors. Field detectors can be arranged to provide
information on approach flows and current queues, which are basically the
inputs to the proposed FLM. Sensitivity analysis can be carried out to
investigate the impact of the detectors locations (and errors) on the
effectiveness of the FLM.

> A field data collection can be used to generate and design a new FLM, and then
compare the results with the proposed model. In addition, by collecting the
field data, a new membership functions might be designed based on different
traffic flow unit. which is the hourly passenger car unit instead of hourly

vehicles.

» The proposed FLM did not account for the effect of pedestrians. The model
can be easily amended to capture the effect of pedestrian movement and to

explicitly introduce pedestrian phases.

» The proposed FLM did not account for the effect of transit systems priority

(TSP). TSP can be easily handled by introducing the “priority” in the form of
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higher green weights. The fifth rule block can be modified to introduce the TSP

effect on the final green weight.



128

Bibliography

Arora, M., & Banga, V. (2012). Intelligent Traffic Light Control System using
Morphological Edge Detection and Fuzzy Logic. International Conference on
Intelligent Computational Systems (ICICS'2012) Jan. 7-8, pg 151- 154.

Askerzade, & Mahmud, M. (2011). Design and implementation of group traffic control

system using Fuzzy Logic. International Journal of Research and Reviews in
Applied Sciences, IJRRAS. Vol. 6, No.2, pg 196- 202.

Cai, C., Wong, C., & Heydecker, B. (2009). Adaptive traffic signal control using

approximate dynamic programming. Transportation Research Part C. Vol. 17,
pg 456-474.

Felici, G., Rinaldi.G., Sforza, A., & Truemper, K. (2006). A logic programming based
approach for on-line traffic control. Transportation Research Part C. Vol. 14,
pg 175-189.

Hou, R., Wang, Q., Wang, J., Wang, J., Lu, Y., & Kim, U.J. (2012). A Fuzzy Control
Method of Traffic Light with Countdown Ability. International Journal of
Control and Automation. Vol. 5, No. 4, pg 93-102.

Kosonen, 1. (2003). Multi-agent fuzzy signal control based on real-time simulation.
Transportation Research Part C. Vol. 11, pg 389-403.

Mehan, S. (2011). Introduction of Traffic Light Controller with Fuzzy Control System.
International Journal of Electronics & Communication Technology (IJECT).
Vol. 2, pg 119-122.

Mucsi. K.. Khan, A.. & Ahmadi, M. (2011). An Adaptive Neuro-Fuzzy Inference
System for estimating the number of vehicles for queue management at

signalized intersections. Transportation Research Part C. Vol. 19, pg 1033—
1047.

Murat, Y.. & Gedizlioglu, E. (2005). A fuzzy logic multi-phased signal control model
for isolated junctions. Transportation Research Part C. Vol. 13, pg 19-36.

Pranevicius, H., & Kraujalis, T. (2012). Knowledge based traffic signal control model
for signalized intersection. Transport. Vol. 27, No. 3, pg 263-267.

Prakash, T.. & Tiwari, R. (2011). Counter-based Traffic Management Scheme for
Vehicular Networks. Journal of Emerging Trends in Computing and
Information Sciences. Vol 2, No.6, pg 251-256.

Ross. T. J. Fuzzy Logic with engineering applications. 111 River Street, Hoboken, NJ
07030, USA: John Wiley & Sons Inc., 2004.



129

Royani, T., Haddadnia, J., & Alipoor, M. (2013). Control of Traffic Light in Isolated
Intersections Using Fuzzy Neural Network and Genetic Algorithm.

International Journal of Computer and Electrical Engineering. Vol. 5, No. 1,
pg 142-146.

Ross, R.P., Prassas, E, S., & Mcshane, W. R. Traffic Engineering. Upper Saddle River
New Jersey: Pearson Prentice Hall, 2004.

Saini, B., Sodhi, A., & Saini, B. (2012). Coordinated Intelligent Traffic Control

System (CITCS). International Journal of Applied Information Systems
(IJAIS). Vol. 4, No.7, pg 11-14.

Schmo“cker, J., Ahuja, S., & Bell, M.G.H. (2008). Multi-objective signal control of
urban junctions — Framework and a London case study. Transportation
Research Part C. Vol. 16, pg 454-470.

Skabardonis, A., & Geroliminis, N. (2008). Real-Time Monitoring and Control on
Signalized Arterials. Journal of Intelligent Transportation Systems:
Technology, Planning, and Operations. Vol. 12, No. 2, pg 64-74.

Trabia, M., Kaseko, M., & Ande, M. (1999). A two-stage fuzzy logic controller for
traffic signals. Transportation Research Part C. Vol. 7, pg 353-367.

Teodorovic, D. (1999). Fuzzy logic systems for transportation engineering: the state
of the art. Transportation Research Part A. Vol. 33, pg 337-364.

Transportation Research Board, Highway Capacity Manual, Special Report 209
(Washington, D.C., 1994).

United States Department of Transportation (U.S-DoT), Federal Highway
Administration (FHWA). Synthesis of Active Traffic Management
Experiences in Europe and Related Articles. (Washington, March 2010).

United States Department of Transportation (U.S-DoT), Federal Highway
Administration (FHWA), 21% century operations using 21%  century
technologies. url:
http://ops.fhwa.dot.gov/trafficanalysistools/tat_vol4/sec3.htm, last accessed
on 17.09.2015

Wolshon, B., and Taylor W. (1999) Analysis of intersection delay under real-time
adaptive signal control. Transportation Research Part C. Vol. 7, pg 53-72.

Zaied. A., & Al Othman, W. (2011). Development of a fuzzy logic traffic system for
isolated signalized intersections in the State of Kuwait. Expert Systems with
Applications. Vol. 38, pg 9434-9441.



130

Zarandi, M., & Rezapour, S. (2008). A Fuzzy Signal Controller for Isolated
Intersections. Journal of Uncertain Systems. Vol. 3, No. 3, pg 174-182.



131

Appendix A

Simulation runs derived from the SYNCHRO simulation software
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Appendix B

FLM output data, and comparison results with SYNCHRO
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