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Chapter 1 Introduction

1.1 Research Background

Commuting arterials connecting the central bu
experience highly asymmetric directional traf
toward the CBDs during mornipmadtegeak imourmhse &wve
from the i mpact of insufficient capacity at ci

congestion patterns are often exacerbated by

di stinctly oinfdfigrieomts tirnafddaah cdirecti on. Conc
commuting arterial are |likely to experience f
mi ngling of through and turning vehicles, que:

| etfurn phase due to the bayabfockggeubyg. eNMoes:
address -smcihr rodd esnnaturated fl ows and the acco
pressure more through drivemaadt ohesecedecenda
capacity of bot-huthel ahe®ugh and | eft

To tackle all such critical Il ssues in cong
has proposed reversed | ane operatiohs aafatwi
concerns, high cost s, and difficulties in si
contr ol has emerged as a more appealing alter
utilizing their avaielrgbl2e) 149 p a cEiatril eys s(i Bgencad &am
such needs, (Lket MAXaBBRAANBMULTIIBAND ( Gartner et
wei ghted progression bandwidths to accommodat

not reachling agsdtiwcr sattat es. Al ong the same | ine



step coordinated control mo d el to optimize ¢

bandwi dth under both oversaturated and under s

Despite t hetsse, asdevvaenrceelmeenr i ti cal traffic cor
constraints such as insufficient bay l ength
unbal anced directional vol umes, remain to be

mode are devel oped under the assumption of un

process but fails to reflect that traffic con
commuting corridors. Thisuabsmmgel-sinmecdbhke epit d
and fixed phase sequence, reducing their effe
rapid queue buil dup. Consequentl vy, the resul

roadwayods avai habl becapbtytutmhyzed during th
and mutual |l ane blockages.

Whil e the pretimed optimized offsets and pt
mut ual dependence between intersectciommestt ows
provided that al/l key contributors to queue f
remain appr oXxsurah e¢ g n sittaibdres are rarely sust:
arterial s-hoduri mngpgepatkceomsturohndceaondndearons, ever
di sruptions can result in rapid propagation ¢

waves across multipteotdnkhkat addpdogrepsi og. pT|

compromi se tithd-o@fefyi oipemay i @ns, undteirnsec oardi anpgt itv
control strategies capable of dynamically res
|l ocali zed congestion.



With advancemeqdlsutiinonhitgrhaf f iecdi c€¢dti a ec anloldesd
techniques, there exists a godayngoappotittampipt

Adaptive signal control, odioft der theapbiteatorl pi

spill backs and mut uail r bfl @rcrkatgiesn ,prti loer etbo tehr
performance efficiency and reliability. Never
dynamic control function, mo s t existing stud
explicitlyhencompbeat e mpacts of mut ual i mped:

traffic queues toAd adye soitrg mnecoaddiadort &.le¢ ep It a mse

Hence, given the significant gaps that r em;
f ocusdeedv eolnopi ng a coordinated signal control s
highly asymmetric directional flows, intends

1 How can signal control strategies be designed to accommodate highly directionaé¢ vo
imbalances, and to ensure efficient operations for the congested direction without
degrading the performance in the ramngested directi¢h

1 How can the adverse effects of mutual blockage between through ahdnefiueues be
reliably captured in the and effectively mitigated?

1 How can mutual queue blockages and the resulting congestion impacts be reliably detected
in advance to support the activation of customized proactive signal control plans? and

1 How can signal control plans, designed foimimizing the impacts of various queue
blockages, be correctly selected and executed in time to prevent further queue formation

and the emergence of traffic blockage?



1.2 Research Objective

To address the critical I s s utehsi si dsetnutdiyf iaeidmsi nt
r etail me coordinated signal control system cust
hi ghly wunbal anced directional fl ows. More sp

objective has belelnowiesg gevesle wti it dl tfhendtoi ons:

1 tackle the distinct traffic congestion patterns over commuting arterials with highly
unbalanced directional flows during peak hours with an integrated objective function of
minimizing delays in the higholume commuting direan while maintaining the
maximum progression in the opposing direction;

1 concurrently optimize offsets and phase sequences to achieve the control objective of
minimizing the systembébs total delay withou

1 accountfor the impacts of diverse upstream traffic streams and their complex interactions
on their arrival rates in optimization of t
the queue and overflow durations;

