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ABSTRACT

This dissertation introduces three new methodofotpemprove traffic signal operations
of Diverging Diamond Interchanges (DDIs). Methodptane applies to a DDI without
signals for left-turns from the freeway off-ramphi§ methodology combines Webster’s
method and the specific characteristics of a DDUé&bermine traffic signal operation
parameters such as cycle length, phasing split, plwasing sequence. Comparing to
methodology one, methodology two can handle moreeige and complex cases. Both
methodologies can be implemented at a DDI by oaéfidr controller and operate
successfully for a variety of controller types unding pre-timed, fully actuated, and
coordinated actuated control. Methodology thresp atalled proposed operation 3,
combines Genetic Algorithm and a professional satoih tool such as VISSIM to
search for the optimal operations for DDIs basedhenphasing scheme of methodology

1or?2.

As a case study, methodology two is comprehensisteigied based on a proposed DDI
located at Moana Lane and U.S. 395, in Reno, NevHEuaugh testing in a hardware-in-
the-loop platform, this methodology can operatecessfully for pre-timed, fully actuated,

and coordinated actuated traffic signal controls.

Microscopic simulation models were developed tdwata the traffic signal operation of
each scenario. The simulation results revealed phaposed methodology 2 reduces
average delay by 17% in the morning (AM) peak haxal 28% in the afternoon (PM)

peak hour at the Moana DDI, when compared to thhodelogy presented by staff from



the City of Reno, NV. The average total delays iffecent cycle lengths show that the
optimal cycle length changes with the variatiorsafuration flow ratios at this DDI. The
simulations illustrated that the performances & slame traffic signal operation varied
when it was applied to a variety of traffic volurdistributions among routes. Therefore,
developing a traffic signal operation for a DDI bdon its traffic volume distributions
on routes, instead of turning movement volumesieisessary. The results also indicate
that the range of signal operation performance warity of traffic volume distributions
on routes reduces when the space between the twesasers intersections of a DDI

increases.
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CHAPTER 1. INTRODUCTION

1.1 BACKGROUND

A diverging diamond interchange (DDI), also calleddouble crossover diamond
interchange (DCD), is a new type of diamond intarge. This interchange guides the
two directions of traffic on the arterial to drie@ the opposite side of the roadway. After
passing over or under the freeway, traffic on therel can either make a free left turn to
the freeway on-ramp or switch back to the nornde sif the road at the second crossover

and continue on the arterial.

Prior to 2009, the communities of Versailles, LerBax-sur-Marne, and Seclin in France
had the only known DDIs in existence. The DDI cqtoeas introduced to the United
States in 2003 by Gilbert Chlewicki, in a paper msitted to the ¥ Urban Street

Symposium held in Anaheim, California; howevenvds 2009 before the first U.S. DDI
was constructed in Springfield, Missouri. Severaldf and simulation studies have
shown that DDI has many advantages compared toectiomal diamond interchanges
(CDIs). As a result, six states (Missouri, Utahofgga, Kentucky, Maryland, and New
York) have constructed DDIs with demonstrated ojp@nal improvements. More than

18 states, including Nevada, are constructing DDIs.

1.2 PROBLEM STATEMENT

Most current studies on DDIs can be categorized twb groups: one group primarily

involves signal control strategies with field implentation and evaluation, and the other



group involves comparison with CDIs, Single-poinban interchanges (SPUIs), or other

interchange types through microscopic simulation.

As the DDI concept is relatively new in the U.&search on its modeling, analysis, and
signal control strategies is still in preliminamages. All the existing studies applied pre-
timed traffic signal operations to control DDIs their methodologies did not research
other control types such as fully actuated contaoll coordinated actuated control. In
addition, most studies found in the literature opigvided some basic phasing schemes
which are not the most efficient. An example is ldek of using overlaps as in the case

of conventional diamond interchanges.

Up to now, a commonly accepted analysis methodolegpt yet available. For example,
the Highway Capacity Manual 2010 (HCM 2010) doeshave any materials related to
DDI. Currently, professionals are relying on enqgatibased methods to analyze DDI
operations and to generate signal timing plansofmerating DDIs. The lack of a well-

established methodology does not guarantee thealptiperational solution.

Moreover, most studies neither included trafficwoé distributions (also called route
distributions) nor researched the performance idiffees under a variety of distributions

when comparing with other interchange types.

Therefore, research on this subject has drawn mifis@nt interest from researchers
around the nation. The success of this researdrenhilance the knowledge of analyzing
and operating DDIs, thus it is of significance totlb academic scholars and practical

engineers.



1.3 RESEARCH GOALS AND OBJECTIVES

The main goal of this study is to develop efficiesignal operation and analysis
methodologies for DDIs. While a few studies haveerbeonducted mostly through
evaluation of field observations, no commonly at¢able methodologies exist for
analyzing and operating DDIs. The following objees are identified in order to

accomplish the above stated research goal:

Develop optimization methodologies for signal cohtand signal timing
parameters pertinent to innovative phasing schemes;

Develop control and operational strategies for eahig the best performance of
DDls;

Test/evaluate the methodologies and strategiesguséal-world cases and
advanced simulation techniques; and

Develop practical guidelines for implementing ape@ting DDIs.

1.4 ORGANIZATION OF THE DISSERTATION

This dissertation consists of seven chapters. @nhdpprovides an overview of this study
as presented above. Chapter 2 provides a compiebdiierature review pertinent to
DDls. The basic parameters and concepts relatgdft@ signal control are explained in
Chapter 3. This chapter also provides a reviewesearch in related subjects such as
methodologies and tools for conventional diamorédrehanges. Chapter 4 introduces the
mathematical models for solving traffic signal cg@n problems. Chapter 5 compares

the available traffic signal operations and preserdw operational methodologies on



DDIs. The application of one recommended methodolaging an actual DDI case is

presented in Chapter 6. This chapter also compsaredy tests three control types such
as pre-timed control, fully actuated control, amdrdinated actuated control at the DDI.
In addition, this chapter studies the relationgkepveen cycle length and saturation flow
ratios of the DDI. Furthermore, chapter 5 resea¢he performance differences under a
variety of traffic volume distributions. The laghapter provides a summary and offers

conclusions based on this research.



CHAPTER 2. PREVIOUS STUDIES ON DIVERGING

DIAMOND INTERCHANGES

2.1 INTRODUCTION

This chapter reviews existing design guidelines aperational analysis studies of
Diverging Diamond Interchanges (DDIs). This cha@kso summarizes the advantages
and disadvantages of DDIs according to the previstuslies. The limited available

literature indicates that a comprehensive studipDis is necessary.

2.2 EXISTING DESIGN GUIDELINES

Currently, DDIs have been considered as an altematterchange design to improve
intersection capacity, minimize congestion, anchpte intersection safety. However, no
design standards currently exist for DDIs. The Miss Department of Transportation
(MoDOT) is the only state that has released a decurproviding both an overview as
well as guidance on some aspects based on deslgredya completed or under
construction within the state of Missoyfi). MoDOT stated that closely spaced right-
in/right-out or left-in driveway accesses do noingr about a greater operational
challenge for DDIs compared to other interchangesy MoDOT also recommended that
the desirable speed for regular passenger vehizlpsoceed through a DDI is at 20-30
mph; but turning movements to and from all rampsush be made at 15 mph. The
recommended minimum crossing angle of each crossimwersection should be 40

degrees. In addition, MoDOT presented their suggeston horizontal crossover



geometrics, lane width, shoulders, sign distanceglaration and deceleration lanes,
clear zones, pedestrians, and bicycle accommodatetc. The report also noted that
MoDOT's Engineering Policy Guide had been updateth¢lude detailed information on
Diverging Diamond Interchanges in the light of themowledge gained and experiences
with deployment of DDIs. The Federal Highway Adrnsination (FHWA) preferred to
use turning radii at the crossover junction in 1 to 300 feet range according to its
experience at the same DDI located in Springfiddd) (2). In a drivers’ evaluation,
Bared et al. also found out that the mean sped¢ldeaDDI’s crossovers was about 23.2
mph (37.3 km/h) which is less than the 34.4 mph438n/h) mean speed found at a

conventional diverging diamond (CO[).

The Utah Department of Transportation (UDOT) corngaeconstruction of three DDIs
by October of 2011. UDOT preferred to separatecttossover intersections by 800 to
1000 feet, as this space was a good rule of thumprbviding sufficient room for queue
storage and ability to move traffic through systedDOT also recommended the
approach angle for the crossover intersections DDashould be 30 degrees or greater
(4). Other states, including Tennessee, Rhode Islided; York, Maryland, Kentucky,
and Georgia, completed their DDIs between 2010 aAd2, but without having

developed new design recommendations.

2.3 OPERATIONAL ANALYSIS STUDIES

2.3.1 Comparing DDIs to Other Interchange Designs



A few published studies compared the operation Bfslio other interchanges like CDIs
and single point urban interchanges (SPUIs). Irsehstudies, researchers needed to
develop signal timing plans to evaluate a DDI'®efiveness. Most studies sought signal
timing plans manually, or used Synchro traffic optation software to generate an
optimum timing plan for each traffic scenario. Sin8ynchro does not have a specific
function for finding optimal timing solutions forMs, these studies interpreted the two
crossover intersections of DDIs as two separagsattions operated by two controllers.
These operations were evaluated through severad mnVISSIM, a microscopic

simulation software.

Several professionals had concluded that their Dltperforms the other interchange
designs either in terms of delay, number of stopgue length, or capacity. Chlewicki
concluded that the total delay, stop delay, anal &ibps for the whole road network are
about 2.9 times, 4.2 times, and 2.0 times worsspadively, for the CDI when
comparing to the DD(5). The results of the FHWA'’s research also showeih-88%
reduction of intersection delay for the DDI in caamigon to the conventional interchange
under different traffic volume scenarios. Basedl@FHWA's simulation results, a DDI
processed approximately 6,000 veh/h with a six-landge, while a CDI needed an
eight-lane bridge; similarly, a DDI processed apprately 3,700 veh/h with a four-lane
bridge, while a CDI needed a six-lane brig§g The capacity of each turning movement
was higher with a DDI than the CDI; in particuléite capacity of left-turn movements
was nearly twice that of the corresponding CDI-taft capacity(7). Sharma et al.

indicated that the performance of DDI was bettant&DI with lower delays of critical



movements, lower travel time, and lower maximumugsein each traffic scenario. The
DDI increased capacity of the critical movementstipularly the left-turns, compared to

the CDI for most scenari@8).

In addition to CDIs, some professionals also comgdhe operation of DDIs to SPUIs.
Siromaskul and Speth concluded that with runningtgmted only phasing; the DDI
outperformed the CDI under all of the scenariog] #ve SPUI while with protected-
permitted phasing in volume scenarios 3 to 5. TREISperated slightly better than the
DDI under scenarios 1 and 2. The cycle length fBx i this study was also selected
manually and they were running only two phasegherDDI without exclusively using
overlapping phasef@). Siromaskul found that the DDI greatly outperfodn®@PUI in
three trials with four total traffic volume scer@si The DDI received only 50% of

average delays experienced by the S@A0).

2.3.2 Considering a DDI as an Alternative Design for Exig CDlIs

DDIs usually offer substantial improvements in @tien over other interchange types.
But it may not be most efficient under all trafionditions. A DDI does not perform well
when ramp traffic is low and through volumes amghhiSiromaskul and Speth concluded
that the least beneficial condition of a DDI is whibe arterial volumes are heavy and
ramp traffic is low(9). Chlewicki also knew that the DDI cannot coordenatl traffic
movements effectively if they are all equally heavihe design would perform
efficiently when left-turn movements are the heaifB). Similarly, a report prepared for
[-15 Utah County Corridor (CORE) expressed that Ei&l design would typically be

well suited for locations with high demands frone fheeway or high demand across the



freeway with low left-turn existing volume from tlieeeway(4). Sharma and Chatterjee
came to the conclusion that the DDI would be efficiwhen the heavier left-turn traffic
are opposed by the heavier through movem@tAs Chilukuri et al. indicated, the DDI
is suitable for heavier traffic demands but unddgees the CDI when traffic demand is
low (11). However, these studies did not provide quantigatjuidelines for decision
makers to select the best alternative accordinghéo traffic demand and geometric
configurations. Most of them generally suggesteghapg a DDI as an alternative
interchange design when on-ramp left-turns are ye#iwough volumes on bridge

approaches are moderate or unbalanced, or off-laftafurn traffic is moderate to heavy.

2.4 ADVANTAGES AND DISADVANTEGES

While DDIs have several advantages that make #taactive design alternative under a
variety of traffic conditions compared to CDIs, ithéisadvantages cannot be neglected.
A number of published studies discussed above ssddbe operational efficiency of

DDIs as well as safety benefits and drawbacks. gdreerally discussed advantages and

disadvantages of the DDI in these studies are suinatsbelow:

Advantages of DDIs

Allow two-phase signals with short cycle lengthsttican significantly reduce
delay;
Increases the capacity of turning movements tofeord the ramps, and thereby

the capacity of the entire interchange,;
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May potentially reduce the number of lanes on tlessroad and minimize right
of way requirements;

Substantially reduces the number of conflict pqititsis theoretically improving
safety as shown in Figure 2-1, Figure 2-2, and d&hkl; and

Improves pedestrian safety, theoretically.

.ﬂ
Type of Conflict: Type of Conflict:
&  Diverging ® Diverging
&  Merging
@  Merging
¥ Crossing |
\ }  Crossing

Figure 2-1 Points of Conflict on Traditional Interchanges: CDI (left) and SPUI

(right) (1)



Type of Conflict:

3 Crossing
= Merging
® Diverging

Figure 2-2 Conflict Diagram for a DDI (1)

Table 2-1 Conflict Points(1)

Type Diamond  SPUI  DDI
Diverging 10 8 8
Merging 10 8 8
Crossing 10 8 2

Total 30 24 18

11
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Disadvantages of DDIs

The interchange may initially be confusing to madsvers who merge along the
left side of the roadway or the reversed flow affic;

Free-flowing traffic for through movements in bafrections is impossible, as
the signals cannot guarantee that both directitnadfic pass through the two
crossover intersections simultaneously;

Exiting traffic cannot reenter the freeway in them® direction without leaving
the interchange;

Pedestrians would be required to cross free-flovtnadfic on freeway ramps.
This could be mitigated by signalizing all movensgewithout impacting the two-

phase nature of the interchange signals.

2.5 SUMMARY

This chapter reviews the previous studies and igedotxperiences of DDIs. Based on
these studies, DDIs have outstanding advantages G¥Hs in most conditions,

especially when left-turn traffic is heavy. All ¢dfiem are only suitable for pre-timed
traffic signal operations. In fact, most of thetadges could further improve their traffic
signal operation efficiency by thoroughly applyiagerlapping phases and other traffic
signal controller types such as fully actuated mrdand coordinated actuated control. In
addition, no quantitative guidelines can be usedtraffic engineers to select DDIs or

CDls according to the results of these studies.
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CHAPTER 3. TRAFFIC SIGNAL CONTROL ELEMENTS

AND METHODS

3.1 INTRODUCTION

Traffic signal control is one of the most populaays to ensure that traffic moves as
smoothly and safely as possible. In 1868, the fesbrded illuminated traffic signal with
green and yellow colors was installed in Londonrriba Houses of Parliame(it2, 13)

In 1909, the U.S. patents for traffic control dedavere acquired including semaphores,
arrows to direct traffic, illumination sources, aleths systems. Now, a variety of traffic
control devices, methods, and systems have bedenmpted around the world, ranging

from actuated, coordinated, to sophisticated adeontrol systemgl4).

This chapter introduces the major elements of irafbntrol systems and reviews the
related studies and strategies. The contents ofliapter include: traffic signal control
elements, traffic signal control performance indicéraffic signal control methods,

existing optimization methods, micro simulationlsg@nd summary.

3.2 TRAFFIC SIGNAL CONTROL ELEMENTS

3.2.1 Cycle length

A cycle length is the total time for a signal toxqaete one cycle, as shown in Figure 3-1.
A cycle length is the sum of green interval, yellowerval, and red interval. In 1958,
Webster introduced an equation for calculating ap&imal cycle length that seeks to

minimize the average delay at an intersection. ©pismal cycle length is calculated by
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Equation (3-1)(15). The Highway Capacity Manual 2010 (HCM 2010) musdif
Webster’'s equation and proposed a similar formalaalculate optimal cycle length on
the basis of intersection geometry features, traffolume characteristics, and the
intersection’s location. The cycle length generdtech these equations must be checked
to see whether it falls within a reasonable rafigee cycle length can not be too low (i.e.
less than 60 s) to ensure pedestrians cross iotensesafely, but also not too high such
that it increases the average delay for vehicles {reater than 150 s). Studies have
found that the average delay of vehicles will daseefirst and then increase as cycle
length increases. Figure 3-2 shows this relatignblktween the average delay and cycle

length for an intersectiofi16, 17)

(3-1)

where

optimal cycle length for minimizing delay (s);

total lost time of a cycle (s);

flow ratio of critical lane group; and

number of critical lane groups.
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Figure 3-1 Typical Speed Profiles of Vehicles on ban Streets(16)
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Figure 3-2 The Relationship Between Delay and Cycleength (16)
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3.2.2 Traffic Signal Phase

A traffic signal phase is the green, yellow, and mterval in a cycle assigned to a
specific traffic movement(s). Traffic signal phasensists of two categories: pedestrian
phase and vehicular phase. A pedestrian phase imtarval of time for allowing
pedestrians to across an intersection. The intafvalpedestrian phase is determined by
the width of an intersection and pedestrians’ ayeraalking speed. The definition of
vehicular phase has some been met with some confusitraffic signal timing circles.
Some studies have defined a vehicular phase thé@nterval of time to allow one or
more vehicular traffic movements to pass throughnéersection(17). As illustrated in
Figure 3-3, the westbound left-turn and throughialar movements are named as phase
2. The southbound and northbound vehicular movesnemé defined as phase 3.
Alternately, many agencies have defined a trafebioular phase as the part of cycle
length given to an individual movement or combioatof non-conflicting of movements
(18-20) Following this definition, the National ElectricManufacturers Association
(NEMA) has developed a standard eight-phase siggta#me at a four-leg intersection,
as shown in Figure 3-4. In this figure, a dual riantrol is used to avoid operating
conflicting movements at the same time and a “béris used to separate the east-west
movements from north-south movements. The NEMAndein of vehicular phase is

selected for use in this research.
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3.2.3 Phase Split

A phase split is the interval of green time, yellbme, and red time in a cycle assigned

to specified traffic movement(s). A pedestrian ghaplit can be calculated by Equation

(3-2) (16).
;—‘ (3-2)
where
pedestrian phase time (s);
walk interval (s);
$ : walking (crossing) distance (ft); and

% : average walking speed in ft/s (typically 3.5 tti/g).

Before allocating green time to each vehicular ph#®e total lost time in one cycle must
be subtracted first. The remaining time will beoedited appropriately for each phase on
the principle of equalizing the degree of saturafior the movement(s). The phase split

for vehicles can be computed by Equation (318).

(3-3)

& () <
where
&:  green phase split (s);

cycle length (s);

total lost time per cycle (s);
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traffic volumes of movement(veh/h); and

- total traffic volumes of critical movements (vieh/

3.2.4 Phasing Sequence

Phasing sequence is the order of phases in eaghimifrigure 3-4, the phasing sequence
is 1-2-3-4, and 5-6-7-8. Phasing sequence is aoritapt factor to improve traffic signal
coordination. The first two phases within a ringrhea are considered phase partners.
Only phase partners can exchange their sequenoesnstance, phase 1 can follow
phase 2, and phase 8 can start earlier than ph&e3es 1, 2, 5, and 6 of the main street

in Figure 3-4 can have four phasing sequences siowigure 3-521).

Pattern 1: Lead-Lag

<« 6
5 _T or h 1
2 —>

11
L,

l_
Pattern 2: Lag-Lead
«— 5 [— or_T 5 J
l_ 1 —> l_ 2 —>

Pattern 3: Lead-Lead

)
1 «— «— 6
5_Tl_ — 22—

Pattern 4. Lag-Lag

)
«— § «— 1
s or S_Tl_

l—Main Street—ﬁ<— Cross Street —»
< One Cycle »

Figure 3-5 Four Possible Phasing Sequence Patterwi#th Overlapping Phases
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3.2.5 Offset

The term offset is used to adjust the start tima eét of recurring signal phases later in
signal cycle. The offset ranges from 1 to the cyefgth (or from 0 to the value of cycle

length minus 1) of the signalized intersection. Tfiset reference point refers to that
position in a set of signal phases that the otfest refers to; this can be beginning of the
green interval, end of red time, etc. Each intdisedn a coordinated system has both a
reference point and an offset. Taking the end dftime of main street as a reference

point, the offset at each intersection is indicateBigure 3-621).

@
o
o
@
B A
a f/)ffset
[ A ‘{
P
Offset
—]
P
|
Intersection1
—
Offset Reference Point
Cycle 1 Cycle 2 Cycle 3 t
Time
Legend:

/" Green Time for Through Movement
EEFEFFF] Green Time for Left Turn Movement in Outbound Direction
EESSRE] Green Time for Left Tum Movement in Inbound Direction

Figure 3-6 Offset Reference Points and Offsets
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3.3 TRAFFIC SIGNAL CONTROL PERFORMANCE INDICES

When optimizing a traffic signal control plan, abjective function is used to evaluate
the performance of each operation. This objectivaction is called the Performance
Index (PI). The PI of an arterial and a network @aciude delay, queue length, stops,
travel time, the percentage of progression efficyerfuel consumption, progression
opportunities, or any combinations among these areasand depends on the desired

operational characters of the system under coratider

3.3.1 Delay

Most studies and software packages apply the HClslydmodel for assessing a signal
timing plan(22-24) The model includes initial deceleration delayeag move-up time,
stopped delay, and queue acceleration delay. Thatieg for modeling delay, as shown

below, contains three main iterfis).
0 . 1 .5 (3-4)
where
control delay per vehicle (s/veh);
uniform control delay, assuming uniform arrivédéveh);

/0 :  progression adjustment factor, which accounts dffects of signal

progression;

D1 incremental delay per vehicle, to account fde@t of random arrivals

and oversaturation queues (s/veh); and
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.o initial queue delay per vehicle, which accoufus delay to all vehicles

due to initial queue at the start of analysis pe(slveh).

3.3.2 Queue Length

The maximum backup of queue (vehicles) at underratd conditions is presented in

Figure 3-7. The maximum queue (number of vehicbas) be found with the following

equation(19):
3 W 7 (3-5)
where
) arrival rate of vehicles (veh/h);
8 saturation flow rate (veh/h); and
7: red time (s).

Not all simulation software follow a uniform defiifan of queue length. Synchro does not
exactly follow this equation to calculate the quéerggth (vehicles) since some vehicles
at the end of queue only slow down but not fullgpstSynchro only considers vehicle
delay more than six sec to be part of the queuegshnib3; in Figure 3-7(19). CROSIM,
PASSER 11-90, and SIGNAL 94 u$e in Figure 3-7 as their queue length (vehicles)
(25-27) TRANSYT-7F calculates the maximum queue whicB i& the same figure

(24). VISSIM collects the maximum queue according $aniicro simulation model.

The queue length (feet) is the product of queugtlte(vehicles) and the sum of average

length of vehicles (feet) and the interval betwseocessive vehicles.
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6s
v=vehicles
arriving flow rate s=saturated flow
rate
Q1 Q2 Q
D=Vehicle delay

R=Red G=Green

Figure 3-7 Arrival Departure Diagram

3.3.3 Stops

The stops are calculated in the same manner aketaueue length (vehicles). The
vehicle stops in one cycle under unsaturated comditare the same value ®f3 , or
3, in Figure 3-7. However, the numbers of vehiclesuased as stopped were adjusted in

most agencies based on their own stuli®s 26)

3.3.4 The Percentage of Progression Efficiency

The percentage of progression efficiency was fstlied as traffic signal coordination
performance index by Bleyl in 19628). The optimal traffic signal coordination plan is
selected if its percentage of progression efficyeiscthe greatest. The percentage of

progression efficiency of a progression solutiondaive cycle length is defined as:

9. == 7@ (3-6)

where

9.: percentage of progression efficiency;
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Ag inbound bandwidth (s);
Ac: outbound bandwidth (s); and

cycle length (s).

3.3.5 Vehicular Emissions

The vehicular emissions can be estimated by marygwdost methods are similar and
the total emissions resulting from a traffic sigmiahing plan are calculated based on
travel speeds, stopped delay, stops, and simpldiedssion rates. Carbon monoxide |,
volatile organic compounds , and oxides of nitrogare three major types of vehicular

emissiong19, 24, 26, 29)

3.3.6 Progression Opportunities

Progression opportunities were first introduced release 7 of the TRANSYT-7F
software. Forward progression opportunities arenddfas the ability that the vehicles in
a platoon can pass two successive intersectiomsgdgreen time. Each such opportunity
during a given period is recorded as a progressigportunity. All the progression
opportunities in both directions along the mairestrover all the periods were summed to

be aggregate progression opportuni(s).

3.3.7 Combinations

A variety of performance indices are generated caaypluning some of the above basic
measures. Synchro combines the total delay andleettiops as its performance index to

choose the cycle length, phasing sequence, phéiseasi offsets(19). TRANSYT-7F
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users have a great deal of options to define ®isiby combining the basic measures in
searching for optimal traffic signal timing pla(&t). VISSIM also provides a variance of

optional Pls for users to evaluate their traffgnsil operation$29).

3.4 TRAFFIC SIGNAL CONTROL METHODS

Traffic signal control methods mainly include pnex¢d, semi-actuated control, fully-
actuated control, coordinated actuated control, @atdinated pre-timed control. Each

control type has specific attributes which are assed fully in the following sections.