1 compute different types and levels of traffielays over each arterial link and intersection
under various possible traffic demands and queue formation patterns;

1 account for the impacts of various types of mutual blockages between through-tun left
vehicles in design of all arterial intersecth s 6 o pt i mal signal of f set
to minimize the associated adverse impacts and best use the available roadway capacity;

T classify the arterialés various congestior
implement responsive signabmrol strategies to tackle the evolving traffic state and

minimize the congestion impacts; and



1 perform shorterm queue length prediction, using spat&hporal information and
geometric characteristics, to project traffic queue stateadwance, enabling early
detection of potential overflows and subsequent execution of proactive control plans to

minimize the likelihood of incurring queue spillbacks and mutual blockages.

1.3 Dissertation Organization

Il n alignment wi t h etchtel vieesf, i ntehd sr essteuadryc hi so bgt r t

chapters, each dedicated to addressing speciftf
proposed commuting arteri al signal control sy
of stthehapters. A concise description of the ¢

1 Chapter 2. This chapter presents an extensive literature review, focusing on offline and
reattime optimal control models for arterial signal coordination. Moyt fkedings from
the reviewed studies, along with remaining critical issues, are also reported in this chapter.

1 Chapter 3: The structure and operational flows of the proposed coordinated control system
for commuting arterials are presented in this chaptdso included are detailed
descriptions of the customized features and functions designed to tackle identified
congestion issues, along with the required modules, inputs, and outputs.

1 Chapter 4: Thi s chapter i ntroduces tdogdaypbase n
operations. It begins by introducing the objective function to accommodate the highly
unbalanced directional flows in commuting arterials. This is followed by atepth
discussion of the timef-d ay modul e6s core | ogisttantgnd as
including varying arrival rates and the intricate interactions between through ahdreft
vehicles. Additionally, this chapter delves into the general formulations of delay patterns,

providing the flexibility for the module to effectively setethe optimal set of phase



sequences and offsets. The results of extensive numerical analyses withwarlckal
commuting arterial for performance evaluation are also reported in this chapter.

Chapter 5: This chapter introduces the responsive dynamitasicontrol module, the core

of the proposed redime adaptive signal control operation, which is built upon the-time
of-day module developed in the previous chapter. The chapter begins with a detailed
description of the methodology to monitor spata&atporal queue distributions, followed

by a discussion of ridbased methods for congestion pattern classification. The operational
logic for selecting and activating customized signal plans in response to the detected and
classified traffic conditions hassal been reported in this chapter. Results of numerical
experiments conducted on a congested arterial in Bethesda, Maryland, for performance
assessment of the proposed adaptive system constitute the last part of this chapter.
Chapter 6: This chapter presenthe proactive dynamic signal control module, the second
alternative within the developed rdahe adaptive signal control framework. Same as the
responsive module, it builds upon the thofeday control foundation. The proactive
module features its adtpn of a prediction model for shererm traffic queue state, which,
designed for early identification of potential queue overflows and blockages, enables the
set of most effective signal control strategies to implement ahead of the likely formation of
congestion and queue blockage. The rationale for adopting an H&iBed approach for
developing such a prediction model over conventional-8eréees models is discussed in
detail, followed by the development of a modeling structure that enablesbassat
detection of predicted queue blockages. Numerical experiments for comparing the
prediction performance of the proposed model against baseline methods are also reported

in this chapter. The concluding section is dedicated to a case study demonstratihng how t



prediction model is applied within the proactive control configuration to evaluate its
effectiveness in mitigating congestion undereatld traffic conditions.

Chapter 7: This chapter concludes the dissertation by summarizing its key contributions,
including the essential features of the tiofeday base module and the demonstrated
benefits of advancing to a re@ine adaptive signal control operation. It has also
highlighted potential directions for future research, including enhancing the developed
systemdébs computing algorithm, critical i s
technologies, and major challenges associated with implementing such a system on an area

wide network level.