3.4.1 Pre-timed Traffic Signal Control

A pre-timed signal control is a signal control ihieh the cycle length, phasing plan, and
phase splits are preset to repeat continuouslytifesl control does not need data
collectors or detectors equipped at the intersegctious reducing agencies’ installation
and maintenance costs. Pre-timed control is beaakfio install at intersections with
constant traffic volumes in certain periods, butynmat serve drivers efficiently when
traffic volumes fluctuate due to the fixed timeigesd to each phase. Time-of-day pre-
timed controls are composed of several pre-timaatrob plans to satisfy the various
traffic volumes during different periods of the ddye pre-timed control can also work
well at closely spaced intersections where traffitimes and patterns are consistent on a
daily or day-of-week basig@1). The pre-timed control provides an alternativerédfic
engineers to coordinate intersections since balsthrt and end of green are predictable.
There are two key types of control: pre-timed tcafsignal control for isolated

intersections and pre-timed coordinated traffimalgontrol.
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The pre-timed traffic signal control for isolatedtdrsections is simplest method for
operating traffic control plans. This control math@an save traffic agencies on
installation and operation costs. In addition, ated not require traffic engineers and
professionals with much knowledge of traffic signahtrol theory. It usually has lowest

efficiency on a variety of traffic demands compatedther traffic control methods.

Pre-timed coordinated control is a control whenhbgotossing streets need to be
coordinated in a network. The green time of eadrdioated phase is fixed and can not
change. The pre-timed coordinated control is opdran downtown areas with highly
stable traffic volumes on each movement. The adwgmntof pre-timed coordinated
control is that it can maintain traffic pattern andrk more efficiently, especially when
traffic volumes along each street are high. Howepee-timed coordinated control lacks
the ability to adjust to serve traffic based on dacthand may waste green time when

there are no or few vehicles in some movements.

3.4.2 Actuated Traffic Signal Control

Actuated traffic signal control consists of semitated, fully actuated, and coordinated
actuated signal control. The phase green time afciunated traffic signal will vary within

the limit between initial green time and maximunegn time based on traffic demand
volume at the turning movement. A phase will likbky skipped entirely when there is no

demand.
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Semi-actuated control is a type of actuated traignal control in which the designated
major movement receives green unless there isldotadervice on a minor movement
phase. Vehicle detectors are only provided forntiieor movements, and may be placed

on the major movement if dilemma zone protectiotasired.

Semi-actuated control is suitable for applicatibmgersections in coordinated systems. It
is also suitable for isolated intersections witlvdgpeed main road and light traffic on

side streets.

The primary advantage of semi-actuated controlha&t it can be effectively used in
coordinated arterial systems. Another advantagleatsemi-actuated control can reduce
delay of both the main street and side street ointersection compared to pre-timed
control. The major disadvantage of semi-actuatedrobis that heavy traffic on a side

street can cause excessive delay to the traffib@major road32).

Fully-actuated control is an actuated traffic sigeantrol in which vehicle detectors are
placed at each approach of the intersection torabtite occurrence of green phases and

length of green time of each movement.

Fully-actuated control performs well at intersestiovhere traffic volumes vary widely
during the day. It can also be operated insteadoofdinated control during off-peak

periods when traffic flow is low in coordinated s& systemg33, 34)
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The major advantage of fully-actuated control iatth can reduce delay significantly
more than pre-timed control, since it can be higllsponsive to the traffic demand of
each movement. Fully-actuated control can alsavgtibases to be skipped if there are no
calls of some movements. The key disadvantage lbf-datuated control is that it is
more expensive to install and maintain than prestirar semi-actuated control, due to the

extra detection equipment required.

Coordinated actuated traffic signal control cancbaesidered a hybrid of semi-actuated
and fully actuated signal control. The cycle lengthd the end of green time for
coordinated main street phases are fixed. Thessidet phases are controlled by actuated
mode and the green can terminate early if therkttis demand for the phase. The
remaining green time of side street phases aredaldek to the coordinated phases on

main streets.

The coordinated actuated control is widely appiiec¢toordinated signal systems. The
major advantage of coordinated actuated controhas it can guarantee a fixed cycle
length and minimum green times for coordinated phak can also allow more vehicles
to travel smoothly along the main street withouisiag too much delay for vehicles on
side streets. Vehicles on side streets arrivingnaintersection during main street green
time must stop and wait for the end of coordingibdses in main roads. This may cause

complaints from side street users especially wheretare no vehicles on main streets.
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3.4.3 Adaptive Traffic Signal Control

Adaptive traffic signal control is a method thatncadjust signal settings of each
intersection on the basis of real-time traffic mf@tion from traffic detectors. Adaptive
traffic signal control is a dynamic, real-time, lme approach to reducing traffic
congestion by continuously measuring changingitrgfatterns and demands. Since the
1970s, several well-known adaptive traffic signahictols have been developed around
the world. Some of these control systems are Wrieftroduced in the following

subsections.

P #$ % &
SCOOT is “a tool for managing and controlling tr@fgignals in urban areas. It is an
adaptive system that responds automatically tadatons in traffic flow through the use

of on-street detectors embedded in the (@&)”

In 1973, the UK Transport and Road Research LabirafTRRL) first started to
research a vehicle-responsive method of signalrabnalled SCOOT (split, cycle and
offset optimization technique). TRRL and the FetitaGEC and Plessey traffic
companies carried out a full-scale trial of the eleped system in Coventry in 1980.
Based on their results, SCOOT reduced vehicle deyagn average of about 12 percent
during the working day35). SCOQOT places intersections into many sub-areas an
operates at a common cycle length for signal ctleteoin each sub-area. According to
actual traffic flow variations, SCOOT makes frequand small changes to signal control

parameters such as cycle length, phase split, @set rom a pre-timed pla(86).
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SCATS is an adaptive transportation system devdlap&ydney, Australia by the Roads
and Traffic Authority in the 19706837, 38) SCATS does not have an individual traffic
signal control plan optimizer and selects the lsghal timing plans from some pre-
timed plans imbedded in advance. SCATS has twddeifecontrol: strategic and tactical.
Strategic control is used to determinate suitaijeas timings for areas and sub-areas
based on average prevailing traffic conditions.titat control takes over the local signal
controller at each intersection using exactly tlanes operational techniques as the
isolated operation within the constraints imposgdthe regional computers’ strategic
control settings. Luk found that SCATS reducedétdaime by 23% in comparison with
uncoordinated operations in 19@8). Dutta et al. tested SCATS in a field demonstratio
project at 28 intersections in the city of TroyG@akland County, Michigan in 1992 and
found that SCATS outperformed pre-timed signal tignplans(40). However, Hu et al.
developed pre-timed coordinated signal timing plansBoulder Highway in the Las
Vegas urban area in 2009 and found their pre-tiplads had better performance than
SCATS(41). The results of Hu et al.’s study supported a keien drawn from Petrella
and Lappin’s prior work that a well-designed cooeded plan should always provide
equal or better performance than adaptive signarabsystems under predictable traffic

conditions(42).

P ' %! &
OPAC is a real-time traffic control system which swariginally developed at the

University of Massachusetts, Lowdt3, 44) It is a distributed control strategy with a
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dynamic optimization algorithm to minimize the toteelay and stops. OPAC has the

following features:

The Virtual Fixed Cycle (VFC) was first introducedid implemented in traffic signal
control in version 4 of OPAC, designated as OPA®HC has fixed virtual cycle length
ranges from fixed yield point to next virtual cysleyield point. This VFC allows the
synchronization phases to terminate early or extated to better serve dynamic traffic
demands without being out of coordination. OPAC-4s ha three-layer control
architecture as shown in Figure 3-8. The synchairtn layer optimizes the VFC of all
intersections. The coordination control layer chltas offsets subject to VFC constraints
from the synchronization and the local control layptimizes the phase sequence
subjects to the VFC and offset constraints from ghechronization and coordination

layers(45).

OPAC shows improved performance with travel timedaollected in before and after
studies along Reston Parkway in Reston, Virginiawever, OPAC is not widely used
around the world due to its low communication spbetiveen control center and local

intersection446).
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Layer 1 Synchronization Layer

Layer 2 Coordination Layer

Layer 3 Local Control Layer

Figure 3-8 Control Architecture in OPAC-4

c ) # b "+ %0, &
RHODES is a Real-time Hierarchical Optimized Disited Effective System for traffic
control. It was first developed for the city of Bam, Arizona by the University of

Arizona in 199247).

There are three levels of hierarchical architectutein RHODES: network load control,
network flow control, and intersection control. Thetwork load control is the highest
level that is used to capture the slowly varyingrelcteristics of traffic. The network
flow control is the middle level of control thatl@tates green time for each different
demand pattern and each phase. A model called RBAIBIis used to optimize the
movement of observed platoons in this level of meknby minimizing delays and stops
(48, 49) The intersection control is the lowest level, ethican select the appropriate

phase splits based on predicted and observed larmfaindividual vehicles at each
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intersection. At this level, RHODES uses a dynapnagramming-based algorithm called

Controlled Optimization of Phas€s0).

3.5 EXISTING OPTIMIZATION METHODS

Although many traffic signal control methods arengeapplied around the world, the
core parts for these signal control methods arenigdtion approaches and tools. This
section introduces the main existing optimizatiogmpraaches and tools, including

Webster's method, MAXBAND, PASSER I, MULTIBAND, TANSYT-7F, and others.

3.5.1 Webster’'s Method

Webster first introduced his signal optimizationthoal through conducting a series of
experiments on pre-timed isolated intersection aans in 195851). The optimal cycle
length can be determined by minimizing the totdagevhen arrival traffic is random, as
calculated by Equation (3-1). The critical phasagehequal degrees of saturation for the

given cycle length and calculated by Equation (3-3)

Webster's method has emerged as the basic methagtimizing signals, as most of the
analytical tools developed for cycle length setattsince then focus on under-saturated
flow and assume intersections operate as isolatedsections. As an example, the HCM
traffic signal analysis method was developed basethe theories in Webster's method.
For an isolated intersection, however, Webster'shoek provides meaningless cycle

length when the degree of saturation of lane grappsoaches 1.(2).
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3.5.2 MAXBAND

MAXBAND is an optimization model that finds the besignal timing plan with
maximum bandwidth on arterials and triangular nekso The first effort on
MAXBAND was Brooks, who utilized a computer program maximize progression
bandwidth assuming only two-phase traffic sign&sa the arterial¢53). In the 1960s,
Little et al. developed a fundamental mathematioaldel called Multi-Integer Linear
Program for MAXBAND (54, 55) Little and Gartner et al. then applied MAXBAND to
triangular networks to coordinate intersectio(®6, 57) Messer et al. improved
MAXBAND to deal with four-phase signals and applibis method on grid networks in

1970s(58-60)

The performance index of MAXBAND is the weightednswf bandwidths in both
directions. MAXBAND can be used to determine ofésalong each arterial, the splits of
green time at each intersection of the network, tred common cycle length of the

controlled area.

MAXBAND has following advantages:

1. Compared to delay and stops, the bandwidth can dre asily calculated and
understood by traffic engineers; and
2. The efficiency of MAXBAND to obtain the optimal sdlon is relatively high

since it needs only a few inputs and calculations.

MAXBAND has disadvantages summarized as below:
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1. The maximum bandwidth does not guarantee a minirdetay and number of
stops. Thus, the optimal signal timing plan may bet the best plan with
minimum delay and stops;

2. MAXBAND cannot generate the best phase splits, whempared to other
methods such as TRANSYT-7F; and

3. MAXBAND only gets maximum bandwidth along the thghumovement of a
main street without considering the left-turn ti@ffin the main street or traffic on

the side streets.

3.5.3 PASSER

PASSER was first developed by Messer et al. basetitie and Brook’s bandwidth-
based program from 197088, 61) PASSER Il applied Webster's model for calculating
phase splits. Then, a hill-climbing approach wasdu® adjust phase splits to minimize
delay. PASSER Il used exhaustive search methoabtn the best cycle leng{2).
PASSER IIl employed a delay-based exhaustive opétiin method to determine the
variables including cycle length, splits, phasimgjence, and offsets. PASSER Il can
produce accurate results for traffic engineersndeu-saturated traffic conditions and can
be applied to diamond interchanges with or withouturn lanes using three or four
phase signal operation®3, 64) PASSER IV can maximize arterial progression in
arterial and multi-arterial signal network®6). PASSER V is the latest version of the
PASSERfamily of signal timing optimization programs dewpéd by the Texas

Transportation Institute (TTIYX65). In PASSER V, genetic algorithms (GA) were
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introduced to develop signal timings for minimizikglay or for maximizing arterial

progression(66).

PASSER still has some disadvantages as noted below:

1. PASSER timings may cause additional delays foralekion side streets when it
reduces the delays and stops on arterials; and
2. PASSER has limited ability to provide optimal signening plans for large

closed road networks.

3.5.4 SYNCHRO

Synchro is a delay-based macroscopic analysiséoahalyze and optimize traffic signal
timing plans. It uses an exhaustive search metbodiriding optimal timing plans. To

reduce the number of traffic signal scenarios, Sym@applies the divide-and-conquer
method. At each step, Synchro generates optimalakigming plans based on the
average delay of five percentile patterns of tcaftiow. By far, Synchro provides a good
user interface, although it has trouble generatingeptable coordinated traffic signal

timing plans in most casé$9).

The first version of Synchro was released in 19Pde latest version of Synchro is
Synchro 8 which supports the HCM 2010 methodolagysignalized intersections and

roundabouts.
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3.5.5 TRANSYT-7F

TRANSYT-7F is a widely used model for analyzing asmtimizing signal timings on
arterials and networks. The original TRANSYT-7F rebdas originally developed by
Dr. Dennis I. Robertson in the Transport Researbokatory in the United Kingdom in
1967 (67). The Federal Highway Administration (FHWA) bougthte copyright of
TRANSYT-7F in the 1970s. Then, the TRANSYT-7F prgr and the original
TRANSYT-7F manual were developed for FHWA under ti&tional Signal Timing
Optimization Project by the University of Floridaahsportation Research Center. In
1978, TRANSYT-7F was formally built up and it sioantly reduced data preparation
and run time by changing optimization proces&®. TRANSYT-7F continued to be
further improved and maintained by the Universitiy Klorida’s McTrans Center.
TRANSYT-7F release 11 is the latest version andaw available in HCS 2010 and

TSIS+T7F.

TRANSYT-7F has many advantages including:

1. Explicates optimization of progression opportusitie

2. Replaces the random delay estimation by the detajehfrom HCM,;

3. Applies GA and Hill-Climbing Method to search foptomal signal timing plans;
and

4. Provides traffic flow profile for each link and calates delay and stops more

accurately than MAXBAND and PASSER under most cbons.
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TRANSYT-7F has an obvious shortcoming on descniptad traffic flow features in
microscopic simulation comparing to other simulatiools such as VISSIM, CORSIM

etc.

3.6 MICRO SIMULATION TOOLS

Many micro simulation tools are currently being kgxgb in the world. Table 3-1
summarizes the basic information of the six mamuation software packages. Only

VISSIM and CORSIM will be introduced briefly in thsection.

Table 3-1 Micro Simulation Software

567 89:;5<7 7=7>87?7< 75< B8@A:<B
PTV Planung Transport Verkehr AG I Germany
& 7C7<5> DEF;5B C6DADG:<5:D8A n
D6 <599DH <599DH;5<7 8<?8<5:D8A I
<5AG 8C7>7< 5>D7?7< 8<78<5:D8A $$#
& <5AG?8<: D6@>5:D8A BG:76G n ?5DA

F7 CDAI@<EF 5<5>>7> 86?@:DAE 7A:<7 5SACATQBCG!BG

3.6.1 VISSIM

VISSIM is a microscopic, time step, and behaviosdzhmulti-mode software to simulate
urban traffic, public transport, and pedestriarwBo It was developed by PTV Planung
Transport Verkehr AG in Karlsruhe, Germany in 1992SSIM employs the psycho-
physical driver behavior model developed by Wiedeman 1974. This model can
replicate the drivers’ iterative process of acadlien and deceleration. VISSIM simulates
traffic flow by moving “driver-vehicle-units” thragh a network. Every driver with his or

her specific behavior characteristics is assigoealgpecific vehicl€29).
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VISSIM also provides a variety of evaluation typesluding travel times, delay, data
collection, queue length, emission, etc. It develapspecific procedure for simulating a
road network according to either static or dynaragsignment method for traffic

distribution. It is widely used in simulating coregl traffic systems around the world.

These applications mainly include:

1. Simulation of traffic signal control,

2. Evaluation of public transportation strategy;

3. Calculation of capacity of toll collection statigns

4. Calculation of capacity of lane merge areas;

5. Evaluation of the performance of vehicles and pe@es in a traffic system; and

6. Evaluation of the effects of toll collection polioy dynamic information signs.

The main shortcomings of VISSIM contain:

1. Considerable time and effort needed to adjustitraf§nal operation plans;

2. Time consuming to simulate each traffic operatidanpespecially for large
networks. This will limit its ability to search fahe optimal signal timing plans;
and

3. Unable to provide the optimal traffic signal comtnpolans very efficiently.
VISSIM 5.40, the latest version, provides such fioms only for stage based
operations. In addition, it can only optimize a feversections for its very time

consuming exhaustive algorithms and complexityaffit signal control.
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3.6.2 TSIS-CORSIM

TSIS-CORSIM, first publicly released in the 199@sa microscopic traffic simulation
software package developed by the Federal HighwdmiAistration (FHWA). TSIS-
CORSIM is combination of TSIS (Traffic Software égrated System) and CORSIM.
TSIS enables users to conduct traffic operatioradyars and allow users to define and
manage traffic analysis projects, create traffismoeks and inputs for traffic simulation
analysis, execute traffic simulation models, angrpret the results of those models.
CORSIM consists of two main components: NETSIM, &RESIM. NETSIM was
originally developed under the name “Urban Traffiontrol System” in the early 1970s
and can simulate traffic on urban streets. FRESIMsls vdeveloped for simulating

highways and freeways.

TSIS-CORSIM has most similar functions providedd8SIM. TSIS-CORSIM also has
its advanced vehicle following model and lane claggnodel. The minimum simulation
step size is 1 second, which means all the sinmdgatures and data can be updated in
every second. However, TSIS-CORSIM cannot providesBnulation animation and has
no dynamic assignment packages. These disadvantagse the limited abilities of
TSIS-CORSIM to evaluate ramp controlling strateyes merging process, incident

management strategy, and traveler navigation sy

3.7 SUMMARY

This section briefly reviewed traffic signal cortrelements, traffic signal control

performance indices, traffic signal control methoesisting optimization methods and
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tools, and micro simulation software. After thisvieasv section, it will be easier to
understand the concepts, terminologies, and algostin following sections related to

traffic signal control at Diverging Diamond Inteesiges.
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CHAPTER 4. MATHEMATICAL OPTIMIZATION

ALGORITHMS

4.1 INTRODUCTION

Traffic signal control has been widely studied sitize 1960s, as it plays an essential role
in traffic management. A well-developed signal ptzan enhance traffic flow, reduce

delay, and minimize pollution.

Computer technology has provided a solution toesataffic signal control problems in
the past few decades. With the assistance of canpethnology, traffic signal control
methods have been developed from isolated pre-tocoattol to coordinated control and
adaptive traffic signal control systems. A variefyoptimal traffic signal tools have been
applied in practice. Mathematical optimization algons play an important role in these
optimization tools. A suitable mathematical optiatisn algorithm can not only help

traffic engineers obtain better control plans, dab spend less time in doing so.

This chapter presents an overview of several matkieat optimization algorithms and
briefly introduces the optimization algorithms apgl in traffic signal control. The
genetic algorithm is explained more thoroughly,csint is the potential optimization

algorithm used for generating optimal traffic sigo@antrol plans in the future.

4.2 OVERVIEW

4.2.1 The Definition of Optimization Algorithm
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In mathematics and computational science, mathealatptimization refers to the
selection of a group of best elements from some &edvailable alternatives to minimize

or maximize an objective function.

In general, an optimization problem can be represkm the following way.
Minimize or maximizeD E)
Subject toE F G (4-1)

The functionD E) is the objective function that should be minimizednaximized given
any elementt in setG. TheE is a vector ofH independent variables, that is

IE E JEKIMF 7K. The variableE€ E; JE are referred to as decision variables. The
“T” here means transposition procegsefers to the real value. Ti@is a subset of K,
called the feasible set. If an eleméntin Gsuch thaD E ) N D E) for all Ein G, theE

is the optimal solution that can minimize the objexfunction. Or if an elemer in G
such thaD E) O DE) for allEin G, theE is the optimal solution that can maximize

the objective function.

Such a formulation is called an optimization praobjevhich is a general framework of
many real-world and theoretical problems. The ntaitegories of optimization problems
include linear programming, integer programmif@p), quadratic programming70),
nonlinear programming71), stochastic programmin@2), dynamic programming73),
combinatorial optimizatior{72), and infinite dimensional optimizatiofr4). Generally,
there may be several local minima and maxima wherfd@asible region or the objective

function of the problem does not present conveXtthough there are a large number of
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algorithms proposed for solving non-convex problemest of them are not capable of

making a distinction between local optimal solus@md rigorous optimal solutions.

There are more than 81 categories of popular opéitian algorithms currently. These
optimization algorithms can be grouped into différéypes of optimization algorithms
based on algorithms features or the problems thHeeseharacters. Four main types of
optimization algorithms are summarized in this ieectaccording to their algorithm
features. The types of optimization algorithmstaigd and error, optimization algorithms,

iterative methods, and heuristics.

4.2.2 Trial and Error

Trial and error, or trial by error, is a generalthwel of problem solving by trying each
possible solutiorf75). This method is called “generate and test” inftakl of computer

science, and is better known as “guess and cheakfementary algebra.

Trial and error makes no attempt to discover wisplation works, generally finding a
solution through trying again and again. Trial agwor provides a problem-specific
solution. The advantage of trial and error is tltais simple and requires little
mathematical knowledge related to problems. Tral arror is successful in computer
science in many aspects, especially for simple Iprob and discrete problems with
limited solutions. However, trial and error stikperiences a time consuming issue in
many problem areas, even though computer technalagyoperate extremely fast. For
example, according to Ashby’s study, the perfedsioall-or-nothing method, with no

attempt at holding partial successes, would be aggeto take more thaf 2 sec, that
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isPQ 2R centurieg76). This tremendous time consuming issue is alsaudisad in
Traill's research(77). In traffic signal control area, Hu et al. sperdumd 32,767 sec to
obtain the optimal signal timing plans by the ssgge of 10 sec on an arterial consisting
of six intersection$78). Despite these limitations, the latest versioWIgSIM (VISSIM
5.40) released their new functions for searchirg dptimal traffic signal coordination

timing plans by trial and error method due to itsgicity (29).

4.2.3 Optimization Algorithms

Optimization algorithms mainly refer to the algbrits use to solve linear programming,
linear-fractional programming, network optimizatigoroblems, and combinational
optimization problems. There are many optimizatadgorithms that can solve these
kinds of problems. Take linear programming as aamnmgde, Dantzig developed a popular
algorithm for linear programming called simplex @ighm (or simplex method{79).
Some other methods have been developed for sdiviegr programming problems, such
as criss-cross algorithm, Khachiyan's ellipsoid&doathm, Karmarkar's projective
algorithm, and path-following algorithn§80). Network optimization problems have their
own optimization methods to search for optimal 8ohs, including Constructal Theory,
Ford-Fulkerson Algorithm, Flow (computer networkinglax-flow Min-cut Theorem,
Oriented Matroid, and Shortest Path Problégh). MAXBAND and PASSER have
applied linear programming methods in traffic sigo@ordination control to search the

maximum bandwidti(82).
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4.2 .4 lterative Methods

Iterative methods are mainly used to solve nonalinprogramming. These methods
primarily include Gradient Descent method, Newtansthod, Quasi-Newton method,
Finite difference, Approximation theory, and Nungafi analysis. Although there are
some differences between these methods, the comharacteristic is that it takes steps
to find optimal solutions. Take Gradient Descentthmd and Newton’s method as
examples, Gradient Decent method is a first-orgeimozation algorithm that finds a
local minimum or maximum value of a function usigadient decent. The gradient
descent can take many iterations to compute a legalmum or maximum with a
required accurac{B83). Search methods based on Newton's method’s gtadigmiques
can be faster than Gradient descent method, butdkeof every iteration are higher
since they consist of calculating every step inatrix by which the gradient vector is
multiplied to go into a "better” directidi84). TRANSYT-7F applied hill-climbing search
method, which is an iterative Gradient search dlgar, to find the optimal traffic signal

control solutiong24).

4.2.5 Heuristics

A heuristic is a technique designed to solve a lpralthat ignores whether the problem
can be solved by above methods or not, but whidallysproduces a good or acceptable

solution for either simple or more complex problems

Heuristics are intended to gain feasible solutitms,they are conceptually simple. In the

application of computer science, Simon and Newetlidated the Heuristic Search
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Hypothesis: a physical symbol system will repeategénerate and modify known
symbol structures until the created structure nesicthe solution structuré8b). It
indicates that a heuristic method’s each succe#&kation depends upon the step before
it. Thus, the heuristic search learns what roagsutsue and which solutions to disregard

by measuring how close the current iteration ih&optimal solution.

A heuristic method can accomplish its task by usiagous search methods. The good
search methods applied can generate approximatgos faster than othe(86). There
are several heuristic methods, such as Mimetic wtlgm, Differential Evolution,
Dynamic Relaxation, Genetic Algorithms (GA), Nelddead Simplified Heuristic,
Particle Swarm Optimization, Simulated Annealingd &abu Search. GA is the most
popular used method in traffic signal coordinatommtrol. TRANSYT-7F applied GA to

generate the optimal traffic signal coordinatianitig plang24).

This research will briefly introduce GA in seardhifor feasible solutions for signal
timing at DDIs. Thus, the concept of GA is introddcfully in the remainder of this

chapter.

4.3 GENETIC ALGRITHM

4.3.1 History

In the 1960s, Ingo Rechenberg and Hans-Paul Schwt&fged to try a randomized
method that may be regarded as the simplest dlgoiriven by mutation and selection.
And in early 1970s, Rechenberg's group could salmplex engineering problems

through evolution strategi€87).
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John Holland became known as the father of geadgmrithms when he popularized the
concept in his 1975 bookdaptation in Natural and Artificial Systen(®8). Holland and
his students developed genetic algorithm originddgm their studies of cellular
automata at the University of Michigan. Holland&h&ma Theorem became a formalized
framework for predicting the quality of the nexingeation during that period. Until the
mid-1980s, full theories of GA were built up. Theesk International Conference on GA

was held in Pittsburgh, Pennsylvania in July 1985.

As academic interest grew in the 1980s, the apmita of GA based on computer
technology became increasingly popular. Generattitestarted selling a mainframe-
based GA toolkit for industrial processes that bezahe world's first genetic algorithm
product in the late 1980s. In 1989, Axcelis, Iredeased the world's first commercial GA

product for desktop computers, named Evo(&).

4.3.2 Methodology

A GA is a heuristic search method that mimics thecess of natural evolution. GA is
used to generate useful solutions for a problem semich solutions like any other
optimization algorithm, by defining the optimizatigparameters, the cost function, and
constraints. However, GA belongs to the class alwionary algorithms (EA), which

generate solutions to optimization problems usieghhiques inspired by natural

evolution, such as initial population, natural séten, paring, mating, and mutations.

In a GA, the variables are represented by genascbfomosome. The objective function

generates an output from a chromosome (a set aft ipprameters). The objective
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function can have a variety of forms such as a emattical function, an experiment, and
a game. GA can generate an acceptable optimizathrion through following basic

step90):.

Step 1Build a model for a problem. This model includes thbjective function,
parameters, and constraints;

Step 2Convert parameters into a chromosome or severahasomes;

Step 3Randomly generate an initial solution (a chromosama group of chromosomes)
within the feasible solution space of the problerhick is controlled by the
parameters’ constraints;

Step 4Select best chromosomes by natural selection piaci Generate new
chromosomes through paring, mating, and mutationsong these best
chromosomes;

Step 5Update old chromosomes by newly generated chromesoamd

Step 6.Terminate the algorithm if a fixed number of gemierss are up or the
convergence requirement is satisfied. Otherwisebgok to step 3 and keep

searching for the best solution.

A path through the components of GA is shown iruFégd-1. Each part of this overview

is discussed in detail in this chapter.
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Original Optimization Problems
(Define parameters, objective functions, and constraints)

A4

Encode Original Optimization Problems
(Represent parameters by chromosomes)

Initial Population

A 4

Natural Selection and New Generation
(by paring, mating, and mutations etc.)

}

Best Solution?

End

No

SO

Figure 4-1 Overview of Genetic Algorithm

! P +
GA can find optimal solutions in bioinformatics, ybgenetics, computational science,
engineering, economics, chemistry, manufacturingthematics, physics, and other
fields. The optimization problems can be a var@tjorms. To apply GA in these fields,
the optimization problems need have two featuresameter feasible solution domain
(constraints of parameters), and an objective fandb evaluate the solutions among all

feasible solutions.
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The original optimization problems can be generakpressed as Formula (4-1) shown
in the beginning of this chapter. The objectivedlion and parameters indicate different
meanings based on the fields of problems. Thusldibgi up a suitable original
optimization model for a problem can fundamentahyprove GA’s accuracy and

efficiency.

Encoding original optimization problems is a praces transfer an original problem to a
GA’s model. Every variable can be encoded to agtaf “0 or 1” bits within a certain
range of error. A chromosome can represent all owknvariables by combining the “0
or 1” strings. For example, the varialite can be expressdd?? Lin binary
version; the variableg; can be expresset?? L in binary version. A

chromosome represents variaBleandE; can be:
STUVWVBVWX 1?2?2727 L (4-2)
The length of this chromosome is 10.

For a continuous variable with ran¢¢ Y;L, each variable can be approximately
encoded by binary values of “0” and “1” in the following way3he greate? is, the
more accurate it is to represent each variable &tyirzg of binary values. The value of

is determined by the requirement of accuracy ombes. For example, if variabke in
the range ofY Y;Lneeds to keep its accuracy within four decimat@da The value of

Z for this case is determined by the following fotenu

Loy y, (Y ) 21N [y (4-3)



52

The mathematic formulas for the binary encodingao¥ariableE within Y Y;Lare

given by:

(4-2)

E. cd d; ed.df Dngli,j—ljk (Ex~ h 8gmTXgnXo8n{(4-5)
where

Ex~ :normalized variabl&g NE g~ N ;

E[. : variableE’s binary version value witd bits of “0” or “1”; and

d . ¢h binary value of variablg ,d , equals O or 1.

The genetic algorithms work with the binary valulest most objective functions often
require continuous parameters. Before calculathmg dbjective functions, the binary

values need to first be decoded into continuousbkes. A continuous variablegan be
decoded from a binary version valeg. cd d| ed ;d fthrough the following

two formulas:
I 1k
Eyn 110 (4-6)

E Y Exn 'Yi(Y) (4-7)

A GA usually starts with a large number of chronmass known as initial population. A
large initial population provides the GA with amp@d diversified selections in its

searching space. The general initial population bancreated by Formula (4-8),
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assuming chromosomes are generated by a random functidnomity values of “0” or

Hl.”
SuU E . Ei;;, e Euwp
SY B, By € B
7B S tvg S i i i i v
Sy B B&i; e BEwp
d[ d[ ed 1d dl[dl[ ed lldl e dW[dW[ ed WldW
wydipdip edyid digpdiap edggady; € diwp diw; €diwidiw
t t t t
du [ du [ edu ldu dul[ dul[ edulldul € duw[ duw[ eduwlduw
(4-8)
where

7 g- Iinitial population;

SU chromosome, N N ;
total initial chromosomes;

Z: total variables (unknown parameters);

Ep[; :original variables, N N ,g NgNz;and

d ¢ O0-1binaryvariables] ,;=0orl, N N , NgNz, N|[NZ

The population size often affects the accuracy @Aaand the number of generations
needed to converge. The population size shouldeadreater than its initial population
size. Based on Gotshall and Rylander’s study, gtenal population for a given problem

is the crossing point where the benefit of quickivargence is offset by increasing
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inaccuracy(91). Several studies provided equations to calculatenal initial population

size(92-94)

The initial population is too large to generatetérebdffspring in the iterative steps of a
GA. Thus, most bad chromosomes are discarded aod goes will be kept to generate
offspring. Natural selection occurs in each genenaor iteration of a GA. A GA will
quickly terminate if few good chromosomes are gebbén each step. But the GA will
extremely slowly find the optimal individual wheaw bad chromosomes are discarded
in each iteration. Haupt indicated that scholaterokeep 50% of parents in the natural
selection(95). Up to now, many natural selection methods hawn lakeveloped, such as
Roulette Wheel Selectio(®6), Stochastic Tournamel{®7), Expected Value Selection
(98, 99) and Thresholdingl00), and others. Roulette Wheel Selection was chasée t

a natural selection example and introduced ingtudy.

The Roulette Wheel Selection gives each chromosarakeance to become a parent in
proportion to its fithess. The chromosomes withltrgest fithess (slot sizes) have more
chance of being choseihe potential problem of Roulette Wheel Select®that one or
a few members can dominate all the others and leeted in a high proportion. The

Roulette Wheel Selection contains the followingps{@01)

Step 1Get each chromosome’s fitness value and sum ohedimosomes’ fitness values
In a GA, fitness is used to evaluate the goodnésheoindividuals in the population.

Individuals with higher fithess value will have higy probability of being selected as
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candidates for further examination and generatiigpdng. Most GAs require that the
fitness function should be non-negative. Therethree commonly used basic fithess
functions:

(1) Fitness functions type 1

The fitness functions can be derived from objectiwrections by,

D E) 99999999999 DgVdaXSm ,XgD~HSm VHg 8gWoE Was K&

08 } (D 'E) ggggg DgvdgXSm ,XgD~HSm VHg 8gW H W « H&

This type of fitness function is simple and intuéti But negative values of some fitness
functions make Roulette Wheel Selection out of work
(2) Fitness functions type 2

For minimization problems, the fitness function ¢endefined as,

0B } € (D 'E) 9g999999989\Dg: g (#:10)
? 99999999999999999999999889999999999999999gVmTXU*

where
_¢ © maximum estimation db E) to guarante@'E) is not less than O for any

E in the domain.

For maximization problems, the type 2 fitness fiorcts,

o'g 3 PB( _k 9999999980 Dbk g (@11
? 999999999999999999999998899999999999999999VmTXU*
where
K- minimum estimation oD E) to guarante®' E) is not less than O for ary

in the domain.
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(3) Fitness functions type 3

For minimization problems, the fitness functiordéfined as,

0'E)

—— S0?S DE)O? (4-12)

For maximization problems, the fitness function is,

0'E) SO0?S(DE)O? (4-13)

)

Step 2: Calculate the probability of individual being setied

The probability of each individual chromosome besetected is,

[ (4-14)

where

/: probability assigned to chromosome
Step 3: Calculate the cumulative probability of individuddsing selected

The cumulative probability of each individual chrosome is,
/ p... 1p999 (4-15)
where

/ cumulative probability assigned to chromosome

Step 4: Select chromosome
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First, generate a random numhgrom|[? L

Second, select chromosome Uik / , otherwise select chromosom# it satisfies the

following requirement.
l'v NUN/, (4-16)

Finally, repeat the above two processes for thed tatmber of chromosomes.

-10
The new generation can be created by crossovemanation. Besides these two main
genetic operators, some other operators such asugggg, colonization-extinction, or
migration in genetic algorithms, are also provided2) Through these genetic operators,
each new “child” solution is created from the poasly selected “parent” chromosomes.
A new “child” solution usually contains the most oharacteristics of its “parent”.

Crossover and mutation operators are briefly intoedl in this section.

(1) Crossover

In genetic algorithms, crossover is a genetic dperaised to vary the genes of
chromosomes from parent generation to offspringegaion. There are four main
crossover methods: one-point crossover, two-powmdgsover, cut and splice, and uniform
crossover and half uniform crossover. Only one-poinssover and two-point crossover

methods are explained as examples below.
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One-point crossover is the simplest crossover naetAth genes, after a randomly chosen
point, are swapped between the two parent chromesorhigure 4-2 shows this

crossover processing.

. [lefrfojoofs]ofrfolojofofofs]oft]o]o0[o]
[l o[afefo[fofo oo a0 o o]o]o [4]4]
OﬁspringSMOMO o[1]ojofofof1f1]o]r]ofofofo[1]1]
[for]r]ofof1]of1]o]ofofofof1]ot]o]o]0]

Figure 4-2 One-Point Crossover

Two-point crossover has two randomly chosen poiflisthe genes between these two
points in the parental chromosomes are swappedo#imel genes are kept same to
reproduce two new chromosomes. Children chromosanegyenerated this way; this

process is illustrated in Figure 4-3.

Point 1 Point 2
\1\0\1\0 0\0\1\0\1\0\0\0\0 0\1\0\1\0\0\0\
Parents
\1\0\1\1 0\1\0\0\0\0\1\1\0 1\0\0\0\0\1\1\
\1\0\1\0 0\1\0\0\0\0\1\1\0 o[1]o]1]o]o]o0]
Offsprings
\1\0\1\1 0\0\1\0\1\0\0\0\0 1\0\0\0\0\1\1\

Figure 4-3 Two-Point Crossover
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(2) Mutation

Mutation is a genetic operator used to maintairegerdiversity from one generation and
prevent all solutions in the population becomingppred in the local optimum of the
problem. A common method of implementing the motatoperator is to generate a
random variable for the genes in an offspring closome. Most mutations decrease the
fithess of a chromosome. Occasionally, some mutstoan increase the fitness values of
the chromosomes and increase the ability of seagctur the global optimum solution.

This random variable tells whether or not a paléicugene will be modified. The
reference mutation probability of a gene i, where O , is the length of the
chromosome. Take the child chromosomes in FiguBea4- an example; the reference
mutation probability of each gene i$? ??Q . A random number generator will

determine the position of a chromosome that needbet modified. A user-defined
mutation probability can determine whether mutatioccurs or not. The mutation
probability should be set low to avoid replacing #xisting good chromosomes, but not
too low to lose its diversity ability to search lgéd optimal solutions. Figure 4-4

illustrates a mutation process.

Figure 4-4 Mutation Process
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1
There are two main ways to terminate a GA: maximuumber of generations and
convergence. A fixed number of generations arenddfiat the beginning of a GA. When
this number is reached, the GA must stop. Convemyeaneans that an acceptable
solution has been found or successive iterationsonger produce better results than
current solution with required speed. A GA can teate when the convergence
condition has been satisfied even if the maximummlmer of generations is not yet

exceeded.

4.3.3 Advantages and Disadvantages of GA

The representative advantages of GA incl(@: 101, 103)

GA is a very easy to understand method and doeseopiire users to have a
strong mathematical background;

GA can solve a variety of problems including mdiitirensional, non-differential,

non-continuous, and even non-parametrical problems;

GA can find acceptable optimal solutions very qlyickespecially for large-scale
optimization problems;

GA can provide global optimal solutions; and

GA has extensibility to mix other algorithms tovekcomplex problems.

The primary disadvantages of GA 48, 101, 103)
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GA has relative low efficiency to solve some sgegiroblems in comparison to
other optimization methods;

GA cannot find the real global optimal solutions nmost cases. It can only
provide some acceptable solutions; and

GA requires a large number of fitness function glaitons. This will increase a

GA's running time for large-scale and complex pevhs.

4.4 SUMMARY

This chapter mainly overviewed the history of ewolmary methods applied in
optimization problems, and introduced the key step$A. In addition, this chapter

provided the fundamental theoretical support faeptal applications of GAs at DDIs.
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CHAPTER 5. TRAFFIC SIGNAL OPERATIONS AT DDls

5.1 INTRODUCTION

Chapter 2 through Chapter 4 reviewed previous studdn Diverging Diamond
Interchanges, as well as the concepts, technicd$,t@and some optimization methods
related to traffic signal control. This chapter centrates on traffic signal operations for
DDls. As stated previously, a DDI can outperformCBI in most situations for its
specific design and operational approach. Betiafidr signal operations can further
improve a DDI's efficiency and reduce its delay.efdfore, this chapter presents three

major methods to improve a DDI’s operational parfance.

This chapter first reviews five current traffic saj operations for DDIs and summarizes
their advantages and disadvantages succinctlyfdllosving section presents two major
traffic signal operational improvements for DDIshi§ section also introduces the third
method of how to apply genetic algorithm (GA) fatermining traffic signal parameters
based on the proposed operations. Finally, the gection summarizes the contributions

of this chapter.

5.2 CURRENT SIGNAL OPERATIONS

The literature review in Chapter 2 revealed sevedfic control operations that have
been implemented at or proposed for operating DDiese studies disclosed that each

traffic control operation is unique and has its lejale conditions. Therefore, this
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section starts with the descriptions of the fiveitgl operations and ends by a summary

of their advantages and disadvantages.

5.2.1 Current Operation 1

The Federal Highway Administration (FHWA) recommedda simple DDI traffic
operation that consists of two phases as showrigaré 5-1 and Figure 5-@). This
operation is applicable when the off-ramps are Itjiecontrolled. The arterial traffic
passing through the first signal during the eartiart of the phase is guaranteed to pass
through the second signal without stopping, buttthéic in the later part of the phase

will have to stop at the second signal.

Ring 1 b1 b2

Figure 5-1 Phase and Ring Diagram for the Two-phasgcheme

Figure 5-2 Phase Designation Diagram for the Two-@se Scheme
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5.2.2 Current Operation 2

The Missouri Department of Transportation (MoDOTgsathe first in the United States
to implement a DDI at the intersection of I-44 akkD-13 in Springfield, Missouri.
MoDOT presented two DDI phasing schen(i®s The simpler traffic operation is shown

in Figure 5-3. As can be seen, the right-turn moxais at the off-ramps are signal

controlled while the left-turn movements are yietmhtrolled.

Phasﬂ Yield North

Phase 4 Phase 2

— 7 N

Phase 8 Phase 6

Barrier

Barrier Barrier

Offset Sync

Timing is an example only

Figure 5-3 Traffic Signal Operation Proposed by Mo@DT — Option 1

5.2.3 Current Operation 3

MoDOT provided a more complex DDI phasing operatsnshown in Figure 5-4. As
concluded by MoDOT, this operation could clear $ipace between the crossovers, but

the left-turn traffic from the off-ramps will occyghe space whether signalized or not.
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Furthermore, this signal operation needs two cdlet and optimizes traffic signal

ba\se 6 North
-
Overlap B Overlap A

——— T

operations manually.

Phasﬂ

2 —

Overlap D Overlap C
Virtual Phases
Real Phases Phase 4 Phase 2
Green Bands
Yellow Time

Ring 2
North Int

South Int
Ring 1

Barrier

Timing is an example only

Figure 5-4 Traffic Signal Operation Proposed by Mo@DT — Option 2

5.2.4 Current Operation 4

Edara et al. proposed a traffic operation showfrigure 5-5 and tested in a VISSIM
simulation model(7). This phasing scheme was only tested based ord-fixe

operation. It applied overlaps to control the DDi feducing its traffic delay. The phase
numbering also appears to be inconsistent to theomNd Electrical Manufacturers
Association (NEMA) designations. For example, Phdlsand 5 appear to be conflicting

movements in the diagram of this study.
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1
2
i
4
5 |
]

Figure 5-5 A DDI Phasing Scheme in VISSIM Developely Edara et al.

5.2.5 Current Operation 5

This operational scheme was developed by John Bedarthe City of Reno in 2012. It
is a simple operation for a traffic engineer tosgrarlhis operation is suitable for a DDI
that involves a heavy right-turn movement at thetlsioound off-ramp, which no-turn-on-
red is allowed due to the dual-lane geometry. Tigist-turn movement needs to be on a
protected phase. This scheme has been successdstsd in a hardware-in-the-loop

platform in September, 2012 (Appendix A).

This initial phasing scheme has two overlaps: orexlap consists of phases 2 and 3; the
other contains phases 4 and 6. For purposes ofdbearch, this phasing scheme was
modified by adding phase 1 into the overlap of psasand 6 as shown in Figure 5-6 and
Figure 5-7. This phasing scheme consists of fivasph (phase 1, 2, 3, 4, and 6). The
phase 4 (eastbound through) and phase 2 (northbefihchovements are guaranteed not

to stop between the signals; however, the southbdefi-turn movement and the
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westbound through movement will experience sompssio the later part of the phases.
In general, the phase 4’s duration should be saffido handle the southbound off-ramp
right-turn movement demand without phase 1. Thesequence of including phase 1 is a

slightly longer cycle length during coordinatiorgwever, it does not appear to cause too

many delays when cycle length is great.

Ring Barrier

Ring 1 b1 o2 $3 b4

Ring 2 b6

Figure 5-6 Phase, Ring, and Barrier Diagram by Cityof Reno

Figure 5-7 Phase Designation Diagram by City of Ren

5.2.6 Summary

Table 5-1 briefly summarizes each the advantagdsdesadvantages of the above DDI

traffic signal operations schemes.
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Table 5-1 Advantages and Disadvantages of DifferemDI Phasing Schemes

1Y%

o

Signal Control Overlap(s) | Advantages Disadvantages
Operations | Type(s) Applied
Allowed
Operation 1| J Pre-Timed | No J Simple J gf?ﬁzgmigpply i
J Fully J Short cycle length S naliz%d
Actuated J Short lost time J annot avoid vehicld
J Semi- J Suitable for many Stopbing between the
Actuated traffic control types bpIng
3 Coordinated two crossovers
Actuated
Operation 2 J Only Pre- | Yes J Slmple and low losg J Is not applicable
Timed time _ wher_1 off-ram_p left-
being J Efficient by using turn is signalized
; overlaps
'.;‘.‘ggtl(';d and J Clears the through
traffic between the
crossovers
. i J Clears the through | JOff-ramp left turns
Operation 3 J 'cl')|rr]r|1¥e g re ves traffic between the | stop between the
being crossovers crossovers
Applied and J Efficient by using | J Part of off-ramp left
TSE,{ ed overlaps turn traffic stops
J Decreases off-ramp| twice to pass through
left turn delays by the entire DDI
using overlaps
Operation 4 J Only Pre- | Yes J Reduces total delay| JMost off-ramp left
Timed by using overlaps turns stop twice
bein J Clears the through | J Only a concept teste
A I?ed and traffic between the in simulation which
TESI ed crossovers may not work with
standard controller
Operation 5/ J Pre-Timed | Yes J Reduces the total J Eg?:gsérmg%gzgze
J Fully delay by using result in v%//aste of
Actuated phase overlaps reen time. since the
J Semi- J Clears the through gouthbouna right-
Actuated traffic in the space turn demand c?an
J Coordinated between the enerally be
Actuated crossovers 9 y

J Reduces operationg

costs by using a

accommodated by
phase 4
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single traffic signal | J Arterial through
controller vehicles towards the

J Suitable for many end of the phase may
traffic control types | be stopped at the
second signal

J Less efficient for off-
ramp left-turn
movements because
they cannot be
released until the
arterial phases
terminate

J Fails to consider the
effects of traffic
route volume on
signal operations

5.3 PROPOSED SIGNAL OPERATIONS

This section introduces the three major types oppsed operations. Proposed operation
1 is a three phase signal timing scheme used fairabng the DDI left-turn off-ramps
by “yield” signs. Proposed operation 2 controls DEAffic using signal-controlled off-
ramps and a signal timing scheme involving seveases and one dummy phase.
Proposed operation 3 is a GA-based methodologyptime signal timing parameters

according to the specific existing phasing schemes.

5.3.1 Proposed Operation 1

Proposed operation 1 is developed for the situatwwhen off-ramp left-turn traffic is
relatively low. Three signal phases are applied dontrolling all traffic movements
shown in Figure 5-8 and Figure 5-9. Unlike the fnged only traffic signal operation
presented by MoDOT, the proposed phasing schemeucaall control types: pre-timed,

semi-actuated, fully actuated, and coordinated ateth Phase 1 is fixed, and is
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approximately equal to the travel time betweentthe signals at nodes “8” and “7” (or
between “7” and “8”) as demonstrated in Figure 5-BBase 1 must run in each cycle,
therefore it should be set to maximum recall imadfit signal controller. Phases 4 and 3
serve eastbound and westbound movements separgtatip. split of phases 4 and 3
depends on the traffic demands and saturation f&t@s of the related traffic movements.
Phase 1 allows these two through movements to Itrsiveultaneously in the space
between the two crossovers. The overlap of phasasd3l clears up through traffic
moving to west by adding an additional travel tioigophase 1 to phase 3. However, the
vehicles coming in late during phase 4 can pasaigir node “8” but cannot get through
the second node “7.” This will cause more delaystli@se vehicles since they have to
wait for the next green signal. Therefore, the @nésd phasing sequence shown in Figure
5-8 services westbound traffic better than eastbowith the same phasing split.
Selecting phasing sequence becomes necessaryrfioerfincreasing the efficiency of
proposed operation 1. Thus, this section presentsthod of choosing phasing sequence

for this operation as well.

Proposed operation 1 includes two major typesgsfaitiming plans: proposed operation
1-a and proposed operation 1-b. Proposed operatemnalso called movement volume
based proposed operation 1, allocates its green fiamcritical lane groups on the basis
of their volume and capacity. Proposed operatidn also called origin-destination (O-
D) volume based proposed operation 1, allocategrésn time according to the capacity

of each lane group and the traffic volume on roatesng O-D pairs of a DDI.
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Pre-determined by a DDI’s Size

e

Ring 1 $1 b4 3

A

Co

Cycle (“C”)

Figure 5-8 Phase Scheme for Proposed Operation 1

Barrier

3
D3+01
D4
01+ 04

. Green Interval

Yellow Interval

. Red Interval

Figure 5-9 Phases and Overlaps in Traffic Signal Ogration 1

Figure 5-10 Identifications for Nodes of a DDI
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|
Proposed operation 1-a is used for controlling tyyes of DDIs as shown in Figure 5-11
and Figure 5-12. The type 1 DDIs have light off-pateft-turn and right-turn traffic.

Under this condition, all traffic exiting from aeeway are controlled by yield signs
shown in Figure 5-11. The type 2 DDIs, unlike thgpet 1 DDIs, have heavy off-ramp
right-turn traffic but low left-turn traffic. Itsignal timing plan is depicted in Figure 5-12.
Since the phasing schemes of these two types ok [RiD# similar, this research first
introduces the methodology to determine the typPOls’ signal timing parameters.
After that, a methodology to search for type 2 DOnarameters is provided through
minor adjustments to the type 1 methodology. Th#itrsignal parameters for the DDIs
include cycle length as well as each phase’s yellerval, all red interval, split, and

green time.

Freeway

N
Off-Ramp On-Ramp (D

Arterial Road

It

On-Ramp Off-Ramp

Figure 5-11 Traffic Signal Operation 1-a for a Typel DDI
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Freeway

N
Off-Ramp On-Ramp (D

$3 Arterial Road

On-Ramp Off-Ramp

Figure 5-12 Traffic Signal Operation 1-a for a Type2 DDI

Currently, searching for an optimal traffic sigriething plan for DDIs is complex. As
mentioned above, no methodologies exist for proggdoptimal signal operations for
DDls. Most traffic professionals select their s@as manually. However, the proposed
operation 1 is a quantitative methodology to chdoesfic operation parameters based on

the similar principles of Webster's methodologywhdn Equation (3-1).

1) Assumptions and Principles

Like Webster's method, two major assumptions mesgbaranteed when developing a
reasonable signal timing plan for a pre-timed digfme is that the volume-to-capacity
(v/c) ratios for critical lane groups must be eqéalother is that the green time allocated

to each phase is assumed to be in proportion teatwation flow rate of the critical lane
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group. In addition, non-critical phases are assigwgh the same value of their non-

conflicting critical phases.

2) Cycle Length

Based on the signal configuration and phases shoWwigure 5-8, Figure 5-9, and Figure
5-11, the traffic signal timing parameters of a Ddatisfy the relationship shown in the

equation below.
& & 10 12t ( 1~ ( (5-1)
where
&: effective green time of phase 3 (s);
&: effective green time of phase 4 (s);
sum of splits of phases 3 and 4 shown in Figu8e($);

+ 1~ : split of phase 1, fixed and determined by thedldime between the
two crossovers “8” and “7” through the nodes “81'1}” “12,” and “7”

as shown in Figure 5-10 (s);

~12¢+ . split of phase 1, fixed and determined by thedrdaime between the
two crossovers “7” and “8” through the nodes “74,*“3,” and “8” as

shown in Figure 5-10 (s);

1+~ split of phase 1, fixed and determined by thedldime between the two

crossovers “7” and “8”, usually equaltg ;- and -j,: (s); and
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lost time per cycle (s).

Phase capacity for each critical lane group caoltained by the following formula:

%0

>3

s 8 (5-2)

where

number of critical phases;

S: phase capacity (veh/h);

8: saturation flow rate for lane grougveh/h); and

..  effective cycle length for all critical lane gruai(s).

Volume to capacity ratio for each critical lane wpois calculated by the following

equation :

E - 59 5w (5-3)
Then

& — = (5-4)

For this type of DDI, theoretical effective cyckenpth for the two critical lane groups

(eastbound and westbound) satisfy the followingtrehship with
‘ £ (5-5)

Replace th&,, &, and in Equation (5-1) by Equations (5-4) and (5-5)d dincomes

to:
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= (5-6)

Then, based on the assumptiGn,E  E , for Z q, the effective cycle length is:

‘ - - T (5-7)

where
" flow ratio for critical lane group ; and
sum of flow ratios.

For this traffic signal timing plan, the total Idshe is:

“In (5-8)
N Nng N. Ny 7 (X (5-9)
where
n: lost time of critical lane group(s);
n, . start-up lost time of critical lane grogigs);
n : clearance lost time of critical lane grau(s);

yellow interval of critical lane group(s);
«7 . all-red interval of critical lane group(s); and
X: extension of effective green time of critical éagroup (s).

Figure 5-13 illustrates the relationship among alcgneen, lost-time elements, extension

of effective green, and all-red interval. Messealethad found the start-up lost time and
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extension of effective green time are nearly id=itiand typically 2 sefl6). Thus, the

relationship shown in Equation (5-9) can be moditie the following equation:
n Ny 7 (X 7 ( o7 (5-10)

When the total lost time §, the sum of flow ratios of critical lane groups),(and
expected v/c ratio for all critical lane grougs, (Usually pre-determined based on
traffic professionals’ expectations) are obtairtke, cycle length of this DDI can be

determined by the relationship shown in Equatio@)5

The real cycle length shown in Figure 5-8 can dsofound through subtracting the

effective cycle length by phase split 1, and exggdsas:
e =0 v (5-11)

[s,i ei | Y+ARi-ei

Green Interval

Yellow Interval

All-Red Clearance Interval

Figure 5-13 Relationship among Actual Green, Lost-ime, Extension of Effective

Green, and All-Red

3) Effective Green Times and Phase Splits

Effective green times of phases 3 and 4 can belledéxl by:

& — ' () (5-12)
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The phase 1 green time is:

& — ( (7 49 (5-13)
where

—: equalsto+- (S).

The green times of phases 3 and 4without inclugimgse 1 in each of them illustrated in

Figure 5-8 can be obtained by:

& & (— -18)
where

&: green time for phasewithout including phase 1 (P ™).
The phase splits 3 and 4 without including phaseekach of them are:

_ & o7 (5-15)

The above equations can also be used for detergiihentraffic signal timing parameters
for DDIs shown in Figure 5-12. The critical phasst®uld be determined by two traffic
lane groups: the westbound through lane group @dsover “7” and the northbound
right-turn lane group at node “6.” The criticalWilaratio of phase 4 must be subjected to
the larger of the two lane groups: the eastbourmutih lane group at crossover “8” and
the southbound right-turn lane group at node “9HeT in Equation (5-7) can be

replaced by:

<5 e >zY

"2 WoEgs— v (5-16)
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*

¢ £

") WoEgEL =<t (5-17)
where

, 2 1~ . traffic volume of lane group between nodes “14847” (veh/h);

8, 1~ : saturation flow rate of lane group between nddds and “7” (veh/h);

, 2 ¢. traffic volume of lane group between nodes “58d6” (veh/h);

8 5: saturation flow rate of lane group between nd@ésnd “6” (veh/h);

.1 ¢ - traffic volume of lane group between nodes “184d8” (veh/h);

§ 1 : saturation flow rate of lane group between nddésnd “8” (veh/h);

.1 r - traffic volume of lane group between nodes “10849” (veh/h); and

§ r : saturation flow rate of lane group between nddés and “9” (veh/h).
Following Equations (5-11) through (5-15), all tingffic signal timing parameters can be

found similarly for this type of DDI.

! +
The above methods are based on the traffic volunsétacal lane groups. However, they
do not include the traffic volume of critical rosted=or an example, the DDI depicted in
Figure 5-14 shows one scenario where 80% of eastbwaffic passes through crossover
node “8” and turns to the northbound on-ramp wholdy 20% of the remaining
eastbound traffic continues through the secondsores intersection to the east. The

scenario shown in Figure 5-15 presents a similaditon to Figure 5-14, except that
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20% of eastbound traffic passing through crossowste “8” turns left to enter the

freeway while the remaining 80% travels throughssaver node “7” to continue east.
According to proposed operation 1-a, the traffgnai timing plans between these two
scenarios would have no differences, as criticalenwent volumes do not change. In
fact, the traffic signal timing plans for these tamenarios should be different. Therefore,
the traffic signal timing plan based on criticalites is presented specifically for DDIs to

distinguish the volume scenarios shown in Figudelt®nd Figure 5-15.

Figure 5-14 Traffic Distribution Scenario 1
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Figure 5-15 Traffic Distribution Scenario 2

This signal timing development process consistdnaf major steps: the traffic signal
timing without considering the critical routes aih@ green extensions for traffic demand

based on critical routes.

1. Traffic Signal Timing Without Considering the Grdl Routes

The traffic signal timing without considering theitical routes is exactly same as
proposed operation 1-a. Assume the traffic cyciegtle, phase splits, and green times
have been found through the above processes. Ugfikeal four-leg intersections, DDIs
have greater space between two crossover intasesctso that the signal cycle length
found through Equation (5-11) is possibly less thiam signal cycle length required in

practice.
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2. Extensions According to the Traffic Volumes ofi€aitRoutes

An additional green extension should be addedédoriisg the through traffic, to allow as

much as possible to pass through the two crossokkensever, the exact extension is
difficult to determine since traffic is a non-limreand dynamic process of many factors,
such as the capacity of critical lane groups, th#fit volume of each route, the space
between two crossovers, cycle length, and greemstirfihis study introduces a linear
method for determining the extension. This methodtains such factors as the space
between the two crossovers, traffic flow ratio oitical lane groups, and the traffic

counts of several critical routes.

1) The Length of Total Extension

An extension based on traffic distribution scen&i¢shown in Figure 5-15) should be
greater than an extension based on traffic digiohuscenario 1 (shown in Figure 5-14),
since scenario 2 has a greater proportion of eastbdhrough traffic. The extension
should also increase when the westbound throudfictrases. Therefore, the total

extension is expressed as:

9 4 1o WOE} ;e M 5y WoE) e S (5-18)
where

8:: saturation flow rate of lane group between nddésnd “8” (veh/h);

81~ : saturation flow rate of lane group between ndd@s and “7” (veh/h);



83
vt 10 - traffic counts on the route passing through “81,” “12,” and “7”
(veh/h);
, +. traffic counts on the routes passing throughd&md “8” (veh/h);
8;~ : saturation flow rate of lane group between ndddsand “7” (veh/h);
8,+: saturation flow rate of lane group between nd8ésnd “8” (veh/h);

, ~12 ¢ -traffic counts on the route passing through “&,” “3,” and “8” (veh/h);

and

, 1~ - traffic counts on the routes passing through “add “7” (veh/h).

2) Extension for Each Phase

The extension for phase 4 relies on the flow ratithe critical lane group between nodes
“1” and “8;” and the percentage of through traffic the route passing nodes “8,” “11,”
“12,” and “7.” In addition, the same factors in tlposite direction can affect the
extension for phase 4. The phase 4 extension cadebemined by the following

formula:

*i be

SEM . 8} Slalil
9 9 ¥ — — ' ———=-%9  (5-19)
CEoe’ M p. 8% 'bl- o —— : = Me,; 18} o ”T

Similarly, the phase 3 extension can be calculdtezligh the following equation:

(’E)' Me>; 187 '(I,Tou':oe;w
9, 9 ¥ — S ——© (5-20)
M b 5] et o Me i) (el
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or
9, 9(9 ;9 -2%)

! # 0$

The above processes present the methodologiesferntining the traffic signal timing
parameters, including cycle length and phase gjititsa DDI. In fact, phasing sequence
is also one of the major parameters for traffimalgoperation. According to the phasing
scheme characteristics in proposed operation 1, Kiwds of phasing sequences are
“phases 1+4 -> +1” (shown in Figure 5-8) and “plsa%e3 -> 4+1” (shown in Figure
5-16). Under “phases 1+4 -> 3+1,” phases 1 andrdesthe eastbound traffic (traffic
from node “1” through nodes “8,” “11,” and “12” t§” and “13”); phases 3 and 1 serve
the westbound traffic (traffic from node “14” thrglu nodes “7,” “4,” and “3” to “8” and
“2”) shown in Figure 5-10. Since phase 1 startotgephase 4, the vehicles coming in
late during the phase 4 at the first crossover @apass through the following crossover
since they have to travel at least ;- s before approaching at this crossover.
Therefore, these vehicles have to stop in fronthefsecond crossover and wait for the
next green. However, the westbound traffic fromentt4” can pass through nodes “7,”
“4,” and “8” smoothly to node “9” for the additiohphase 1 following phase 3. The
phasing sequence “1+3->4+1" has the opposite effédhe phasing sequence “1+4-
>3+1". Given these sequences, this study introdace®thodology for selecting a phase
sequence for traffic signal timing plan at DDIswihree phase of operation: phases 1, 3,

and 4. A flowchart describing this methodology ®wn in Figure 5-17. %%z , ?
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select phasing sequence “1+4 -> 3+1” as showndnrEi5-16; otherwise select phasing

sequence “1+3 -> 4+1"” as shown in Figure 5-8.

Travel Time Between the Two Crossovers

%arrier

Ring 1 $1 $3 b4

A

Co

Cycle (“C”)

Figure 5-16 Phase sequence 1+3 -> 4+1

w/ Start
\

4

No Yes

PSM>1.0

A
Phase Sequence Phase Sequence
1+4->3+1 1+43->4+1

i

|
v

w/ End

Figure 5-17 Process of phase sequence for three gkaoperation of DDIs

The lagging phase 1 in the overlaps can serve d¢hgiér traffic demand on the second

crossover. The phase selection methodology is baséloe following calculations:
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%2 .: i T pe 4p. (5_22)

a
e reh CE'(E>i4>i

/XUm — (5-23)
IXUMw P ” T:wp (5_24)

4. %o . 4, - _S 4. — . *
Si i v°°| - < i i i (5'25)

>g >8 Ko Coc
e e e TS 4pi e v (5-26)

S] >g >g Kac Ko
where

S : capacity of lane group from nodes “1” to “8” (Vah
Sw : capacity of lane group from nodes “14” to “7” (Wh);
flow ratio of lane group from nodes “1” to “8”;

~ . flow ratio of lane group from nodes “14” to “77;

Thus, Equation (5-22) can be expressed in a simale

i be 4p.

*

1%z (5-27)

v 4
Equation (5-27) reveals that the phasing sequehpeoposed operations 1-a and 1-b is
determined by the eastbound traffic volume ;- and westbound traffic volume
,~12+ as well as saturation flow rat8g- and8,;. It has no relationship with other

parameters such as cycle length and phase splits.
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(

Since traffic counts on each route are one of tipets for the traffic signal timing plans
of DDIs, a practical way to collect traffic routeunts becomes important. However,
traffic counts on routes in a road network are liguauch harder and more time
consuming to collect than traffic turning volumeseach intersection. Fortunately, the
traffic counts on every route of a DDI can be elyagetermined when the traffic turning

volumes are collected in the field.

In general, routes between origins and destinatiom@sroadway network are not unique,
even when the traffic counts of each turning movana every intersection are fixed.
For any given intersection, it is not easy to deiae the proportion of traffic that came
from an upstream intersection and where these Mshiare going to at the next
downstream intersection. For example, the eastbtmafitc at an intersection can come
from the right-turn movement, or the through-movatner the left-turn movement of its
upstream intersection. However, most current tagignal timing tools consider each
intersection individually by using turning volumeEhis may not cause large errors in
common situations, since the turning traffic in #jacent intersections varies slightly
and does not have a large impact on overall operstas the through traffic dominates
the timing However, there are many cases in whiching traffic may vary extremely
even for two closely-spaced intersections. For sareas including freeway interchanges,
such as CDIs and DDiIs, it is much more criticalntlzd other intersections to consider

right-turn and left-turn vehicles. Under such caiaais, traffic signal timing plans based
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on turning volumes seems ill-suited to conduct ysed compared to using route traffic

volumes.

Traffic signal timing based on O-D route trafficutds can overcome the weaknesses of
the popular traffic signal timing tools. PTV AG, its latest release VISSIM 5.40, is
starting to provide optimized traffic signal timipdans based on O-D route distributions
in a road network. PTV AG is simply applying thehaustive searching methods to
obtain the cycle length, offsets, phase splits, phdse sequences on the basis of its
micro-simulation software VISSIM and VISSI@9). However, this function is limited
to stage-based signal timing operations applinati@nd is not for National Electrical
Manufacturers Association (NEMA) based operatidagithermore, this tool does not

have ability to optimize traffic signal operatidias DDIs.

OoD1 oD2

Slree” JlL;

rrrrrrrrrrrrrrrrrr

Figure 5-18 Traffic Turning Volumes as Inputs
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Traffic system is a dynamic and stochastic prosesthat traffic route distributions are
also a dynamic and stochastic process. Therefoeegxact description of traffic route
distributions is beyond the scope of this studyorder to focus on the topic of this study,

the following necessary assumptions are declaréuisresearch:

1. Traffic route distributions are static;
2. No mid-segment entrances or exits exist in the redork; and

3. No loop routes in a road network.

Assume a road network hashorizontal streets and vertical streets. The total O-D
nodes ar&cw y 'z )~ and each node is denotedBye ,o0r-$ «;- which
will be explained below. The total intersections @r, z- and each intersection
is represented by x . The total number of one-direction links is detgred by the

following equation:
wu 'z ) I ) Z) A z ) (5'28)

Assume O-D point$ @ is connected with$ «;- by mroutes in the network. Each
route is determined by a succession of one-dinediitks with positive traffic counts.

Thenroutes between poir$ ¢ ,and-$ .- can be expressed by the matrix as below;

.2 € D e Du,u L
. e QO e Dlu,Ll
2
t t t t t
a@ *x [T 2 (5'29)
P { e ZD[ e q e D“J'p
2 t t t t t
-_|D e ] e Dau,u
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a@ p*{ wu . volume matrix of one-direction links fenroutes between points

'$® pI

T:

-$ 6 p and-$ »;— assumingz horizontal streets and vertical

streets;
O-D point which is determined by its subscfipt andg

0-1 indicator of horizontal and vertical directid® ? means the O-D
point is at the horizontal streets, ahd indicates the O-D point is at

the vertical streets;
identification number of an O-D point in the gtre

the 0-1 indicator of the position of the O-D pomn the streety ?
means the O-D point is at the left end of the stwdeen it is a horizontal
street; andy indicates the O-D point is at the right end of #teeet
when it is a horizontal streej, ? means the O-D point is at the top end
of the street when they it is a vertical streed@n indicates the O-D

point is at the bottom end of the street whers & vertical street;
same ag;

same as;

same asg} and

traffic counts at link in the route>, 3 O7?, N»Nm, and™ N°N
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In theory, the total origin and destination pairs:a
cwy ™z ) 1t (5-30)
The total origin and destination routes can be esged by the following equation:

C ¢ gooblfoe> © » U990GG89, & f (5-31)

U=y, u

where
2,969 theo™O-D pair routes which are expressed by EquatioR9(5-

Thus, the is a 2 dimensional matrix witimg: =" ¢y = wy ) €lements

=Yap

entirely.
where

me  YacAgmenm, (5-32)

=Y
Figure 5-19 shows B = road network as an example. Based on the abovgsa)ahe
total end nodes should be 10 (10=(3+2)*2) and o intersections are 6 (6=3*2). The
total one-direction links are:

wu i z ) ‘P P ) P™ (5-33)
The maximum origin and destination pairs are:

Clwu ™ 'z ) o2 (5'34)
Table 5-2 demonstrates an example of the relatiprisgtween the southbound through

movement at intersectioh with its route counts between the origir and
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destinations$ ; ,9-$, 9% ,-$ ; ,0%$, , and-$ ; as shown in Figure
5-19.
oD N
110 fssraa 0Dy ;4
| fé?/ L2 (.D
— 8 18
N[ M|
Street 1 [Py ,
) S— ), —
0D 10 L, e T 0D,
L O o —— " SO SR - 0,11
- 1.1 R 1.2
et —_

! i

-— -—
100 «——— — < prm—
ODUAZAU _______ 1’2‘1 _____________________________ B L, & _____ 0Dy54
= ——— 11°
—
Al il
| |
| A
v | |
| [ |
| |
P ),
Street 3 ¥ | .
f — ) —
150 «———— ; «— < R —
ODysp —————_; a1 & __ x - | & _____ 0Dy 34
:2: > - 25
Aif il
|
| |
|| |
75 150
0Dy 44 0Dy 5,

Figure 5-19 One Example of the Relationship betweehurning Volume and Route

Counts
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Table 5-2 One Example of the Relationship betweenufing Volume and Route

Counts

Route Origin Destination Route Traffic Flow
1D Rate (veh/hour)
1 -$ $ -$ N G o T 100

2 -$ $ -$ G 8 150

3 -$ -$ -$ N N R 75

4 -$ $ 3 -$ O 2 %2178 150

5 -$ $ $ 0, 0% 2108 25

6 -$ -$ 5, 0 %2 %2111, 1 10

7 -$ $ -$ N N R T 108

The southbound through movement traffic flow fatg 618

As the network witlz horizontal streets and vertical streets, the possible unknown
traffic routes are betweenc;,, andme = ¢y, , OF between™ 'z ) 1 and

me =™ 'z ) 1 The total turning movements can be collected is:

w, el p0 (5-35)
where
mw, - total turning movements inza-  road network;

p:  total turning movements at intersectiop which is the crossing section of

street and streety
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The traffic volumes for each movement are the séimaffic counts on each route which
passes through the movement. The relationship leetwraffic movement volumes and

traffic route counts can be expressed by the fafigvequation.

Dap " A D (5-36)
where,

D4 o traffic movement volumes for typm of . approach, at intersection @),
m ? means left-turn movementy  means through movement,
means right-turn movement, and P means U-turn movement; ?
indicates westbound approach, indicates eastbound approach,
indicates southbound approach, and® indicatess northbound

approach;
Ac Ac=1if routeH passes through the movement, O otherwise; and
traffic flow rate at routéd, Ry O ?.

According to Equations (5-31), (5-35), and (5-3bk total unknown variables (traffic
route counts), noted as.,,, (betweer™ 'z ) landmg -™ 'z ) 1), have
mw, linear constraints in mathematic view. Based aedr equation theory, there will

be infinite route traffic count scenarios when tbikdowing condition is satisfied:

Awu s Mw, (5-37)

Otherwise, the route traffic counts can be uniquiEtermined by the traffic movement

volumes, which can be easily collected in the field
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L4

For the DDI shown in Figure 5-20, the total traffirning movements (y,, ) is 12 and
the total unknown traffic routes.,,, is also 12. Based on the above analysis, thedraff
route counts can be obtained exactly by all thi#idreurning movements as highlighted
in Figure 5-20. In other words, it is not necesdargollect traffic route counts directly
for this DDI. Instead, traffic volumes can be ga#tkat the 12 turning movements shown
in Table 5-3 and then linear equation methodology be applied to solve the traffic

route counts for each O-D pair shown in Table 5-4.

Figure 5-20 Traffic Turning Movements for Data Collection
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Table 5-3 Turning Movements Needing to Volume Collgion of a DDI

<599DH 8=767A: <DEDA7G:DA5:D8A
$ !
$

#
Table 5-4 Traffic Routes among all O-D Pairs of a DI

8@:7 <DEDADS5 8C7G 7G:DA5:D8A

$ !
$ ]
$ . L H
i
# |
! P |
$

5.3.2 Proposed Operation 2

# #
Proposed operation 1 discusses the traffic sigmalng plans for DDIs without

signalization of the left-turn traffic on the offsmp. Proposed operation 2 illustrates a
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general methodology of the traffic signal timingups for DDIs with off-ramp left-turn

traffic controlled by a signal.

Proposed operation 2 includes eight signal phaseshown in Figure 5-21. Phases 1 and
5 have the same split that is approximately equ#the travel time ( 1~ sec) between
the two signals at locations “11” and “7” (or beeme’4” and “8”) as depicted in Figure
5-10. Phases 1 and 5 should start and termindte aame time; therefore both should be
set to maximum recall with the same “Max 1” or “phasplits” in the controller settings.
Using these two phases allows the southbound (§Bpmp to be released earlier by
1~ sec while still maintaining no stops at the neghal. This treatment adds an
additional ;- sec of green to the SB off-ramp. Phase 7 servéiseagreen extension
for phase 2, which allows the vehicles entering latphase 2 to pass through location
“5” and get to location “8”. These vehicles canrth®e served when phase 3 comes on,
resulting in reduced delays for the northbound (MBYamp traffic. In addition, Phase 7
is set to “Max Recall” for safety and its durationust be less than the minimum green of
phase 4, which is set to be “Min Recall” in the woher. Phase 4 alone serves the
southbound right-turn traffic. Other signal timipgrameters will be discussed in the
following section. Although Phase 8 does not speadify control any of the movements,
having phase 8 with a “Min Recall” ensures phasae®7 not to come on at the same as
they are actually conflicting phases. Figure 5-2@ves the locations of phases in
proposed operation 2 for a DDI. The SB off-ramghtiturn traffic and the NB off-ramp
right turn traffic are controlled by “yield” typeFigure 5-23 through Figure 5-27

demonstrates the active movements and their pattpleses.
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Ring Barrier Minimum Call

Ringl | ®1 ) dla 3

Ring 2 &5 b6 ¢7

<
< »

Maximum Call

Cycle

Figure 5-21 Phases, Rings, and Barrier for Propose@peration 2

Figure 5-23 Active Traffic Movements at Phase 3



Figure 5-26 Active Movements during Phases 4 and 7
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Figure 5-27 Active Movements during Phase 4

1. Assumptions and Basic Strategies

Similarly to proposed operation 1, proposed openaft assumes that the v/c ratios for
critical lane groups must be equal, and that treemrtimes allocated to critical lane

groups are assumed to be proportional to theiraiidn flow rates.

Proposed operation 2 introduces phases 2 andiitrdffic signal timing scheme. Two
major differing traffic signal timing schemes apty these types of DDIs. One scheme
is that phase 6 is the critical phase; the oth#ras phase 2 is the critical phase. Phases 3
and 4 are also critical phases in either conditidre flow chart in Figure 5-28 indicates
the basic steps needed to develop traffic sigmaing plans for these types of DDIs.

Finally, the extension time is added to these phhssed on route traffic volumes.
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Figure 5-28 Signal Timing Plans Overview for Proposd Operation 2

2. Signal timing scheme 1 (Proposed operation 2-a-1)

Signal timing scheme 1, also called proposed operata-1, deals with the traffic signal
timing plan when phases 6, 4, and 3 are criticalsph. Assume the phasing sequence is
as indicated in Figure 5-21. Phase 1 is predeteunby the travel time of ;- sec.
Phase 1 can serve southbound left-turn (SBL) offgraraffic by combining with phase

6. Phase 1 can also add to the westbound throu@T\Waffic by the end of phase 3 for
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serving this movement. For other assumptions amadiesfies of the proposed operation 2-

1, they are similar to those of proposed operation
1) Cycle Length
For the traffic signal operation shown in Figur&X-the DDI traffic signal timing
parameters must satisfy the relationship in thiefohg equation:
& &1 &g 1 1~ ( 1~ ( (5-38)
where
&,.  effective green time of phase 3 (s);
effective green time of phase 4 (s);
&:  effective green time of phase 6 (s);
sum of splits of phases 3, 4, and 6 shown infeigu21 (s);

1~ :split of phase 1, fixed and determined by thedldwne between the two
signals “11” and “7” through nodes “11,” “12,” arid@d” shown in Figure

5-10; and
total lost time per cycle (s);

For this kind of DDIs, the effective cycle lengtbr the three critical lane groups (SBL,

eastbound (EB), and westbound (WB)) satisfy thie¥ahg relationship with :
‘ 1° (5-39)

Replacing&,, & , & and in Equations (5-38) and (5-39) yields:
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= (5-40)

Then, based on the assumptiéh, E  E , for Z q, the effective cycle length is:

« TT T T (5-41)

where

" flow ratio for critical lane group ; and

sum of all critical lane groups.

For this traffic signal timing plan, the total Idshe is:

n, Ny ng (5-42)
N Nng N. Ny 7 (X (5-43)
where
n: lost time of critical lane group(  ™goH.gA(s);

n, . start-up lost time of critical lane groglf ™goH.gA(s);
n : clearance lost time of critical lane graup ™goH.gA(s);
yellow interval of critical lane group( ™goH.gA(s);
«7 : all-red interval of critical lane group( ™goH.gA(s); and
X: extension of effective green time of criticaléagroup ( ™goH.gA(s).

B Ngo2 (5-44)
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The lost time of phase 3 is 2 sec, since it islapged by phase 1. Phase 1 is overlapped

by phase 2. Therefore, the westbound through ¢ratiis start-up lost time of 2 sec only

as shown in Equation (5-44).

The real cycle length is computed by:

0 =

2) Effective Green Times and Phase Splits

Effective green times can be calculated by:

& _I<()

where

& : effective green time for phas¢ P ™ A).

The actual green time illustrated in Figure 5-2f ba obtained by:

& — ( (7
& & 5 (—
& &)
& &g &g(—
where
—:isequalto 1~ (s).

The phase splits 3, 4, and 6 are:

(5-45)

(5-46)

(5-47)

1)

(5-49)

(5-50)
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The” in Equation (5-41) can be replaced by:

” <> o, *>iY
5 WoEgsK o (5-52)
” V*CE i *CE ¢ £
] WoE de | 4ot (5-53)
where

, 2 1~ . traffic volumes of lane group between nodes “aAd “7” (veh/h);

8, 1~ : saturation flow rate of lane group between nddds and “7” (veh/h);
,» ¢. traffic volumes of lane group between nodes “Bd 46" (veh/h);

& . saturation flow rate of lane group between nd8ésind “6” (veh/h);
.1 ¢+ - traffic volumes of lane group between nodes “ad 48” (veh/h);

§ 1 : saturation flow rate of lane group between nddésnd “8” (veh/h);
.1 r - traffic volumes of lane group between nodes “a0d “9” (veh/h); and

§ r : saturation flow rate of lane group between nddés and “9” (veh/h).

3. Signal timing scheme 2 (Proposed operation 2-a-2)

Unlike proposed operation 1-a, signal timing sch@nalso called proposed operation 2-
a-2, deals with the traffic signal timing plan wheimases 2, 3, and 4 are critical phases.
As the phasing sequence indicated in Figure 5-Bas® 1 is predetermined by the travel

time of .- sec. Phase 1 can serve SBL off-ramp traffic byldamg with phase 6.
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Phase 1 can also add to the WBT through traffithieyend of phase 3 to serve this lane
group. However, phase 1 cannot serve NB off-rarftgtden traffic with phase 2. Thus,

the proposed operation 2-2 is different from praubsperation 2-1. In order to develop a
signal timing plan for the worst condition, phaseés fheglected when developing signal
timing plans for proposed operation 2-1 althougbaih add an additional travel time for

northbound (NB) off-ramp left-turn traffic followgmphase 2.
1) Cycle Length

For the traffic signal operation shown in Figur@X-the DDI traffic signal timing
parameters should satisfy the relationship in thegon below:

& &, & 1~ ( 1~ ( (5-54)
where

&: effective green time of phase 2 (s);

&:  effective green time of phase 3 (s);

&: effective green time of phase 4 (s);

sum of splits of phases 2, 3, and 4 shown inrfeigu21 (s);

1~ split of phase 1, fixed and determined by thedldime between
the two signals “11” and “7” through the nodes “112,” and “7”

shown in Figure 5-10; and

total lost time per cycle (s).
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Under this condition, the effective cycle lengthn fbe three critical lane groups (NBL,

EB, and WB) satisfy the following relationship with:
¢ 1° (5-55)
Replacing&,, &, & and in Equations (5-54) and (5-55) yields:

R (5-56)

Then, based on the assumptiGn, E E , for Z g, the effective cycle length is:

<« T T T ¢ (5-57)
where
" flow ratio for critical lane group ; and
sum of all critical lane groups.
The real cycle length is calculated as:
( —( (5-58)
For this traffic signal timing plan, the total Idshe is:
Ny ny n (5-59)
N Nng N. Ny 7 (X -@B)

where

n: lost time of critical lane group( ™goH.g) (S);
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n, . start-up lost time of critical lane groglg ™goH.g) (S);
n : clearance lost time of critical lane gragup ™goH.g) (S);
yellow interval of critical lane group( ™goH.g) (S);
7 : all-red interval of critical lane group( ™goH.g) (s); and
X: extension of effective green time of criticaléagroup ( ™goH.g) (S).
n Ngo (5-61)

The lost time of phase 3 is only 2 sec, since ibvsrlapped by phase 1. Phase 1 is
overlapped by phase 2. Therefore, the westboumdigihr traffic has start-up lost time of

2 sec only as shown in Equation (5-61).

2) Effective green times and phase splits

Effective green times can be calculated by:
& — "' () (5-62)
where
&: effective green time for phas€ P oH.g™).
The actual green time illustrated in Figure 5-24 ba obtained by:
& — ( (7 (5-63)
& &1 & (5-64)

& &5 (— (5-65)
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& & (5-66)
where

— isequalto 1~ (S).
The phase splits 2, 3, and 4 are:

& 7 (5-67)

The” in Equation (5-41) can be replaced by:

" e v
2 WOEQSK 25y (5-68)
" EE*OE i ‘ecE
] WoE de | 4ot (5-69)
! +

The real green time of phase 6 in proposed operatia-2 is different from the real green
time of phase 2 in proposed operation 2-a-1. Tlter@ for selecting the right signal
timing scheme is based on the value of green timphases 6 and 2 by these two
schemes respectively. If the real green time obkplabased on proposed operation 2-a-2
is greater than the real green time of phase édbasg@roposed operation 2-a-1, proposed
operation 2-a-2 will be applied for developing fti@fsignal timing plans for the DDI.
Then the phase 6 must be allocated the same ppésass phase 2 in the proposed
operation 2-a-2. Assume proposed operation 2-aZta® is selected to calculate traffic
signal timing plans in this study. An extension nm@ed to be added to the cycle length

. for the same reason explained for proposed operdti The proposed operation 2
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with adding an additional extension is called piEEb operation 2-b. The ways to

determine the extensions for phases 2, 3, and demided by the following process.

9 5 1~ WOE} ;s 2 5y WoE} % 2% (5.70)
where
o1~ travel time from nodes “8” to “7” through nodekl” and “12” (s);

12+ travel time from nodes “4” to “8” through node “&);
87 : saturation flow rate of lane group between nd8ésnd “4” (veh/h);

, 12t -traffic counts on the route passing through “8,” “3,” and “8” (veh/h);

and
, 1 - traffic counts on the routes passing throughabt “4” (veh/h).

The extension for phase 4 is affected by the flatiorof the critical lane group between
nodes “1” and “8;” and its percentage of througffic in the route passing through
nodes “8,” “11,” “12,” and “7.” In addition, the s#e factors in the other directions can
affect the extension for phase 4. Therefore, pd&sextension can be allocated by the

following formula:

D M, 15} 2% ZE

@

9, 9 ¥ — o AN — © (571
= i i be b g ‘tag tieeri A
g_)w, M| be I§} “he .i g_:-, NL:E>|I§} ,)i(Ea 3 e >
('Eoe' M b. 5} .-b_i.uoi.bi.
9 9 ¥ — T ————© (572
FM e 8 e e i) O SETS
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9, 9(9 ,(9, (5-73)

% YAEEYAQ& ~121g E 12+ E ~124 (5-74)

E o 2y (5-75)
where

~12+ travel time between the two signals “7” and “Bfdugh the nodes “4” and

“3,” usually -~y + 1~ (S)

! # $
The phase sequence can be decided by applyingathe methodology presented for
proposed operation 1 on the basis of route trafflomes. The route traffic volumes are

exactly determined by traffic movement volumes aésed for proposed operation 1.

2 | #
Bandwidth is a direct way to illustrate the traffigrogression through several
intersections. Proposed operations 1 and 2 havat dgrandwidths for each traffic
movement. Taking proposed operation 2 as an exartimebandwidths for its major
movements are summarized in Table 5-5 and dep&texhg Figure 5-29 to Figure 5-32.
Based on this table and these figures, the bandwvdt reduce when the space between
the two crossovers is increased, as illustrateBignre 5-33. Since other conditions do
not change, the optimal cycle length based on auiomal methods, such as Webster’s

method, will not change. However, the effective dwaidths decrease as the space
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between these two crossovers increases. This ithemexplanation for adding an

extension to the optimal cycle length in propospdrations 1 and 2.

Table 5-5 Four Movements’ Bandwidths of Proposed Ogration 2 at a DDI

First Location Movement Second LocationMovement Bandwidth (s)

(Node ID) (Node ID)

11 SBL 7 EBT L1+ 2

4 NBL 8 WBT L2-92¢

8 EBT 7 EBT L4- 4+ -
7 WBT 8 WBT L3

Figure 5-29 SBL Bandwidth
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Node 8 |
Bandwidt% ;
Node 4

Figure 5-30 NBL Bandwidth

\
Node 8 |
<Bandwidth—
| |

Node 7

Figure 5-31 EBT Bandwidth
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Node 8 |
—
andwidth

Node 7

Figure 5-32 WBT Bandwidth

<«——aoeds

Figure 5-33 WBT Bandwidths Before and After the Spee’s Increase
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5.3.3 Proposed Operation 3

Traffic is a dynamic and nonlinear system. Any gtiehl methodology cannot describe
the traffic process perfectly. Traffic micro simitida is an appropriate method to mimic
the traffic system. However, all the current misnmulation tools cannot optimize traffic
signal control very well for one reason: the compaely long time it takes to run each
simulation. For example, a DDI simulation model\ViiSSIM 5.40 takes more than 3
minutes to complete one simulation of 3600 se@ddition, most simulation tools only
allow users to adjust some parameters by accesspegific files through other
programming software such as C++ and MATLAB. Theref it is not practical for the
majority of traffic professionals to search for iopdl solutions by simulation tools.
Although GA has been applied by some traffic preif@sals seeking optimal signal
timing plans, it cannot be applied in practice tagy for the above reasons. This study
will discuss the potential application of GA in wpizing traffic signal timing plans of
DDIs. However, this study does not provide casalistu for combining GA and
simulation tools due to the time consuming andnei restraints on software parameter
access. This research only focuses on the thealretiethodology of GA applications on
traffic signal operations at DDIs. The GA optimipat module based on proposed
operation 2 is presented for explaining its majomponents and process, assuming a
fixed timing scheme is implemented at a DDI andrié$fic model has been created in a
professional simulation tool. All the following r@mmendations are based on previous

experiences applying GA to traffic signal control.
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A flow chart of the specific GA module for obtaigimptimal traffic signal timing plans

is shown in Figure 5-34. Figure 5-35 shows the maiganization and relationship

between GA optimization and performance estimatmuule. Detailed introductions to

these components are presented in the followintg p&this chapter.

Initial Inputs

The maximum number of generation (Nmng)

The size of population or the number of individuals
The length of each chromosome

Constraints of each chromosome

Natural Selection

e Selection by Roulette Wheel Model

e Crossing by Uniform Crossover Method
e Mutation by Simple Method

Evaluation

e Calculate the average delay of each solution

e Rank and record the fitness of all chromosomes
e Update the population

>Nmng or Satisfying the

A

uirements of the Fitness?

=<
[
!

Output the optimal
solution

Figure 5-34 Overview of GA




INPUTS
Geometry Data Initial Data of Traffic
Ty Unknown Variables Distribution
v
v
DELAY ESTIMATION MODULE GA OPTIMIZATION MODULE
A

Figure 5-35 Overview of GA Applied for DDIs

% &

There are many performance indices to evaluatédrsifjnal operations: delay, number

Best Solution?

=<
]
»

End

No
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of stops, average speed, fuel consumption, banbwidtc. However, all these

performance indexes are relevant. This study mefersearch the optimal solutions on

the basis of average total delay. As a performamdex, average total delay for all the

vehicles in a network is expressed by the followeqggation:
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/e H j j . § IE Iz E!Séjéll\i';%) (5-76)
where
A performance index;
4 length of one simulation periods (s);

$( p' 4): total delay for the vehicles of traffic moveménton approactx,

at intersection (@), during a simulation period of, sec (s);
Z: maximum number of movements on an approach ofrdresection;
9: maximum number of approaches of one intersection;
maximum number of vertical streets in the roanivoek;
Z: maximum number of horizontal streets in the roativork; and

O« p' 4): total traffic flow counts of traffic movement, on approach

Xof intersection (g during a simulation period of, (s) sec (veh).

&

This study selects a fixed maximum number of geimra and fithess convergence index
to terminate the GA module. If the number of itenas reaches the fixed number, the GA
module will terminate its search for additionalig@ns. Since there are no standards on
selecting a maximum number of generations, the mumhbries in different fields and

problems. The fixed maximum number of generatiohsnot randomly chosen, but
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selected considering other factors including thees values, the size of population, the
computation time, and the problem characterisfit® maximum number of generations
to terminate the GA module is denoted b§-! . Or if the difference between the fitness
value of the highest ranking solution and the sssive iterations’ fitness is less than the

pre-defined fitness convergence index, the GA modull also terminate.

The size of population varies in different applicatareas. There is no standard formula
to determine the size of an optimal population. pbpulation size of genetic algorithm

applied in this study is denoted by .

$(

The length of every chromosome depends on the nurobevariables and the
requirements for the accuracy of unknown variabfisce the phasing sequences of
proposed operation 2 are fixed, this study contamestype of unknown variables: splits.
The total number of unknown variables depends erggometrical conditions of a DDI
plus the requirements and constraints of traffiotd. Without losing the generality of
traffic signal control, the maximum unknown varieblare the splits of phases 2, 3, and 4

on the basis of traffic signal scheme is showniguie 5-21.

The maximum number of unknown phase splits for d BRhree. Each phase split can
be exclusively determined by a string of pertingahes. According to the GA, every
variable can be encoded to a string of “0O or 15.bA chromosome can represent all

variables by combining all these “0O or 1” string3ne simple way to build up a
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chromosome for all parameters of a DDI’s traffigral operation is shown in Figure
5-36. The chromosome of each phase split, as aoparitire chromosome shown in the

figure, can be generated by the following equation:
[V 'Y g(Y k) 27N [¢ (5-77)
where
Z: number of binary values of 0 and 1;
« . number of decimals;
Y ¢ : maximum decimal value of variables; and
Y k : minimum normalized value of variables.

The mathematic formulas for the binary encodingaofariableE within 1Y ¢ Y L
are given by:

e Ca

- alp a 1j

(5-78)

s 1k
E;; cd (d; ed;d f DgH———(Ex~ h 8gmTXgnXo8n(5-79)

where
E<~ : normalized variable NE¢» N ;
E(. :Z bits of binary version value of variadte ; and

d,: d"value of bit of variabl& ,d , equalsto 0 or 1, ;
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Each chromosome containg.  bits of binary number. As an example, the numtber o

binary bits for three critical phase splits aré6and 6.

A Chromosome | O | ...... 1 1 11 ... 011 O ...... 011

«— Phase 2's Split —>»«—Phase 3's Split —>«— Phase 4's Split —>»

Figure 5-36 A Chromosome in Traffic Signal Controlfor a DDI

In order to provide an excellent initial samplitige initial size of population ( ) is
often selected to be greater than than the sizkeopopulation (). First, the fitness
values of associated chromosomes in the initiabfatipn pool are ranked. Thus, a large
number of chromosomes with lower fitness valuesdaearded through natural selection.
The remaining chromosomes with higher fitness \alre kept for each iteration of the
genetic algorithm. Among the = chromosomes in each generation, only the tgpa
chromosomes are selected to mate and propagateofiigwing to replace the bottom

ieA chromosomes.

The value of is determined by experiences. is different in a variety of
application fields. The are two popular ways toedeine the value of : proportion
method and thresholding method. Proportion methepk the part of to be

and most of the studies choose 50% as the rattba@matural selection process. The

thresholding method keeps the chromosomes whowsé§itvalues are less than a critical
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value. This study prefers to use proportion methatth the ratio of 50% so that each

generation’s population size can be constant.

» () ”

In order to keep the good genes to the next gaorraa pair of the good parents of
chromosomes should be selected from the given pbtpnl pool to produce two new
offspring. The new offspring are used to replace thromosomes with lowest
performance in the past generation. There are ftain methods to select each pair of
chromosomes from the population pool in the curgamteration: pairing from the top to
bottom, Random Pairing, Roulette Wheel Model, andrilament Selection. This study
recommends the Roulette Wheel Model to select doel gparents to propagate the new

offspring.

Roulette Wheel Model has two main approaches togmisg probabilities to the

chromosomes in the mating pool: Rank Weighting &itdess Weighting. The Rank

Weighting approach simply assigns probabilitiegh®/rank of the chromosomes without
considering the effectiveness of the fithess valeéschromosomes. The Fitness
Weighting approach more reasonably allocates tlbglilities for the chromosomes.
For example, the Fitness Weighting approach weitffeschromosomes evenly when all
these chromosomes have approximately the samedivelues. However, the Ranking
Weighting approach tends to weight much differenaopbilities for these chromosomes
on the basis of their ranks. Formulas (4-14) td§}-shown in Chapter 4 are used to

select the parent chromosomes of each generation.
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This study recommends the uniform crossover meihstéad of one-point crossover and
two-point crossover methods. The uniform crossogpproach can inherit parent
chromosomes in gene level rather than the segraeet by the one-point crossover and
two-point crossover approaches. The uniform cross@perator decides which parent
chromosome will contribute how many of its geneueal in the offspring chromosomes
by a probability, known as a mixing ratio. The migiratio can be selected randomly

between 0 and 1. Figure 5-37 shows the basic pparfamiform crossover.

Parent1 [1[1[1 111 [1{a[a[aa e[ ]1[0]1[1]1]1]1]

Parent 2 \o\o\o\0\0\0\0\0\0\0\0\0\0\0\0\0\0\0\0\0\

offspring 1 [1]0[1]oJo[1]o[1]oJo[1]1]o]o[1][o[1]o]0]0]

offspring2 [0[1]o[1[1]o[1]o[1[1]ofo[1[1]o[1]o[1][1]1]

Figure 5-37 An Example of Uniform Crossover Approab
* ( *
The simple mutation method is recommended in thidys In a population pool, more

than/ g of chromosomes will be modified by simple mutatiorethod. For each

chromosome, every binary number has @ Of choice to be set to its invert.

The chromosomes are evaluated by their fithessesallihe average total delay for all
vehicles in the road system is selected as thestrof optimal chromosomes. The

average delay can be obtained by a simulation #&dower average delay means a
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higher fitness value. Thus, the chromosomes in gaderation will be evaluated on the

basis of their average delay generated from ttigctsamulation tool.

Based on the fithess values of chromosomes, thelatgn can be updated by the
pairing, crossing, and mutation processes introdlugbove. The total size of the
population will be kept the same in each generatibhe average delay for each
chromosome will be ranked and recorded in eveny. Sike best fithess of a population is
used for evaluating the new population’s perfornean€or example, if the new
population’s best fitness value is greater thandireent generation’s fitness value, the
corresponding chromosomes in the new generatidnreplace the worst chromosomes
in the current generation. Thus, the populatioeach generation increases their fitness

values steadily.

The two ways to terminate the GA are reaching tlagimum generation and satisfying
the requirements of fithess. This study recommedying the maximum generation
and fitness value convergence index together asritexions to terminate the GA. For
example, assuming the maximum generation denotedyass 10 and the fitness values
convergence index is 0.05. The GA must be termihatbenever either of these two

criterions is reached.
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After the GA terminates, the optimal solution wittaximum fitness, or minimum delay,
is recorded in the program as a string of binarynibers. The decoding method
introduced in Chapter 4 is applied to convert tiptinoal chromosomes into decimal

values.

Traffic professionals typically make several asstioms; in particular that assigning
traffic green time proportionately for several pfgss the most common way to achieve
an optimal timing solution. These simple assumgidimit the performance of GA
searching for optimal solutions in traffic signabocdination applications. This
shortcoming cannot be eliminated fully since thé&nown variables are greater than
constraints. Based on mathematical theory, the awhkrvariables have infinite solutions
given the specific chromosomes from a GA modulatT$ the real reason to reduce the
efficiency and function of GA in traffic signal cabnation control applications. Most
traffic professionals applied GA on traffic signaordination control and found their
models did not work as well as GA applications tineo fields without knowing this true
reason. However, based on this study’s proposechtipes for DDIs, the splits of phases
2, 3, and 4 can be exactly determined by the chsomes in the GA module since each
phase has its independent constraints. For exathglgghase 2s split is constrained by its
minimum and maximum value. It is reasonable todwelithat the GA can perform better
in the application of searching for optimal traffaperation solutions at DDIs than its

conventional application on seeking optimal traffignal coordination plans.
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If the traffic model created in a traffic simulatidool is running other types of traffic
signal control instead of a fixed signal timing mplaGA methods can also work
successfully. For example, if one DDI is operatifgly-actuated control and its
simulation model is connected with GA optimizatimodel. The unknown variables are
“‘maximum recall” instead of splits in the controllef the simulation tool. A
chromosome consists of the pertinent binary bitsHe maximum recalls of phases 2, 3,
and 4. Furthermore, the minimum green for thesesgdhaan also be assumed to be
unknown variables and be optimized by applying GAmilarly, semi-fully actuated
control and coordinated control can also be optehiby combining a traffic simulation
model and the GA module. In order to reduce thedoamess of outputs from a
simulation model, the average total delay can ldernened from the average delay of
multiple runs in the simulation tool for each saut generated by the GA module.
However, more simulations usually take a longeretitm find out the feasible optimal

solutions based on GA.

5.4 SUMMARY

This chapter reviews the existing methodologiesraffic signal timing plans for DDIs,
and summarizes their strengths and drawbacks. Tgrogmsed operations are presented
for traffic signal operations of DDIs. Proposed @i®n 1 includes three phases: phases
1, 3, and 4. Phase 1 is pre-determined by the gepmia DDI. Phases 3 and 4 can be
determined by the traffic volumes on routes andacaies of critical traffic movements

at the DDI. Proposed operation 2 adds phases &, B, and 8 into the timing scheme.



127

Phases 2 and 6 should start and terminate simoliahefor a pre-timed signal control
type. Two timing schemes are used for generatirgtieas for traffic signal timing
plans: one is based on the assumption that phasésahd 4 are critical phases, and
another is on the basis of that phases 2, 3, aatk Zritical phases. Phases 6 and 2
generated from these two separate timing schenmes@npared to each other. The
timing scheme with the greater of phase 2 or pltaseselected as the optimal signal
timing plan for the DDI. Due to the specific charatstics of DDIs, an extension adds to
the cycle length of DDIs calculated by proposedrapens 1 and 2. In addition, the
combination of simulation tools and GA is introddcas the third proposed operation.
The GA-based simulation optimization can deal vatmost all traffic conditions and
every type of traffic signal control for DDIs. Hower, for most traffic professionals, this
method is not currently practical due to its timensuming nature and technical
bottlenecks of the simulation tools. Figure 5-38nmarizes the traffic signal timing

procedure and methodologies presented in this ehapt



128

e Create a DDI road network in a simulation tool
Generate GA optimization module
Combine simulation models and the GA

< Start >
Initial Inputs
e Traffic Volumes N
e Geometry Conditions
A
Initial Analysis
e Calculate saturation flow ratios
o Identify critical phases
e Determine phasing sequences
e Generate traffic route distribution
GA Based Module
Quantitative Models
e Calculate traffic signal timing parameters on .
the basis of proposed operations 1 or 2 .
module

Pre-timed Control
e Generate splits by proposed
operations 1 or 2

< > < 3 ®

Pre-timed Control

Combine the GA module and a pre-
timed control simulation model
Obtain the optimal solutions

Coordinated-Actuated Control

e Assign splits by pre-timed control

mode as the maximum recalls in
the traffic signal timing settings

A

Eully Actuated Control
o  Get splits by pre-timed control

mode as the maximum recalls for |
the basic timing settings, no
maximum recalls selected

Coordinated-Actuated Control

Combine the GA module and a
coordinated actuated control
simulation model

Obtain the optimal solutions

Fully Actuated Control

Combine the GA module and a fully
actuated control simulation model
Obtain the optimal solutions

C

End

)

Figure 5-38 Traffic Signal Timing Procedures and Mé&odologies Overview
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CHAPTER 6. CASE STUDY AT A DDI

6.1 INTRODUCTION

Although proposed operations can work well in tlyeevhether they can operate in one
real traffic signal controller remains to be se€herefore, this chapter first focuses on
testing whether proposed operation 2 can procedisaweone singular controller for a

DDI. Then, an evaluation of the optimal cycle lédngenerated by the proposed operation
2 is conducted. After that, the effects of trafftwite distributions on signal operation is
studied. Finally, the relationship between the soeer spacing and the average total

delay for a DDI without adjusting other conditiassnvestigated.

6.2 EVALUATION AND FEASIBILITY

The Moana Lane/U.S. 395 interchange located in RMevada, is currently a standard
diamond interchange and is controlled using twonaligcontrollers. The Nevada
Department of Transportation (NDOT) is planningégonstruct this interchange into a
DDI. Through my thorough testing, the proposed apen 2 can be practically applied
using a real traffic signal controller. This sentithen presents the detailed simulation
results of current operation 5 and proposed opmra2i and compares their operational
performances. Finally, settings used in a reafitraignal controller for a fully actuated

control based on proposed operation 2 are listed.
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6.2.1 Site Description

The Moana Lane/U.S. 395 interchange (Moana DDIpgated in the City of Reno, NV.
The interchange is a conventional diamond intergbas shown in Figure 6-1. However,

this interchange will be replaced by the DDI ilhagéd in Figure 6-2.

SLEEL]

: -, |-1-'i“i 1

M -
§ l
o T

Figure 6-2 Proposed Configuration of the Moana Lan&J.S. 395 DDI
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6.2.2 Traffic Demand

The traffic origins, destinations, and nodes fas DI are depicted in Figure 6-3. The
predicted peak hour demands in 2015 provided by Wf@ shown in Figure 6-4. Based
on the methodologies presented in Chapter 5, th#ictrorigin-destination (OD)

distribution in AM and PM peak hours are providedTiable 6-1 and Table 6-2. The
traffic volumes on each route during 2015 peak siare summarized in Table 6-3 and
Table 6-4. The traffic volumes on each route amtigdanputs of a simulation model in a

professional simulation tool such as VISSIM.

Figure 6-3 Origins, Destinations, and Nodes at MoanDDI
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Figure 6-4 Traffic Volumes in the AM and PM Peak Haurs in 2015

Table 6-1 O-D Distribution during Year 2015 AM PeakHour (veh/h)
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Table 6-2 O-D Distribution during Year 2015 PM PeakHour (veh/h)
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Table 6-3 Traffic Volumes on Each Route during Yea2015 AM Peak Hour (veh/h)
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Table 6-4 Traffic Volumes on Each Route during Yea015 PM Peak Hour (veh/h)
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6.2.3 Traffic Signal Operations and Evaluations

1 !

Two coordination plans of current operation 5arevted that are consistent with the
existing coordination plans for the adjacent signallO-sec cycle for AM and 130-sec
cycle for PM. These plans were determined basether2015 traffic demands. Only

cycle length, phase splits, and clearance inteas@&gprovided in this study.
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Phases 4 and 1 are not actually conflicting phaseshown in Figure 5-6. Therefore, the
critical saturation flow ratio for phase 4 is thexamum of these two phases (shown in
Table 6-5). There is no accurate way to determigephase 1 split. In this study, the
phase 1 split is assumed to be 10% of the cyclgtherPhases 2, 3, and 4 share the
remaining time in proportion to their critical sedtion flow ratios. Table 6-6 illustrates

each phase split in year 2015 AM and PM peak hours.

Table 6-5 Critical Saturation Flow Ratio for Phasesl and 4

8=767A:
&." $! %
$&.! $ $

<D:DH5> 5:[38 $
Table 6-6Cycle Lengths and Phase Splits for CurrerfDperation 5

$ $
BH>7 (G7H) $ $
F5G7 (G7H)
F5G7 (G7H)
F5G7 (G7H)
F5G7 (G7H) !
F5G7 (GT7H)
The yellow and all-red intervals of the two coomtion plans for current operation 5

used in VISSIM simulation models are provided inbl€a6-7.
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Table 6-7 Clearance Intervals Used in VISSIM Simulaon Models for Current

Operation 5
F5G7 #
<D:DH5> 8=767A:%&.! &" &" &# 8A7 &# 8A7 B8A7
7>>8; (G7H)
7C (G7H)

1 !
Based on the traffic volumes shown in Table 6-1 @abtle 6-2, the enhanced signal
operation’s cycle lengths and phase splits are sanmaed in Table 6-8. These splits were

acquired by the methodologies for proposed opardtimtroduced in Chapter 5.

Table 6-8 Cycle Lengths and Phase Splits for Proped Operation 2

$ $

BH>7 (G7H) $ %
F5G7 (G7H) $ $
F5G7 (G7H) $ !
F5G7 (G7H) #

F5G7 (G7H) !
F5G7 (G7H) $ $
F5G7 (G7H) $ !
F5G7 # (G7H)

F5G7 " (G7H) " #!

This study uses the clearance intervals in VISSiutation models as shown in Table
6-9. These intervals are defined based on propogerhtion 2 and the specific geometry

conditions at the Moana DDI.
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Table 6-9 Clearance Intervals Applied by Proposed @eration 2

F5G7 #
<D:DH5> 8=767A: &" &" 8A7 &.# 8A7 $&. &. 8A7
7>>8; (G7H)

7C (G7H) $$
1 (

Each VISSIM model ran five simulations with randseeds. The warm-up time in the
simulation models was 300 sec, followed by 3600agean time with data compiled and
collected for each traffic movement at the Moanal.DIhe average delays of five runs
are presented in Table 6-10. The average maximwenagpuof all runs are provided in
Table 6-11. The average delay of each movementh#otwo operations is indicated in
Figure 6-5 and Figure 6-6. The average maximum guéevery movement for the two

operations is listed in Figure 6-7 and Figure 6-8.

Table 6-12 illustrates the compared results of ayerdelays shown in Table 6-10. The
values in Table 6-12 are obtained by taking théedBhce of the average delays from
proposed operation 2 and current operation 5 aad thviding by the average delay
found in current operation 5. For example, the @&dltil%” shown in Table 6-12 is
obtained by (17.9-16.1)/16.1*100%. The value “1&aMmes from the current operation 5
average delay of traffic movement “10->9” duringge tAM peak hour shown in Table
6-10. Similarly, the number “17.9” is the proposgzeration 2 average delay of the same
traffic movement in the period. Based on simulati@sults, proposed operation 2
brought about less average delay for most movemieutsgreater average delay of

movement “10->9” compared to the operation developg the City of Reno for 2015
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AM and PM peak hour periods. The reason for ledaydef movement “10->9” by
current operation 5 is that it adds phase 1 totthffic movement compared to proposed
operation 2. The average delay for all vehicleproposed operation 2 dropped by 17%

and 28% in AM and PM peak hour compared to cumeetation 5.

Similar to the data in Table 6-12 and Table 6-1Bwsarizes the compared results of
average maximum queues shown in Table 6-11. Theageemaximum queue of
movement “10->11" under proposed operation 2 deg@dy 15% and 44% respectively
in AM and PM peak hour compared with current operab. The average maximum
gueue of movement “5->4" in the scheme by propageeration 2 reduced 21% in both
the AM and PM peak hour over current operationpgcgically from 222.1 to 174.8 feet
in the AM peak and from 308.9 to 245.5 feet in e peak, . Of the other traffic
movements including “1->8,” “1->2,” “12->7,” and 41>7,” proposed operation 2
performed better than current operation 5 durirg eak periods. However, proposed
operation 2 increased the maximum queue by 0% 46 & movement “10->9,” and
increased 11% and 14% of the maximum queue of meref3->8" " in the two peak
hour periods, respectively, to 69.0 and 84.3 fébe same reason for greater average
delay of traffic movement “10->9” brought about tlaeger average maximum queue of
this movement. The reason for longer maximum queaésmovement “3->8”
experienced with proposed operation 2 is that gtheme allows the release of
northbound left (NBL) traffic earlier, which stops front of node “8.” The maximum
gueues of this movement were less than 84.3 féxt. Mhiaximum queue is acceptable for

reducing the delay in front of node “4.” Of thehet movements, both operations
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performed well with no noticeable differences foeit low traffic volume, even though

they seemed much different.

Table 6-10 Average Delays from VISSIM Simulation Mdels (sec/veh)

8=767 Proposed
A: Operation 2

@<<TA:

?7<5:D8A

Proposed
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Table 6-11 Average Maximum Queue from Simulation Mdels (ft)
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Table 6-12 Comparison of Delays between Two Operatis
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Table 6-13 Comparison of Maximum Queues between Tw@perations
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Figure 6-5 Average Delays in AM Peak Hour of Two Oerations
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Figure 6-6 Average Delays in PM Peak Hour of Two Ogrations
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Figure 6-8 Average Maximum Queues in PM Peak HourfoTwo Operations

6.2.4 Feasibility of Proposed Operation 2

A hardware-in-the-loop simulation platform, whiafciuded VISSIM simulation and a
Naztec NEMA controller, shown in Figure 6-9 wasaefished to test the feasibility of

proposed operation 2.

5N:7H 8A:<8>:

D6@>5:D8A 8(

1

Figure 6-9 Hardware-in-the-loop Simulation Setup
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Proposed operation 2 was successfully tested tapardware-in-the-loop simulation.
The controller parameters of a fully actuated calrdre provided in “Appendix A”. All

the symbols and abbreviations are consistent vettmihology and labels used in the
Naztec controller Manual. Through this testingwas found that proposed operation 2

can work successfully in a real traffic signal cotier.
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6.3 CYCLE LENGTH

6.3.1 Introduction

Average total delay can be variable when signatrobparameters (such as cycle length
or v/c ratios) change. For a conventional fourdl&grsection, average total delay is not
sensitive until the demand levels are above 80emtrof its capacity(16). Thus, an

important question arises: how will average tolhgl of a DDI change when the cycle
length and v/c ratios are increasing or decreasing® chapter studies the sensitivity of
delay to cycle length and v/c ratios based on a WifH the same geometry conditions as

the Moana DDI.

Five traffic volume scenarios were studied, as shawTable 6-14. Scenario 1 is the
base volume situation on which other scenarioslareed. Volumes of other scenarios
increase in proportion to the volumes of scenarié-dr example, scenario 2's volume
from origin 1 to destination 2 is 216, which is afjto 1.2 times the 180 value from
scenario 1. The saturation flow rates are summaiizélable 6-15. Based on these data
and geometric configurations presented at the M@k the proposed minimum greens,
yellow, and all red intervals are presented in &a®l16 for the cycle lengths ranging
from 60 sec to 150 sec. The proposed maximum greetsw, and all red intervals are
illustrated in Table 6-17. The split for each phatmind by applying the proposed
operation 2-b introduced in Chapter 5, is showable 6-18. The phase 3 split when

cycle length is 60 sec was increased by 2 secgdsinwas too small to satisfy the
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requirements of the minimum green in a controllphase 4’s split was reduce

simultaneously by 2 sec to maintain the 60-sececharigth.

Table 6-14 Traffic Volume (veh/h) Scenarios

H7A5<D8 H7A5<D8 H7A5<D8 H7A5<D8 H7A5<D8

$ $ $ $ $
"$ #$ $ $
$$ $ $$ $ $$
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#$ " $ ! $
$ $ $ $ $
$ "$ $$
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$ $ $ $ $
$ ! $
$ $ # # 1$$
$ $ $ $ $
$$ $ $$ $ $$
$ " $ " "$
Table 6-15 Saturation Flow Rate (veh/h)
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$
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Table 6-16 Minimum Green, Yellow, and All Red (sec)

BH>7 7TAEEF$ #% "$ 1$ $$ $ $ $ $ $ 7>>8 >>7C
F5G7

F5G7 $ $ $ $ $ $ $ $ $ %

F5G7 $
F5G7

F5G7

F5G7

F5G7 #

F5G7" $

Table 6-17 Maximum Green, Yellow, and All Red (sec)
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Table 6-18 Phase Splits (sec)

BH>7 7TAEEF$ #% "$ 1$ $ $ $ $ 0%
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F5G7 " S !
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F5G7 !
F5G7 #

F5G7" # | # | #

&

VISSIM 5.40 was used to evaluate the performanasaoh traffic scenario and output its
average total delay. Figure 6-10 shows the VISS#ded traffic simulation model. The
lane configurations and speed limits in the simafatmodel are same as the data

collected at the Moana Lane/U.S.395 interchange-tiRred, fully actuated, and
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coordinated actuated control types were implemeimtéiis case for each traffic scenario
to study the relationship between the average tkdy and signal control parameters.
The basic settings for each traffic scenario ifRant Barrier Controller” are same among
the three types of controls. Figure 6-11 displéshiasic settings for one scenario with a
cycle length of 60 sec. Figure 6-12 presents tliitiadal settings for pre-timed control.
Figure 6-13 demonstrates the additional settingsfuftty actuated control and Figure
6-14 provides the specific settings for coordinaéetuated control in the simulation
model. The maximum recalls for three types of carare assumed to be the same and
determined based on proposed operation 2-b. Th&WISnodel for each scenario ran
ten simulations with random seeds. The warm-up tmmtée simulation models was 300
sec, followed by 900 sec (15 minutes) run time vatmplied data were collected for

each traffic movement at Moana DDI.

Figure 6-10 VISSIM-based Traffic Simulation Model
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Figure 6-11 Basic Settings in “Ring Barrier Controler”

Figure 6-12 Additional Settings for Pre-timed Contol
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Figure 6-13 Additional Settings for Fully ActuatedControl

Figure 6-14 Additional Settings for Coordinated Actiated Control
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6.3.2 Pre-timed Control

The simulation results for pre-timed control whewle length ranges from 60 sec to 150
sec are presented in Figure 6-15. As can be seémeifigure, a shorter cycle length
produces fewer delays when the sum of critical rasittn flow ratios is less than 0.51
with the similar traffic distributions of scenaridsand 2. The optimal cycle length for a
pre-timed control should be between 80 sec and g0 when the sum of critical

saturation flow ratios is between 0.64 (in scendjiand 0.73 (in scenario 4). According
to the results of scenarios 3 and 4, the averalggy dell initially reduce with increasing

cycle length, transitions to keeping stable thougtreasing cycle lengths, and finally
increases again with higher increasing cycle lengiine optimal cycle length should be
between around 85 sec and 130 sec in the scenihiohe sum of critical saturation flow

ratio of 0.85. The results also indicate that tleppsed operation 2-b in Chapter 5
applies well when the sum of critical saturatioowflratios is between around 0.73 and
0.85. These results play an important role forfitaéngineers and professionals in
selecting optimal traffic signal timing plans inagtice. The relationships between
average delay of other traffic movements and cletgth are depicted in Figure 6-16
through Figure 6-22. The results show that theayedelays in both directions between
the two crossovers are less than 10 sec/veh. Aicgptd the average maximum queues
shown in Appendix B, less than seven vehicles sdpp the middle of the DDI and will

not spill back to their upstream crossover inteaisady pre-timed control.
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6.3.3 Fully Actuated Control

Figure 6-23 shows that fully actuated control wstiorter cycle length (between 60 sec
and 150 sec), which is actually the sum of critiphlase maximum recall lengths,
produces fewer delays when the sum of critical rasittn flow ratios is less than 0.51
under scenarios 1 and 2. Except during the cydgtheof 60 sec, the scenario 3 delays
decrease with the decrease of its cycle length wisesum of critical saturation flow
ratios is 0.64. In addition, the average delay dogischange dramatically when cycle
length is increasing from 60 sec to 150 sec whensilim of each scenario’s critical
saturation flow ratio is less than around 0.64. dpgmal cycle length for fully actuated
control should be between 80 sec and 110 sec wieesum of critical saturation flow
ratios is between around 0.73 and 0.85. Under sanHitions, either a cycle length less
than 80 sec or longer than 110 sec will cause greaterage total delays. All the results
shown in Figure 6-23 are valuable recommendatioos tfaffic engineers and
professionals in selecting optimal traffic sigrnialing plans in practice. The relationships
between average delay of other traffic movementiscyle length are depicted in Figure
6-24 through Figure 6-30. The results indicate tha average delays in both directions
between the two crossovers are less than 10 se&eebrding to the average maximum
gueues shown in Appendix B, less than seven vehstlgpped in the middle of the DDI
and will not spill back to their upstream crossowatersection under fully actuated

control.
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6.3.4 Coordinated Actuated Control

Figure 6-31 shows that the coordinated actuatedraomvith shorter cycle length
(between 60 sec and 150 sec) produces fewer detagns the sum of critical saturation
flow ratios is less than 0.51. Except at a cycigyth of 60 sec, the average total delay of
this DDI rises with the increase of cycle lengthewtthe sum of critical saturation flow
ratios is 0.64. The optimal cycle length for cooated actuated control should be
between 75 sec and 110 sec when the sum of crégataration flow ratios is equal to
0.73. A cycle length shorter than 75 sec or lorthan 110 sec can bring about heavy
average total delay of the DDI under these comufitiorhe optimal cycle length ranges
nearly from 85 sec to 130 sec when the sum ofcafigaturation flow ratios increases to
0.85. Other cycle lengths produce more seriou$idrdélays under the same conditions.
The relationships between average delay of otlafficrmovements and cycle length are
depicted in Figure 6-32 through Figure 6-38. Thaults indicate that the average delays
in both directions between two crossovers aretless 12 sec/veh. In addition, less than
seven vehicles stopped in the middle of the DDI aildnot spill back to their upstream
crossover intersection under coordinated actuabedr@ despite the average maximum
gueues shown in Appendix B. These results are udefu traffic engineers and

professionals to decide the optimal traffic sigmaing plans in practice.
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Figure 6-36 Average Delays of Vehicles of Movemefi4->7" and Cycle Length
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Figure 6-37 Average Delays of Vehicles of Movemetfi->4" and Cycle Length
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Figure 6-38 Average Delays of Vehicles of Movemefi2->7" and Cycle Length
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6.3.5 Summary

Figure 6-39 to Figure 6-40 shows that pre-timedtmdnand fully actuated control
operated with similar average total delays butdvdtian coordinated actuated control in
scenarios 1 and 2 for each cycle. In other wordignathe sum of critical saturation flow
ratios is less than 0.51 with similar traffic distrtion such as scenarios 1 and 2, the pre-
timed control and fully actuated control outperfednthe coordinated control. The
average total delay of pre-timed control and falbtuated control did not change much
when the cycle length changed from 60 sec to 160Kewever, the average total delay
of this DDI increased steadily as the cycle lenigitreased from 60 sec to 150 sec in
coordinated actuated mode. Figure 6-41 illustrdtes three types of controls have
similar trends for average total delay as the cletgth changes from 60 sec to 150 sec
when the sum of critical saturation flow ratio9i64. The optimal cycle length is around
between 70 sec and 90 sec. Figure 6-42 shows sitrglads between average total delay
and cycle length under scenario 3 to those showkigare 6-41. However, the optimal
range of cycle length is between 70 sec to 115wden the sum of critical saturation
flow ratios is 0.73. The performances of these syplecontrollers are not very different.
Similar conclusions are realized under scenariath the sum of critical saturation flow
ratios 0.85 as shown in Figure 6-43. The only eMiddifference is that the region of
optimal cycle length is between 85 sec and 125 Bgure 6-44 points out that the
average maximum queues in front of signal “7” betwéhe two crossovers of the DDI
ranges from 140 feet to 240 feet, which means &hio this segment cannot spill back

to their upstream crossover intersection. Figudb 6adicates that the average maximum
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gueues at the approach of signal “8” between the dmssovers of the DDI is greater

than 75 feet but less than 115 feet, so the spatveebn crossovers can be clear at all

times.
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Figure 6-39 Average Delays of All Vehicles and CyelLength in Scenario 1
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Figure 6-40 Average Delays of All Vehicles and CyelLength in Scenario 2
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Figure 6-41 Average Delays of All Vehicles and CyelLength in Scenario 3
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Figure 6-42 Average Delay of All Vehicles and Cycleength in Scenario 4
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Figure 6-43 Average Delay of All Vehicles and Cycleength in Scenario 5
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Figure 6-45 Average Maximum Queue of Movement “3->8and Cycle Length of

Scenario 5

6.4 EFFECTS OF ROUTE DISTRIBUTIONS

This section examines the effects of route distiiims on traffic signal operational
performance. Given traffic movement volumes onaerbof major approaches, many
route distribution scenarios exist. Whether th#fitraignal operations should be adjusted

for each route distribution scenario is testedin section.

Fifteen route distribution scenarios were studiedch route distribution was evaluated
separately as pre-timed control and fully actuatedtrol. In addition, every traffic

operation was applied with travel time between temwssovers as both 12 sec
(+ 1~ =12 sec) and 22 sec4( -~ =22 sec). For comparing the performance of the
original traffic signal timing plans without addiran extensional green time (proposed

operation 2-a) and adjusting traffic signal timiplans (proposed operation 2-b), each
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route distribution scenario was evaluated by theseoperations. Therefore, a total of

120 simulation models created in VISSIM 5.40 wearal@ated as shown in Table 6-19.

Table 6-19 Total Traffic Simulation Scenarios

Operation Plans Control Types| : 1-=12sec| :+ 1-~=22secC
Pre-timed 15 15
Original
Fully Actuated 15 15
Pre-timed 15 15
Adjusted
Fully Actuated 15 15

One traffic simulation can be named &s-f 1-/ ,-/ -

where
/ b 9o,
]

. *2(E>i£ LI
/ 77
/. Teewrit o,

" — 2? -

*¢ beV

Iy — 7?7 :and

controller type: pre-timed or fully actuated caht

Figure 6-46 and Figure 6-47 together illustrate teaning of f -/ -/ ,-/; - " For

example, a scenario “0-50-50-100-Original” mearniaHic distribution scenario with the

?? and controlled by the original traffic

values/ ? ,/; Q?,9h Q?, and/,

signal timing plan.
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Figure 6-47 Example of Naming Route Distribution Senario
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6.4.1 Simulations When; ;- =12 sec

The VISSIM model for each scenario was run in témugations with randomly
generated seeds. The warm-up time in the simulatiodels was 300 seconds, with a
continuous 900 seconds compiled simulation datkeadeld for each traffic movement
and the entire road system at the DDI. The condigom of the simulation models when
+ 1~ =12 secis displayed in Figure 6 48. In Chaptehé traffic turning percentages
at nodes 3 and 4 are not included in defining thlees of an extensional green time. This
manipulating methodology is not reasonable for smmeditions based on the results
shown in Table 6 20. The ranges of average delajy @khicles in the network are close
to 24.0% under pre-timed control and 28.8% undéy factuated control for different
route distribution scenarios related to nodes 3 4nd’he major cause of dramatic
differences among various scenarios is that theatie between the two crossovers is
short, since the differences among various scemanben ; ;- =22 sec is not

noticeable given other similar conditions accordimghe results in Table 6 24.
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Ts,11,12,7=12 sec

v~

Figure 6-48 Configuration of the Simulation ModelsWhen Op ¢¢ 66512 Sec

Table 6-20 Effects of Route Distribution Generatedrom Nodes 3 and 4

<7&:D67C @>>B H:@5:7C

H7A5<D8 =7<5E7 7>5B 89 >> (G7HO=ZF¥5E7 7>5B 89 >> (G7HO=7F)
$&$&$&$& <DEDA5> I !
$&$& $& $& <DEDAS> " |
$E&P& $5& $$& <DEDAS> ! !
DAD6@6 n |
50D6@6 ! |

5AE7 $ $
5AE7 7<H7A:5E7 #M M

$$& $$8$8$8 <DEDA5> # !

$P& $P& $& $& <DEDAS>

$$& $$& $$& $$& <DEDAS>

DAD6@6

50D6@6 # |

5AE7

5AE7 (M) $M Y

The range of average delays of all vehicles amdngolite distribution scenarios under

original pre-timed control is 9.3 sec/veh, or 51.4Bke pertinent range by original fully
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actuated control is 10.9 sec/veh, or 59.9% (Tabl25% Excluding the distribution
scenario “100-100-0-0-Original,” the range of aygralelay of all vehicles by pre-timed
control is 5.1 sec/veh, or 28.2%. The pertinengeannder original fully actuated control
is 4.9 sec/veh, or 26.9%. These results indicas tie original pre-timed and fully
actuated controls have nearly same range of vétyabor these distribution scenarios.
Overall, the fully actuated control had almost #ane average delays compared with

pre-timed control with only a 0.2-sec/veh differerietween mean average delays.

Table 6-21 Effects of Route Distribution on Origind Methods

<7&:D67C @>>B H:@5:7C

=7<5E7 7>5  =7<5E7 7>5 D997<7A
H7A5<D8 89 >> (GTHO=7RP >> (GTHO=7F)DI97<7AH7 (M)
$8$&$8$& <DEDAS> ! ! $ $M
$&$& $& $& <DEDA5> nn ! $ M
$83& $3& $$& <DEDAS> ! ! &$ &$ M
$$& $$&$8$8& <DEDAS> # ! ” M
$$& $$& $& $& <DEDA5> $ M
$$& $3& $$& $$& <DEDAS5> $ M
$&$& $& $$& <DEDAS> ! ! $$ $ $M
$& $& $& $$& <DEDA5> " " $ $ M
$& $$& $& $$& <DEDAS> " "4 $ M
$&$& $& $$& <DEDA5S> L $# $! M
$& $& $& $$& <DEDA5> '$ ! $ M
$& $$& $& $$& <DEDAS> ! | # $ M
$$&P& $& $$& <DEDA5> " &$ & #M
$$& $& $& $$& <DEDA5S> " ! & & M
$8& $$& $& $$& <DEDAS> $ $ #M
DAD6@6 " . $ $ M
50D6@6 # ! " M
75A $# $! $ M
SAEY ! $! # M
5AE7 (M) M 1M $ M

According to the data in Table 6-22, the mean ayerdelay of adjusted pre-timed

control and fully actuated control was 21.0 and®Zkc/veh, respectively. The change of
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average delay under adjusted pre-timed contrales&c/veh, or 45.7%, while the change
for adjusted fully actuated control is within 1&€c/veh, or 57.3%. These results indicate
that the adjusted fully actuated control has greatege of variability for the change of
route distribution than pre-timed control given g#ne other conditions. The 45.7% and
57.3% values in Table 6-22 explain the effects djtisted phase splits based on route
distributions, in comparison to the 51.4% and 5588kes shown in Table 6-21 for
original methods. However, the efficiency perforroamf adjusting signal operations is

not major.

Table 6-22 Effects of Traffic Distribution on Adjusted Methods

<7&D67C @>>B H:@5:7C
=7<5E7 7>5/ =7<5E7 7>5B¢

H7A5<D8 89 >> (G7HO=7F) >> (G7HO=7FP997<7AHMDI97<7AH7 (M)
$&$8$8&$& CP@G:7C ! ! $ $M
$&35& $& $& CP@G:7C " ! $ M
$&$& $5& $$& CP@G:7C ! ! &$ & M
$5& $5&3$&3$& CP@G:7C # ! # M
$5& $$& $& $& CP@G:7C $1 M
$5& $5& $5& $5& CP@G:7C $ M
$&$& $& $$& CP@G:7C ! ! $3 $ $M
$& $& $& $$& CP@G:7C '$ '$ $$ $ $M
$& $$& $& $$& CP@G:7C $ $ $$ $ $M
$&P& $& $$& CP@G:7C ! 1 $ M
$& $& $& $$& CP@G:7C '$ " &$ & M
$& $5& $& $5& CP@G:7C $ $ $ M
$5&B& $& $$& CP@G:7C &$ & M
$$& $& $& $$& CP@G:7C &$! & $M
$$& $3& $& $$& CP@G:7C $ &% & M
DAD6@6 . " &$ & M
50D6@6 # ! # M
75A $ $ $ #M
5AE7 " $ $ M
5AE7 (M) #M # M $ M
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Overall, the adjusted traffic signal plans, botke-pmed and fully actuated control,
brought about an almost equitable mean averagg detapared with the original traffic
signal plans, according to the results shown ind &k23. The original pre-timed control
with the average delay of 0.4 sec/veh outperforrtiesl adjusted pre-timed control.
Original fully actuated signal plans had less agerdelay by 0.3 sec/veh than adjusted
fully actuated plans (Table 6-23). One possiblesoaafor these results is that the cycle
lengths of these scenarios are in the same rangptiofial cycle lengths discussed in the

“Cycle Length” section ofthis chapter.

Table 6-23 Comparison between Original and Adjusted/ethodologies

<7&:D67C @>>B H:@5:7C

H7A5<D8 =7<5E7 7>5B 89 >> (G7HO=ZRX5E7 7>5B 89 >> (G7HO=7F)
$&BEDES $ $
$&P& $& $ $
$&BE& $B& $$ $ $
$P& $S&P&S $ $
$P& $P& $& $ $ $
$3& $$& $B& $3 $ $
$&P& $& $$ $ $
P& $& $& $$ $! $"
$& $$& $& $$ !
$&P& $& $$ &$ &$"
$& $& $& $$ $ &$"
$& $$& $& $$ $!
$PEPE& $& $F &$ &$
$3& $& $& $$ $

$B& $5& $& $$ $
DAD6@6 &$ &$"
50D6@6

75A $ $
5AE7

5AE7 (M) M "M
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6.4.2 Simulations When; ;- =22 sec

Similar to the simulations wherg ;- =12 sec, the VISSIM model was run for each
scenario with ten simulations using randomly geteefgdeeds. The warm-up time in the
simulation models was 300 seconds, and 900 seaufrglmulation data were compiled
for each traffic movement and the entire road sysaethe DDI. The configuration of the
simulation models when, ;- =22 sec is demonstrated in Figure 6-49. In Chapter
the route distribution percentage in front of no8eand 4 were not included in defining
the value of extensional green time. Different fraire simulation results when

+ 1~ =12 sec, the methodology of adding extension isaeable based on the results
shown in Table 6-24 when ;- =22 sec. The ranges of average delay of all vehicle
in the network are not greater than 4.5% for déferroute distribution scenarios related

to nodes 3 and 4.

Ts,11,12,7=22 sec

\/ \‘

Figure 6-49 Configuration of the Simulation ModelsWhen Op ¢ 66522 Sec
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Table 6-24 Effects of Route Distribution Related tdNodes 3 and 4

<7&:D67C @>>B H:@5:7C

H7A5<D8 =7<5E7 7>5B 89 >> (G7HO=ZF¥5E7 7>5B 89 >> (G7HO=7F)
$&$8$8$8& <DEDA5> # !
$&$& $& $& <DEDA5> no
$&P& $$& $$& <DEDAS>
DAD6@6

50D6@6

5AE7 $ $
5AE7 7<H7A5E7 $ #M $M
$5& $5&$&$& <DEDAS> #

$$& $$& $& $& <DEDAS> |
$P& P& $P& $$& <DEDA5S>
DAD6@6

50D6@6

5AE7

5AE7 (M)

The range of average delays of all vehicles amdngplite distribution scenarios by pre-

#
#
#
#

QPR T T

$
M

timed control is 5.5 sec/veh, or 32.1%. The penimange by fully actuated control is 6.5
sec/veh, or 35.1% (Table 6-25). Overall, fully ated control increased average delay
by 10.9% compared with pre-timed control. The majeason for this result is that
vehicles that pass through the first signal needeerntime to travel through the second
signal, compared to the corresponding scenariomwhe,~ =12 sec. Fully actuated
control operation can terminate or “gap out” easlg® the remaining parts of a platoon
might not pass through the second signal smootHiywever, the pre-timed signal
operation can hold the green time on at the twasmeer signals to guarantee most

vehicles in a platoon pass through the second lsigitteout encountering early “gap out”.
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Table 6-25 Effects of Route Distributions by Origial Methods

<7&D67C @>>B H:@5:7C
=7<5E7 7>5B ¢ =7<5E7 7>5

H7A5<D8 >> (G7HO=7F$9 >> (G7HO=7F)DI97<7AH7DII7<7AH7 (M)
$8$8$&$8& <DEDA5> # ! " $ M
$&$& $& $& <DEDA5S> # " I'M
$&BE& $$& $$& <DEDAS> # " " $M
$3& $$&$&$& <DEDAS> # $ M
$$& $5& $& $& <DEDA5> ! M
$5& $$& $P& $$& <DEDAS> # M
$&P& $& $$& <DEDAS> # " # M
$& $& $& $$& <DEDAS5> " " # M
$& $5& $& $$& <DEDAS> 1 # # M
$&3$& $& $$& <DEDAS> #" $ #M
$& $& $& $$& <DEDA5S> '$ # # $M
$& $$& $& $$& <DEDAS> $ " M
$$E&B& $& $$& <DEDA5S> ! $ M
$$& $& $& $$& <DEDAS> $ # M
$$& $$& $& $$& <DEDAS> " M
DAD6@6 # g " M
50D6@6 # $ M
75A ! $'M
5AE7 $ # M
5AE7 (M) M M $$ I M

Overall, the adjusted traffic signal plans undeigrened compared to the original traffic
signal plans, according to the results shown in&d &kK26. The average delays of adjusted
pre-timed control increased from 19.5 sec/veh t® 2@c/veh in simulations controlled
by the original pre-timed type. However, the adpdsfully actuated control brought
about the average total delay of 21.0 sec/veh, lwisidess than the 21.6 sec/veh under
the original fully actuated control. The range okmge delays by adjusted pre-timed
control is within7.8 sec/veh, or 45.2%. The randieawerage delays by adjusted fully

actuated control is within 6.5 sec/veh, or 35.8%ssinilar to original traffic signal
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control plans, the adjusted fully actuated conlvadl less range of the average delays by

20.7% than adjusted pre-timed control in other Isingonditions.

Table 6-26 Effects of Route Distribution by Adjustel Methods

<7&D67C @>>B H:@5:7C
=7<5E7 7>5 =7<5E7 7>5

H7A5<D8 89 >> (G7HO=7FB9 >> (G7HO=7FPI97<7AH7 D997<7AH7 (M)
$&$8$8$& CP@G:7C # ! " $ M
$&$& $& $& CP@G:7C # n I M
$&$& $$& $$& CP@G:7C # " "$M
$$& $$&$&$& CP@G:7C " $ &$" & M
$$& $$& $& $& CP@G:7C # &$ & #M
PPEPBESHE P ¢

CP@G:7C ! &$ & #M
$&$& $& $$& CP@G:7C # " # M
$& $& $& $$& CP@G:7C $ & & M
$& $$& $& $$& CP@G:7C $ &$ & #M
$8$8 $& $$& CP@G:7C " " &$ & $M
$& $& $& $$& CP@G:7C $ $ &$ & $M
$& $$& $& $$& CP@G:7C &$ &$ M
$$&$& $& $$& CP@G:7C ! ! $ M
$$& $& $& $3& CP@G:7C &$ &$ M
$$& $$& $& $$& CP@G:7C ! &$ & #M
DAD6@6 # " $! M
50D6@6 $ &$ & #M
75A $! $ $ $ #M
5AE7 #" & & #M
5AE7 (M) M "M &$ & $#M

The original pre-timed control outperformed withetlaverage delay of 1.4 sec/veh
compared to adjusted pre-timed control. Howevejusaeld signal plans had an average
delay of 0.6 sec/veh less than original plans wheder fully actuated control (Table

6-27). In addition, the adjusted signal plans ditl reduce the variance of delays among

various route distribution scenarios, since thecgmiage of ranges are 45.2% for pre-
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timed and 35.8% for fully actuated control, as show Table 6-26, as compared to the

32.1% and 35.1% shown in Table 6-25.

Table 6-27 Comparison between Original and Adjusted/ethodologies

<78&D67C @>>B H:@5:7C
H7A5<D8 =7<5E7 7>5B 89 >> (G7THO=ZF¥5E7 7>5B 89 >> (G7HO=7F)
$EPEBES $ $
$&$& $& $ $ $
$&PE& P& $F $ $
$$& $$&$&S $ &
$$& $3& $& $ # &
$$& $$& $5& $$ &$"
$&3& $& $$ $ $
$& $& $& $$ #H
$& P& $& $$ !
$&P& $& $$ $ & !
$& $& $& $$ # &
P& $5& $& $$ $! &
$5EP& $& $F &% $ &
$P& $& $& $$ $#" & #
$B& $B& B& $F &$ #!
DAD6@6 $$ &
50D6@6
75A &$
5AE7 $
5AE7 (M) # $M ##M

6.4.3 All Simulations

The mean average delay and range of the averaggsdal all scenarios are summarized

in Table 6-28 to Table 6-31. Table 6-28 illustrateat the mean average delay of

scenarios controlled by original pre-timed type raes slightly (-1.2 or -5.8%) when

travel time between the two crossovers increasenh ft2 sec to 22 sec. The average

delays of variable route distributions in a widddIDvary less than a narrow DDI for pre-

timed control. Similar conclusions were observedairthe original fully actuated control.
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In addition, the scenarios controlled by originallyf actuated control had an almost
equivalent mean average delay with the pre-timedrobscenarios when, - =12

sec. However, the mean average delays of origuigl &ctuated control increased from
19.5 to 21.6 sec sec under pre-timed control when ~ =22sec. These results indicate

that a larger space between crossovers at a DBkesdully actuated control to operate

less efficiently.

Table 6-28 Original Pre-timed and Fully Actuated Catrol

<7&D67C @>>B H:@5
(<DEDA5>) (<DEDA5>) D997<7AH7D997<7AH7 (M)

75A $ # $ ! $ $M

£ o1oTlzsee  oier ) M | IM "M M
75A | $"M

£ 1°T225€C o7 ) M M $M ' M

D997<7AH7 75A & $ #

D997<7AHT (M) 75A & "M M

D997<7AH7 SAE7 &1 M & "M

D997<7AHT (M) EAE7  &# M & M

Table 6-29 shows no reduction of average delay wemnparing adjusted pre-timed
control to the original pre-timed control for scépna with different spaces between the
crossovers Adjusted pre-timed control also did nediuce much (not greater than 0.5%)
the variability of average delays for a variety tadffic distributions. However, the

original pre-timed control reduces the range ofrage delays by 19.3% when the DDI

spacing increases.
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Table 6-29 Original Pre-timed and Adjusted Pre-time& Control

<7&D67C  <7&D67C
(<DEDA5>) (CP@G:7C) D997<7AH7D997<7AH7 (M)

75A $# $ $ M
£ o1cElzsee oz M #M & #M & M
75A ! $ ! 4 M
£17T228€C oher ) M M M $"M
D997<7AH7 75A & &$
D997<7AHT (M) 75A & "M &$ M
D997<7AH7 5AE7 &I M &$ M
D997<7AHT (M) 5AE7 &# M & M

Based on the results in Table 6-30, both origindlyfactuated and adjusted fully
actuated control brings about nearly equivalentraye delays among all route
distribution scenarios under scenarios with différgpaces between the two crossovers
of the DDI. In addition, both controls caused leasability of average delays in widely

spaced DDI crossovers than tightly spaced crossover

Table 6-30 Original Fully Actuated and Adjusted Fuly Actuated Control

@>>B H:@E @>>B H:@%
(<DEDA5>) (CP@G:7C)D997<7AH7 D997<7AHT (M)

75A $! $ M
£ o1oTlzsee e o) 1M 4 M & M & M
75A $ &$ & "M
£ 17T228€C ae7 W) M "M $ #M $M
D997<7AH7 75A $ # &$
D997<7AH7 (M) 75A M &$ M
DY97<7AH7 5AE7 & "M & M
D997<7AH7 (M) 5AE7 & M &# M

Table 6-31 confirms that the average delay did ciinge very much when route
distributions and the DDI spacing varies. The raofyaverage delays in different route

distribution scenarios for the DDI under a largpace was less than the DDI with a

compact space.
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Table 6-31 Adjusted Pre-timed and Adjusted Fully Atuated Control

<74D67C @>>B H:@t
(CP@G:7C) (CP@G:7C) D997<7AH7 D997<7AHT7 (M)

75A $ $ $M
£ o1cTlzsee ez #M 4 M M M
75A $! $ $ $ M
£17T2256C oher ) M "M & M &$"M
D997<7AH7 75A &$ &$
D997<7AHT (M) 75A &$ M &S$ M
D997<7AH7 5AE7 &$ M & M
D997<7AHT (M) 5AE7 & M &# M

6.5 SPACE BETWEEN CROSSOVERS

Table 6-32 and Table 6-33 illustrate the differentaverage delays caused by the space
between DDI crossovers for each scenario. The thatthe column “Difference of
Average Delay” of these tables is calculated bytrsiching average delays when travel
time between the two crossovers is 22 sec and d.2Aseording to the results shown in
these two tables, the DDI crossover spacing doednmag about evident differences in
the mean average delays among original fully aetijadjusted pre-timed, and adjusted
fully actuated controls. Adjusted pre-timed conthald the smallest range of average
delays out of all the route distribution scenanosler both spacing-related cases. Other
traffic controls for the larger DDI spacing redudbeé range of average delays of the all
route distribution scenarios compared to the tighpaced DDI. The mean of average
delays for original pre-timed control when traviehe is 22 sec fell by 1.1 sec/veh. The
mean of average delays for adjusted pre-timed cbritas fewer variances with

increasing DDI spacing, but with a greater vibnatammpared to the original pre-timed
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control (Table 6-32). Similar conclusions are raadi with the fully actuated control

results shown in Table 6-33.

Table 6-32 Difference of Average Delays of Pre-tindeControl Caused by Spaces

D997<7AH7 D997<7AH7
=7<5E7 7>5B =7<5E7 7>5B

H7A5<D8 (G7HO=7F)H7A5<D8 (G7HO=7F)
$&$8$8$8 <DEDAS5> & $ $&$&$&S& CP@G:7C &$
$8$& $& $& <DEDAS5> &  $&$& $& $& CP@G:7C &
$8$8 $3& $$& <DEDAS> &  $&$& $$& $$& CP@G:7C &
$$& $$&$&$& <DEDAS> & # $5& $$&$&$8& CP@G:7C &
$$& $$& $& $& <DEDA5> $ $& $5& $& $& CP@G:7C !
$$& $$& $$& $$8& <DEDAS> &% $5& $$& $$& $$& CP@G:7C "
$8$8 $& $$& <DEDAS5> & $ $&$& $& $$& CP@G:7C &$
$& $& $& $$& <DEDAS> $  $& $& $& $$& CP@G:7C
$& $$& $& $$& <DEDAS> $& $$& $& $$& CP@G:7C
$8$& $& $$& <DEDAS> & $ $8$& $& $$& CP@G:7C &
$& $& $& $$& <DEDAS5> $$  $& $& $& $$& CP@G:7C
$& $$& $& $$& <DEDA5> $& $$& $& $$& CP@G:7C
$$&$& $& $$& <DEDAS5> &S $5&$& $& $$& CP@G:7C &$
$$& $& $& $$& <DEDAS> &  $$& $& $& $$& CP@G:7C &
$$& $$& $& $$& <DEDAS5> &$  $3& $$& $& $$& CP@G:7C $
DAD6@6 & # DAD6@6 &$
50D6@6 50D6@6

75A & 75A &$
5AE7 5AE7 "
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Table 6-33 Difference of Average Delays of Fully Agated Control Caused by

Spaces
D997<7AH D997<7AH]
=7<5E7 7>5B =7<5E7 7>5B

H7A5<D8 (G7HO=7F)H7A5<D8 (G7HO=7F)
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$5& $5& $& $& <DEDAS> " $5& $$& $& $& CP@G:7C $
$$& $$& $$& $$& <DEDAS> # o $P& $5& $B& $$& CP@G:7C $"
$&3$& $& $$& <DEDAS> &$ # $&$& $& $$& CP@G:7C &$ #
$& $& $& $$& <DEDA5S> P& $& $& $$& CP@G:7C $
$& $$& $& $$& <DEDAS> $& $$& $& $$& CP@G:7C !
$&$& $& $$& <DEDAS> &% $&P& $& $$& CP@G:7C & "
$& $& $& $$& <DEDAS5> $& $& $& $$& CP@G:7C !
$& $$& $& $$& <DEDAS5> $& $$& $& $$& CP@G:7C S #
$$&$& $& $$& <DEDAS> &$" $B&P& $& $$& CP@G:7C &
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$$& $$& $& $$& <DEDAS> #  $P& $B& $& $3& CP@G:7C $
DAD6@6 & $ DAD6@6 &
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6.6 SUMMARY

This chapter thoroughly examined a case study e dity of Reno, NV. First, the

feasibility of proposed operation 2 was tested ufjlo setting up parameters in a real
traffic signal controller. Then, a coordinated atéad control based on proposed
operation 2-b and a coordinated actuated contrtth@fcurrent operation 5 were applied
to the Moana DDI. The simulation results proved ti@ coordinated actuated control
based on proposed operation 2 outperformed theatddsed on current operation 5. In

addition, the relationship between average delagllo¥ehicles and cycle length at the
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Moana DDI was thoroughly studied for three traffiontrol types: pre-timed control,

fully actuated control, and coordinated actuatedtrod. Then, 120 scenarios were
evaluated to test the differences of average ddflalys variety of route distributions

when the travel time between the two crossoverthefDDI was 12 sec and 22 sec
respectively. Similarly, the effects of DDI crossowspacing was also tested, and the
results indicated that the average delays varigtt ¥eéw differences when the space
between DDI crossovers is changed. Further detailesimation about average delays

and average maximum queues for each scenariosemiea in Appendix C.
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CHAPTER 7. CONCLUSIONS

7.1 CONTRUBUTIONS

The diverging diamond interchange is a significamtprovement in safety and
operational efficiency of an interchange. Many pssionals have compared the
operational performance between DDIs and CDIs. Hewe no standards or
methodologies exist for developing signal timingnd for DDIs. Most traffic signal
timing plans are decided manually based on the tipehcexperience of traffic
professionals. This research comprehensively ddudigecific features of DDIs and
developed three major methodologies for use initigndthe optimal traffic signal
operations for DDIs. Compared to previous studiesDdIs, this research makes the

following major contributions:

1. This research comprehensively reviewed previoudiesypertaining to traffic signal
operations at DDIs. This review also briefly sumized the advantages and
disadvantages of DDIs compared to CDIs. In additiomade a summary of the
major results of these studies.

2. This research pointed out the advantages and disgatyes of traffic signal
operations for five current operations applied DI£

3. A three-phase traffic signal phasing (proposed atg@r 1-a) was presented for
situations where the off-ramp left turn trafficredatively low and controlled by
“yield” signs. Also, a methodology similar to Webss method was developed for

determining cycle length and phase splits of a b&ded on their relative critical
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movement volumes. Unlike Webster's method, thisho@blogy includes the travel
time between the two crossovers of a DDI into @&wlation. This research also
recommended a methodology for selecting phasingesesgs according to critical
traffic volumes and saturation flow rates. A moeglifimethodology, proposed
operation 1-b, based on traffic distributions amorigins and destinations, was
presented through adding an extensional greenfantevo phases. The extension
was determined by the travel time between the twesovers and route distributions
among the origins and destinations of a DDI. Finalmethod for getting route
distribution data was studied. This study theoadiigoproved that route distribution
data can be derived by the traffic data of all nmgats, which can be easily collected
at each approach at a DDI.

. A more complex traffic signal operation, proposgeermation 2, for a DDI was
provided. This research also presented the methgusl for deciding cycle length,
phase splits, extension, phasing sequence, amdtagst for collecting route
distribution data for a DDI. Different from propakeperation 1, proposed operation
2 employed the eight National Electrical ManufaetarAssociation (NEMA) phases
skillfully. This operation applies to situations &re left-turn off-ramp traffic is heavy
and controlled by signals.

. This research also recommended applying genetizitdgns (GA) to searching for
optimal solutions to DDI traffic control based dretabove phasing schemes of the
proposed operations. It also proved that the traffjnal unknown variables can be
exactly explained by the chromosomes from a GAs Timay dramatically improve

GA performance in seeking acceptable optimal smhstifor DDIs traffic operations,
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compared to the limited performance of GA applmasion traffic signal
coordination operations for several intersectidhgortunately, this study did not
combine the GA with a traffic simulation tool, suat VISSIM, to find out the
optimal solutions for DDI based on the schemesroppsed operations 1 and 2. If a
simulation tool can output the average total déayer and allow users to easily
access and modify its signal timing parametersrogmamming software such as
C++ and Matlab directly, GA can possibly be appliedinding optimal traffic
operations for DDIs.

All proposed operations in this research can bdampnted through the use of one
singular controller. They can be suitable for edffic signal control types such as
pre-timed, fully actuated, and coordinated actuatedrol. Fully actuated control
settings in a real controller were provided throtigk research in Appendix A.
Traffic engineers and professionals can adjusprtameter settings for their specific
cases.

Finally, this research proposed a case study afitfena DDI located in the city of
Reno, NV. This case study first compared the operal efficiency of proposed
operation 2with an operation recommended by thg @iReno. The results indicated
that proposed operation 2-b outperformed the operétom the City of Reno when
comparing average delays. Then, the optimal cyelgth of this case was studied
and the results indicated the relationship betvaamnage delay and cycle length is
consistent with the relationship presented in higineapacity manual 2010 (HCM
2010). The effects of origin-destination (O-D) distitions and the travel time

between the two crossovers were comprehensivetyestu
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7.2 FINDINGS

The key findings through the case study are pral/lokdow:

1. The signal settings in a NAZTEC NEMA traffic contey were successfully tested in
this research. These settings can be used forigaghcecommendations for traffic
engineers and professionals.

2. The proposed operation 2-b reduced average totaysidby 17% and 28% during
AM and PM peak hours, respectively, compared toctireent operation 5 developed
by the City of Reno.

3. When the sum of critical saturation flow ratiodass than 0.51 at the DDI, the pre-
timed operation with a shorter cycle length, betw&@ sec and 150 sec, incurred the
least average total delay. If the sum of criticalusation flow ratios was between
approximately 0.64 and 0.73, the optimal cycle teagf pre-timed operation were
between 80 sec and 100 sec. When the sum of tsataration flow ratios was 0.85,
the optimal cycle lengths were found between ard@fdec and 130 sec. The results
also confirm that proposed operation 2-b in Chaptisrapplied well when the sum of
critical saturation flow ratios is between around3®and 0.85.

4. When the sum of critical saturation flow ratiodass than 0.51 at the DDI, the fully
actuated operation with a shorter cycle length @i of critical maximum recalls
set in a controller), between 60 sec and 150 seayiied the least average total delay.
When the sum of a scenario’s critical saturati@mwflratios was 0.64, the average
total delays decreased with the decrease of itk dgagth from 150 sec to 70 sec,

except for the 60-sec cycle length. Overall, theleyength of fully actuated control
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did not cause apparent differences of average ttlalys when the sum of critical
saturation flow ratios was not greater than 0.64hé sum of critical saturation flow
ratios was around between 0.73 and 0.85, the optiyaée lengths of fully actuated
operation were between 80 sec and 100 sec.

If the sum of critical saturation flow ratios wass$ than 0.51 at the DDI, the
coordinated actuated operation with a shorter clarngth, between 60 sec and 150
sec, brought about the least average total deldyerthe sum of critical saturation
flow ratios for a scenario was 0.64, the averadal tdelays decreased with the
decrease of its cycle length from 150 sec to 70 lsgicthis was not applicable for the
cycle length of 60 sec. Overall, the actuated coatdd control caused the average
total delays to increase with the cycle lengthsnfraround 10 sec/veh for a 60-sec
cycle to nearly 20 sec/veh for a 150—sec cycléhdf sum of critical saturation flow
ratios was around 0.73, the optimal cycle lengthsamrdinated actuated operation
were between 75 sec and 110 sec. If the sum otadrgaturation flow ratios was
around 0.85, the optimal cycle lengths of coordidaiactuated operation were
between 85 sec and 130 sec.

. The average total delays of pre-timed control anly factuated control did not vary
much when the cycle length changed from 60 se&@oséc and the sum of saturation
flow ratios was less than 0.51. Both control typagperformed coordinated actuated
control under these conditions. Not many differenae the average total delays
occurred under pre-timed control, fully-actuatedtool, and coordinated actuated
control when the cycle length changed from 60 sed30 sec and the sum of

saturation flow ratios were around between 0.64 @&&. In addition, the average
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total delays of these controls had similar tremtiscreased at the beginning, kept
stable in the middle, and increased at the endh@zycle length increased from 60
sec to 150 sec.

. Proposed operations 1 and 2 need to be adjustewdte distributions among O-D
pairs of a DDI, since the average delay of eackerdistribution scenario is different.
Only pre-timed and fully actuated control of propdperation 2 were analyzed in
this study. The range of average delay among alierdistribution scenarios in this
study is 51.4% for original pre-timed control an®. %% for original fully actuated
control when travel time is 12 sec. The range @rage delay among the same route
distribution scenarios reduced to 32.1% for origpr@-timed control and 35.5% for
original fully actuated control when the travel &rbetween crossovers increases to
22 sec. These results indicate that the differenteserage delays on different route
distribution scenarios decrease when the spaceebatwwo crossovers of a DDI
increases.

. Different from the expectations, the adjusted prestl, adjusted fully actuated
control did not improve the traffic signal operatsowhen travel time is 12 sec or 22
sec. These results can be explained by two reagdbasfirst is that the original
proposed operations have included the travel tietevdien the two crossovers in their
calculation process to seek the phase splits; ¢bensl is that the optimal cycle is
around between 80 sec to 110 sec based on the istubis research. The original
cycle length is 86 sec for both cases when traveéd are 12 sec and 22 sec.
However, the maximum cycle length for adjusted eyehgth is 108 sec and 128 sec

respectively when travel times are 12 sec and 22 respectively. The benefits of
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adding additional green times to phases 2, 3, an&ré counteracted by increasing

cycle lengths.

7.3 FUTURE STUDIES

Although this research made a thorough study onsOEaffic signal operations, several

areas can be further studied. Some areas for fudkearch are outlined below:

1. This research presented signal operations for thadethe cycle length, phase splits,
and phasing sequence. However, this study did ompeehensively examine all the
scenarios with pertinent performance by applyireséhproposed operations.

2. In theory, the extension for proposed operationsreasonable and necessary.
However, the study case’s results show that theséetj signal timing plans did not
outperform the original signal operations that wex@ added by an extension.
Whether this conclusion is only applied for thisear also applied for other cases
should be thoroughly studied. How to determine gheameters in the methodology
for extension, or whether some other methodologiey exist to better depict the
effects of traffic distribution on traffic signaperations at DDIs should be thoroughly
researched in the future.

3. This research only proposed a methodology for figdihe optimal solutions for
DDIs by combing GA and proposed phasing scheme®thNéh GAs can successfully
discover the optimal timing solution for DDIs shdude tested through further studies.

In addition, the parameters in GA should be thohtygtudied. These parameters
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include initial population size, population sizerogsover rate, mutation
methodologies etc.

. Pedestrian phases were not included in this reseafbe mutual effects of
pedestrians and vehicular traffic should also kmrered.

. This study only researched the relationship betwaarage delay and cycle length
for one crossover spacing scenario. The relatignseiween average delay and cycle
length in other DDIs with different spaces shouddtioroughly researched.

. Although traffic O-D distribution and travel timestveen the two crossovers were
researched in this study, more comprehensive reseaeds to proceed.

. The effects of traffic composition’ on signal op@ras at a DDI also need to study.

. This study focused on an isolated DDI without cdesng its adjacent intersections.
A more general optimal methodology should be deuadiofor coordinating traffic
flow with several intersections including a DDI.

. There are many interchanges in use such as siogheyrban interchanges (SPUIs),
CDIs, and roundabout diamond interchanges. An aoamnoost and benefit analysis
is necessary for making a recommendation to ancggehether it should replace a

current interchange with a DDI.
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APPENDIX A.

FULLY ACTUATED CONTROL SETTINGS

The controller parameters of fully actuated contoolproposed operation 2 are provided
below as an example. All the symbols and abbrenatiare consistent with what are in

the Naztec controller Manual.

1. Basic Parameters
a. Phase Times (MM->1->1->1)

Table A-1 shows the phase time parameters in theater. All the “Yel Clr”
and “Red CIr" are calculated based on the ITE dinds and extensive
simulation results. Phase 8's minimum green istsed sec which will allow
releasing phases 1 and 2 as early as possible thbenis no traffic in phases 4

and 3.

Table A-1 Phase Time Parameters in Naztec Controlle

Phase 1 2 3 4 5 6 7 8
Min Grn 3 8 5 12 5 10 5 0
Gap Ext 15 15 15 15 15 15 15 15
Max 1 3 22 26 53 5 24 7 3
Max 2 50 50 50 60 50 50 50 50
Yel ClIr 35 35 35 35 35 35 35 30
Red CIr 35 35 25 25 15 15 15 0

b. Phase Options (MM->1->1->2)

Set up the parameters in the controller as showrabie A-2 following MM->1-

>1->2.
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Table A-2 Phase Option Parameters in the Naztec Cawoller

Phase 12 3 45 6 7 8
Enable X X X X X X X X
Min Recall X X X
Max Recall x X X
Dual Entry X X

2. Overlaps
a. Overlap Program Selection and Configuration (MMss8->2)

Each overlap is created separately from MM->1->5->2

The overlap of phases 2, 4, and 6 is created leriagt“1,” then another “1,” and

selecting phases 2, 4, and 6 in the screen as sinolable A-3.

Table A-3 Overlap of Phases 2, 4, and 6 in the Na&xt Controller

Ovrlp A S S s s s S s s
Included Ps 0 2 0 4 0 6 0 O
Modifier Ps 0 0 O 0O O 0O 0 O
Type: NORMAL Grmn: 0 Yel: 3.5 Red: 15

The overlap of phases 1, 2 and 3 is created byiegt®,” then another “1,” and

selecting phases 1, 2, and 3 in the screen as sinolable A-4.

Table A-4 Overlap of Phases 1, 2, and 3 in the Na&xt Controller

Ovrlp B S S s s s S S s
Included Ps 1 2 3 0O O 0O 0 O
Modifier Ps 0 0 O 0O O 0O 0 O
Type: NORMAL Grmn: 0 Yel: 35 Red: 15

The overlap of phases 1 and 3 is created by egt&3ifithen “1,” at last selecting

phases 1 and 3 in the screen as shown in Table A-5.
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Table A-5 Overlap of Phases 1 and 3 in the Naztew@troller

Ovrlp C
Included Ps
Modifier Ps

Type: NORMAL

s s
1 0
0 0

Grn:

s s
3 0
0 0
0 Yel

S S
0 0
0 0
3.5 Red:

15

The overlap of phases 5 and 6 is created by fintgrng “4,” then “1,” in the end

selecting phases 5 and 6 in the screen as shoWabie A-6.

Table A-6 Overlap of Phases 5 and 6 in the Naztew@troller

Ovrlp D
Included Ps

Modifier Ps

Type: NORMAL

s s
0 0
0 0

Grn:

s s
0 0
0 0
0 Yel

S S
5 6
0 0
3.5 Red:

15

The overlap of phases 2 and 7 is created by entébifi then “1,” and selecting

phases 2 and 7 in the screen as shown in Table A-7.

Table A-7 Overlap of Phases 2 and 7 in the Naztew@troller

Ovrlp E
Included Ps
Modifier Ps

Type: NORMAL

s s
0 2
0 0

Grn:

s s
0 0
0 0
0 Yel

S S
0 0
0 0
3.5 Red:

15

After MM->1->5->2 setup parameters for conflictippases 3 and 4 by entering

“3,” then “2,” and selecting phases 4 in the scragshown in Table A-8.
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Table A-8 Parameters for Conflicting Phases 3 and ih the Naztec Controller

OvipC s s s s s s s s

Conffs 0 0 0 4 0 O O O

b. General Overlap Parameters (MM->1->5->1)

The following general overlap parameters are setkict the controller from MM-

>1->5->1;
Lock Inhibit: ON Confl Lock Enable: ON Paren€lIrncs
: ON

3. Ring Sequence (MM->1->2->4)
After MM->1->2->4, select the phase sequence # it®'the 16 default phase

sequences for STD8.

4. Operational Mode (MM->2)
a. Coordination Mode (MM->2->1)

After MM->2->1, select the parameters in the coltgraas follow:
Test OPMode: “0”  Force-off: Float Correction: Long
Maximum: MAX_1 Flashmode: Channel

b. Split Table (MM->2->7)

After MM->2->7, enter “1,” then select “1,” input t he splits of proposed operation 2

in year 2015 PM peak hour as shown in

Table A-9 as an example.
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Table A-9 Phase Splits in the Naztec Controller

Phase 1 2 3 4 5 6 7 8
Time 10 29 32 59 10 29 12 79
Coor- X X

Mode NON NON NON NON NON NON NON NON

c. Patten Table (MM->2->4)

Following MM->2->4, enter the parameters as showable A-10. The offset
value of “10” is for demonstration only and it skibie corrected based on the

adjacent traffic signal control parameters andpiiinent requirements.

Table A-10 Pattern Parameters in the Naztec Contrddr

Pat# Cycle Offset Split Segnc
1 130 10 1 9

2

d. Check Coordination (MM->2->8->5)

Selecting MM->2->8->5 step by step, the resultsfthe controller are as below.

Table A-11 Coordination Diagnostic Status in the Nztec Controller

Coordination Diagnostic Status
Cycle 130 Pattrn 1  Fault: OK

Offset 10 Source Test Data: QK
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|Coord FREEFreeStat Failed

5. Scheduler (MM->4)
a. Action Table (MM->4->5)

Following MM->4->5, select the parameters as ingidan Table A-12.

Table A-12 Action Parameters in the Naztec Controdr

Actn Patrn

1 1

b. Day Plan Table (MM->4->4)
After MM->4->4, choose the parameters as presentdable A-13.

Table A-13 Day Plan Parameters in the Naztec Contter

Plan-1 Evt Time Actn Evt Time Actn

Link O 1 00:00 1 2 23:59 1
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APPENDIX B.

CYCLE LENGTH

The VISSIM simulation model ran each scenario fres using random simulation seeds
and 300 sec warm-up time. The compiled data betvdgdnsec and 1200 sec were
collected and summarized in this section. Figur&é Bresents an example of original
node evaluation files from one VISSIM model. Théues on the line of “All” in these

and other similar figures are the maximum queuesliothe movements in the road
network. The maximum queue of each traffic movemsnlimited to the maximum

length of the pertinent link in VISSIM simulationoalels. The values shown in Table B-1
to Table B-10 are the average results of 10 sinwatuns of pre-timed control. The

values shown in Table B-11 to Table 6-20 are thexaye results of 10 simulation runs of
fully actuated control. The values shown in TablikBto Table B-30 are the average

results of 10 simulation runs of coordinated acdatontrol.



Node evaluation

File:  C:\Patrick\C70\C70-FixedTime\DDI-C70-Fixe dTime.inp
Comment: ;Demand Ratio=170% ; Random Seed =2

Date: Tuesday, October 09, 2012 10:58:57 AM

VISSIM: 5.40-01 [31360]

Node 1
Node 2

Node: Node Number

Movement: Movement (Bearing from-to)

veh(All): Number of Vehicles, All Vehicle Types

Delay(All): Average delay per vehicle [s], All Vehi cle Types
maxQueue: Maximum Queue Length [ft]

Node; Movement; veh(All); Delay(All); maxQueue;
1; N-W; 32; 16.5; 81.0;
N-SE; 16; 13.6; 41.1;
W-E; 96; 74.5; 564.7;
W-S; 0; 0.0; 0.0;
W-S; 29; 8.5; 295.2;
E-W; 91; 8.9; 124.4;
E-S; 31, 0.4; 107.1;
All; 295; 30.4; 564.7;
E-N; 22; 9.4, 0.0;
E-W; 31; 190.3; 866.4;
S-E; 12; 3.0; 0.0;
S-W; 92; 18.2; 240.4;
W-N; 74; 2.1; 0.0;
W-E; 36; 8.6; 123.0;
All; 267; 31.0; 866.4;
All; 562; 30.7; 866.4;

envdvhNNNNNRRRRERRER

Figure B-1 A Node Evaluation File (*.kna) from OneVISSIM Model
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1. Pre-timed Control

Table B-1 Simulation Results When Cycle Length is@Gsec

DAG =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&.! g # Lo$# #1'$
$& $ ! ! $ # $ $
&. $ $ #9$ " Il
&." # # # I$ !
&.# # 0% 0§ # $  #! S#$" #H#
&. $ % $  HE S " #e
&.# $ $ # # ## ! $ '$
>> $ # 0" #  # $ I$!

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-2 Simulation Results When Cycle Length isG/sec

DG =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&!l " $ ! # 1% ! !
$&. $ # Looan #
&." $ # # $# 3 " $
&." # a # A
&t #1# ! rtng #

&. $ #0081 # o# # $#
&t s " #$ " wo#
o T " #1011

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.
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Table B-3 Simulation Results When Cycle Length isBsec

DAQ — =7<BE7 7>6B (GTHO=7F) _ =7<5E7 50D6@6 *@7@7 (9)
$&l Il 0§ # - o
$8. A o
&." ETT BoA " ¢

& s L A
&#  #$ # ! |

& | A A A
P $ # ! $$ !

>> $ $ ! " i # "% $#

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.

Table B-4 Simulation Results When Cycle Length is®sec

DAQ =7<5E7 7>5B (G7THO=7F)  =7<5E7 50D6@6 *@7@7 (9:)
$&! S $ Loy # ! ! "%
$&. 1$ $ $  $" "# $" "# $ $
&." $ " $ gty
&." " neoo '$ ne g
&.# $ #$ " ! ML # #

&. 0" $ ! ! $

&.# ! " # "% "

>> g1 ! $ !

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.

Table B-5 Simulation Results When Cycle Length isdD sec

oA =7<5E7 7>5B (G7THO=7F)  =7<5E7 50D6@6 *@7@7 (9:)
$&.! ! #l $
$&.  # $# # "l CoooF

o S S T Y N

& | #$ A
&# " 4 # #$

e s s . $ $ 85
&.# " . ! oo
> $ 4 v $$ $3

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.
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Table B-6 Simulation Results When Cycle Length is1D sec

oA =7<5E7 7>5B (G7THO=7F)  =7<5E7 50D6@6 *@7@7 (9:)
$&.! ##$ #$  $# | | #
$&. ! $ # o ## " #"1$
o . " "o $ 1#$
&" 3 s 5 \
&# " #" " " $ # | " G
& " #$ #

&# " $ $ # ! "4 $ !
>> $ v ## ! $ !

Notes: S1: Scenario 1; S2: Scenario 2; S3: Sceri#r®4: Scenario 4; and S5: Scenario 5.

Table B-7 Simulation Results When Cycle Length is2D sec

DAQ  —T<5E7 7>5B(GTHO=7F)  =7<5E7 50D6@6 *@7@7 (9)
$&! % # "3 # # " I #
$&. " L L #

&." $ $ 8

&." 8 # ’ #

&#  # $ # # oo

&. SR 118 I #SS #
&# 13 ! A T

>> $ " # ! "$ 8

Notes: S1: Scenario 1; S2: Scenario 2; S3: Sceri#r®4: Scenario 4; and S5: Scenario 5.

Table B-8 Simulation Results When Cycle Length is3D sec

56 =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
381 $ #0083 #o8 L 1s
Y $ ! k

&" | $# "$ #9$ $

&." ! # $ # #
&# "g $1 "o # $# $# ! e !

N g $ #$ $ #
&# ! $  #  # ! !

S>> " n | | I ' #" $

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.
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Table B-9 Simulation Results When Cycle Length is4D sec

DA =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
& $ A A T A L
$& " $ ! s
i | " s s $$
& | ! ! # $
&# " i $# 03 #
& " ! ! #l #$ $ $
&.# oo #

> % # # 8 " $ —

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-10 Simulation Results When Cycle Length i$50 sec

DA =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&! S s # # # 18

$&. ! " # #ro SR

&." $ # # |

&." ! ! $ $ #  H#H# IS
&#t  # $ 8 18 #!1  #$% W

&. ! ! ! ###S $3$
8.4 $ g

>> ! i $  # $ ! - 3%

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.
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2. Fully Actuated Control

Table B-11 Simulation Results When Cycle Length i60 sec

DG =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&.1 " $# $ I8 LA GRS
%8, v #oOO## I # S H#H H#
&." " #"S $ ! H#

&r " ! '$ "l " $ 1#
&# "% $ ! Aro#L "8 8 #

&. ! $ 4 I's  $# ' ! #
P $ ##  # w13 "9
> 8 L #% # S

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-12 Simulation Results When Cycle Length i80 sec

oG =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&! "1 1% " #e 1" "I
58 o N A N S
&." $ " nn | | $ # ” $ $I$ $
g ! 4 " #oo# $ !
& L #rm :

& $ ! # $# # #$ ! I #
&# ! AL

> 3 ! $ # $

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.
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Table B-13 Simulation Results When Cycle Length i80 sec

DAQ — =T<5E7 7>5B (GTHO=7F)  =7<5E7 50D6@6*@7Q@7 (%)
$&! | " ! e S
$& ! R

&." # 0" % % "t $$ N $ $#
&." # % 3 8 # LA
& $ “H$ E I
&. ! ## # 0 $ $ " I# | "
Py s # 1 1ss ! # 1
o $ $ # ! ! $! "#$"

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-14 Simulation Results When Cycle Length i80 sec

DA =7<5E7 7>5B (G7HO=7F)  =7<5E7 50D6@6 *@7@7 (9:)
$&!1 1# $ it D

$&. o## 1 $ % " $

&." # # # 3 "$ #S

& # $ R,
&.# $ o L o#  # 848 "

& I Y tooMs b #
&# # o # #$ # 3 )

o $ ! !

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-15 Simulation Results When Cycle Length i$00 sec

DAG =7<5E7 7>5B (G7HO=7F)  =7<5E7 50D6@6 *@7@7 (9:)
$&.! $ ! ! " $ #

$&. " " " ")
&." $ " g $ e
&." $ 3 $ 1 g
&# " Lo $" " $ %

&. nooome "% $ #
&# nooo ! S "

>> #"8 # $ |

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.
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Table B-16 Simulation Results When Cycle Length i$10 sec

=7<5E7 7>5B (G7HO=7F)  =7<5E7 50D6@6 *@7@7 (9:)

DAQ

$&.! ! $ # ! ! !
$&. ! $ # ! ! !

&."
&."
& #

&.

#

P !
## $"

& # # " "H# # "
>> " # # ! " ! !

Notes: S1: Scenario 1; S2: Scenario 2; S3: Sceri#r®4: Scenario 4; and S5: Scenario 5.

Table B-17 Simulation Results When Cycle Length i$20 sec

=7<5E7 7>5B (G7THO=7F)  =7<5E7 50D6@6 *@7@7 (9:)

DAQ

$&! S # 1$ 3 # #$

$&  $%  # # | ! $$ e
&." " ! ! ! " " $ $! "$!
&." $  # # $# " # "
&# % $ ! #
& #) #1$ # " # ##
&4 $ # # $ "
>> "9 $ $ #$ "#

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.

Table B-18 Simulation Results When Cycle Length i$30 sec

=7<5E7 7>5B (G7THO=7F)

=7<5E7 50D6@6 *@7@7 (9:)

DAQ

$&.!1 11 #$  0$  # | " z " g
$&. $" ! # $! $$ #"
&." T s #
&." # " # " "%
&# | I " "

& "$ I $ ! # $ !
&4 ! #o# I #

>> $ # # " g

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.
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DAQ _ ~T<BE7 7>5B(GTHO=7F)  =7<5E7 50D6@6 *@7@7 (9)
s&!l  $ #$ $ 8 v vtoons 8
$&  $" # S #roo88$ # "s M #
& $# # g ## 18 "
& #$ # " oo

&# 1" #  $# 8" # 9 $ !

&. #" $ # $ $ #$ # 1#

&# $ A 5
>> # I $ #$ " # L

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-20 Simulation Results When Cycle Length i$50 sec

oaq  ~7<SE7 7>5B(GTHO=TF)  =7<5E7 50D6@6*@7@7 (%)
$&.! $ ! H# $

$&. $! # # " $! ! H#H

&." $" ! " # $# # !

&." ! #$ S # # #H "#
&# ! $ I # $ #1 $# "$ IN# !

&. "% # $ #$ " $

&# # # # I$ " !

>> #O# $!r "l ! $ # # '$

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.
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3. Coordinated Actuated Control

Table B-21 Simulation Results When Cycle Length i60 sec

DG =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&.! #1$ b8 #"

38 oo $# !
&" " $ % Mg s

&." # $ # e n "
&# g #$ " HH HS # ##t
&. $ " " : "3
P B # Hgn o s " $
>> $$ 3 # " ! ’ s

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-22 Simulation Results When Cycle Length i80 sec

DG =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&!  # "t 1 #1 ! "
$&. " Y .

g " $ "1 g $$ " $$
g # #1 o # $
&# 1% s 3 5 # e
&. b s ¥
P | $ " L ®s " #
>> $ # s W " - $3

Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.
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Table B-23 Simulation Results When Cycle Length i80 sec

oG =7<5E7 7>5B (G7HO=7F) =7<5E7 50D6@6 *@7@7 (9:)
$&!  #$ " " L #) I !#
$&. "% 1 L s # # "# L
& | $ # " ! $$ L#
&." $ s
&# #goo#ot#Eo# 8 #5853
& R g !
&#  # | # 8 HH# A
>> ! $%

Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.

Table B-24 Simulation Results When Cycle Length i80 sec
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Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.

Table B-25 Simulation Results When Cycle Length i$00 sec
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Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.
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Table B-26 Simulation Results When Cycle Length i$10 sec
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Notes: S1: Scenario 1; S2: Scenario 2; S3: SceriZr®4: Scenario 4; and S5: Scenario 5.

Table B-27 Simulation Results When Cycle Length i$20 sec
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Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-28 Simulation Results When Cycle Length i$30 sec
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Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.



Table B-29 Simulation Results When Cycle Length i$40 sec
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Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.

Table B-30 Simulation Results When Cycle Length i$50 sec
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Notes: S1: Scenario 1; S2: Scenario 2; S3: Scer@r®4: Scenario 4; and S5: Scenario 5.
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APPENDIX C.

DISTRIBUTION OF TRAFFIC

The VISSIM simulation model ran each scenario fres using random simulation seeds
and 300 sec warm-up time. Each run’s simulatioa tatween 301 sec to 1200 sec were
compiled and presented in this appendix. Figure Brdsents an example of node
evaluation files from one VISSIM model. Figure GelFigure C-16 provide the average
delays of 10 simulation runs for each scenario whenel time between the two
crossovers is 12 sec. Figure C-17 to Figure C-8Rige the average maximum queues of
10 simulation runs for each scenario when traveetbetween the two crossovers is 12
sec. Figure C-33 to Figure C-48 provide the averhiays of 10 simulation runs for each
scenario when travel time between the two crossoiel?2 sec. Figure C-49 to Figure
C-64 provide the average maximum queues of 10 sitionl runs for each scenario when
travel time between the two crossovers is 22 ske.vRlues on the line of “All” in these
and other similar figures are the maximum queuesliothe movements in the road
network. The maximum queue of each traffic movemsnlimited to the maximum
length of the pertinent link in VISSIM simulationaglels. For example, the maximum
gueue is around 1300 feet at turning movement “5#x4igure C-17 means the queue

reached at the maximum length of the link in th&%1IM simulation model.



223

1. Average Delay When Travel Time between the Two Cresvers is 12 Sec
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Figure C-1 Average Delay of Pre-Timed Control
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Figure C-2 Average Delay of Fully Actuated Control



224

g O

$
$$
w '$
3 s
[e0]
g B $8$& $& $5& <DEDAS>
5 : B $8$& $& $$8 CP@G:7C
z $ B 38 $& $& $$& <DEDAS>
;*g; $ = $& $& $& $$& CP@G:7
-8 = $8 $5& $& $3& <DEDA
$$ u $& $3& $& $$& CP@G17
O N D 1V D A2 DO3G AN o XD A\
'&ﬂ\gﬂ'\' '\'ﬂ ,»7/ ,)),7 ,,)7/ ,\b‘ﬂ\' '\?‘ﬂ (97’ 6,’7';},’/\’ '\,}ﬂ Ve
+'6672 )-&889:
Figure C-3 Average Delay of Pre-Timed Control
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Figure C-4 Average Delay of Fully Actuated Control
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Figure C-5 Average Delay of Pre-Timed Control
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Figure C-6 Average Delay of Fully Actuated Control
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Figure C-7 Average Delay of Pre-Timed Control
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Figure C-8 Average Delay of Fully Actuated Control
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Figure C-10 Average Delay of Fully Actuated Control
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Figure C-11 Average Delay of Pre-Timed Control
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Figure C-12 Average Delay of Fully Actuated Control
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Figure C-13 Average Delay of Pre-Timed Control
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Figure C-14 Average Delay of Fully Actuated Control
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Figure C-15 Average Delay of Pre-Timed Control
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Figure C-16 Average Delay of Fully Actuated Control
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2. Average Maximum Queue When Travel Time between th&wo Crossovers is 12

Sec
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Figure C-17 Average Maximum Queue of Pre-Timed Comol
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Figure C-18 Average Maximum Queue of Fully ActuatedControl



232

-&+'.& ';78*8 <*&*& 16:5

1$$

"$$

#$$

$$

48 B $8$& $& $$& <DEDA5>
B $8$& $& $$& CP@G:7C

3 B $& $& $& $$& <DEDA5>

$$ B $& $& $& $$& CP@G:7C
m$& $P& $& $$& <DEDAL>

$$

$% H$& $$& $& $$& CP@G!7C

S BN T )
7N A Ay, a0 A
G N N A o (A
S >

A R A NPANE R NS RIN

TS ;
W Y

+'6672 )-&8&9:

Figure C-19 Average Maximum Queue of Pre-Timed Comol

-&+'.& ';78*8 <*&*& 16:5

"$$

#$$ -y

$3$

$3 B $8$& $& $$& <DEDAS>

$$ m$835& $8 $$8& CP@G:7C
m $& $& $& $$& CP@G:7C

s 0 m $& $$& $& $$& <DEDAB>

$$

m & $$& $& $$& CP@G7C

N
e R e N T TR ™ B

+'6672 )-&8&9:

Figure C-20 Average Maximum Queue of Fully ActuatedControl
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Figure C-22 Average Maximum Queue of Fully ActuatedControl
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Figure C-28 Average Maximum Queue of Fully ActuatedControl
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Figure C-30 Average Maximum Queue of Fully ActuatedControl
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3. Average Delay When Travel Time between the Two Cr@®vers is 22 Sec
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Figure C-34 Average Delay of Fully Actuated Control
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Figure C-35 Average Delay of Pre-Timed Control
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Figure C-36 Average Delay of Fully Actuated Control
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Figure C-37 Average Delay of Pre-Timed Control
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Figure C-38 Average Delay of Fully Actuated Control
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Figure C-39 Average Delay of Pre-Timed Control
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Figure C-41 Average Delay of Pre-Timed Control
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Figure C-42 Average Delay of Fully Actuated Control
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Figure C-43 Average Delay of Pre-Timed Control
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Figure C-44 Average Delay of Fully Actuated Control
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Figure C-45 Average Delay of Pre-Timed Control
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Figure C-46 Average Delay of Fully Actuated Control



246

-&+'.& &/'01,&23-&45

B $& $$& $& $$& <DEDAS>
B $& $$& $& $$& CP@G:7C
B $& $$& $& $$& <DEDAS>
B $& $$& $& $$& CP@G:7C

v N o &
TGN N T AW G
RN\ N N

+'6672 )-&8&9:

>
,,,'\r

B $$& $$& $& $$& <DEDAS
m $3& $5& $& $$& CP@G:

Figure C-47 Average Delay of Pre-Timed Control
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Figure C-49 Average Maximum Queue of Pre-Timed Comol
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Figure C-50 Average Maximum Queue of Fully ActuatedControl
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Figure C-51 Average Maximum Queue of Pre-Timed Comol
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Figure C-52 Average Maximum Queue of Fully ActuatedControl
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Figure C-54 Average Maximum Queue of Fully ActuatedControl
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Figure C-58 Average Maximum Queue of Fully ActuatedControl
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Figure C-59 Average Maximum Queue of Pre-Timed Comol
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Figure C-60 Average Maximum Queue of Fully ActuatedControl
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