Chapter 1: Introduction

!
4 N

Chapter 2: Literature Review

* Review the relevant studies
* Highlight the findings and features of relevant studies
+ Identify research gap and potential enhancement

}

Chapter 3: System Structure and Key Components

+ Identify critical research issues
+ Propose the system framework and operation flows
* Discuss the required models, functions, and features of the proposed

\_ system J
|

/Chapter 4: A Time-of-Day Signal Control Module for Commuting\
Arterials with Highly Asymmetric Direction Flows

* Provide progression for low-volume direction while concurrently
minimizing the delay for high-volume direction

* Mitigate the adverse impacts caused by various mutual blockages
between the through and left-turn queues

* Design numerical experiments to evaluate the performance of the

\ proposed model

/

|

ﬂ?hapter 5: A Responsive Real-Time Signal Controm

Module for Commuting Arterials Plagued by Highly-
Congested Traffic, Turning-bay Overflows, and Mutual
Queue Blockages

* Compute the time-varying queue length for the
identification of mutual blockage type and conduct the
congestion level assessment along the arterial

* Select and execute the selected signal

* Design numerical experiments to evaluate the
performance of the proposed responsive signal control

T )

}

/Chapter 6: Predicting Traffic Quene Dynamics in\
Congested Arterials With a Multi-Branch Multi-Head
LSTM-based System for Proactive Adaptive Signal
Control

* Predict the short-term time-varying queue length state
and identify the event-based queue blockage

* Determine the optimal spatial scope of the study

* Design numerical experiments with simulated real-world
data to evaluate the performance of the proposed queue
length state prediction

* Conduct a case study to demonstrate the operational

performance of the proposed proactive signal control
model

!

[ Chapter 7: Conclusions ’

Figure 1.1 Dissertation organization



Chapter 2 Literature Review

2.1 Introduction

As mentioned in Chapter 1, the primary object
contr ol system tailored forighomyuasypygomattieci d
flows. The review presented in this chapter w
of fline arterial signal coordination optimiza
ti me signal @eaoqmutemnd|l s.ecEaomm swhdd explore key f
their met hodol ogi es, including <control objec
reported performance. Moreover, signifamdant f|
any critical Il ssues identified in the |iterat

the concluding section.

2.2 Offline Arterial Signal Coordination Optimization
Il n the domain of arterial si gmdlgoaadrhdnsn atrieo

designed with two primary objective function

mini mizati on. Each objective function has [
maxi mi zation primarily iappolnisedori ndednradye rnsiantiumia
used in saturated scenarios where traffic dem

2.2.1 Control Objective: Progression Maximization

Existing studies with the control 0 b jeehcitcil vees o f
within these bands to traverse multiple inter:
The pioneering wow&yopr ongxe snsizomgbamwowi dt hs w
Morgan and Little (1964)hi di st budyi(ntSebgbeyr Miaiknee

programming to transform the formulations int

s



gr

the devel opment o f MAXBAND (Little et al . |
eues -taird IpghaEe ese i n the design of progressi
To adapt to fluctuations in I|l-inkahtowgrr nani
| umes between intersections, and to address
ndi gdlne,es researchers have employed different
clude MULTI BAND ( Gart nle\ (eGh aauld h arly9 9aln)d aMieds sF
which introduce variable bandwrdfhscf ool ami
mil arl vy, Messer et al (1973) have endeavor
Il ti phase signal s, tailored to the volume o0b
this area include:the Zédgquigrememtdt .f qrR0dypmm

nds in MULTIBAND to allow the generation of

i fferent arterial segmentlsoop2)siKgnmletdaatla t(a2 (

nami ¢ bamatwiiadn$; dand 3) Li et al . (2022) fu
ttern selection and queue clearing time for
Grounded in the aforementioned  andmar ki n
rformancerwhéedbsanhamotgh traffic is the domi
udies have explored arterials with various t
troduc-pdthla pmuodgiessi on model tai goir eidc d rotr g
OWwWS, a common occurrence, particularl-y i n ¢
reet traffic. I n a simil|la&antaweidn siYenmletopali.mi
med at ensuring drmodthlr oprgdig raends itounr nfi oarg bmo v

appling with heavy turning flows within the

Yen et al . (2021) further -praetfhi nfeldo w hperi org rneosdsei | «



i nt earosnectturni ng count s. Subsequentl vy, Lu et
progression by extending it to the regional s
Thmani behdfits of progression, i ncluding i
reduced trafficremiopsonsedueastendd pavomlblaibsiilans
to uniform vehi-atel speddsapaadt yudlug to smoot
substantiated by previous studies. Neverthele
as traffic conditions appredachhert hseatcua padceidt yoro f
due to disruptions caused by excessive queues
traffic queues often diseupl)tspifibatkowopup:

would i mpede the progeéessetf fbotws aotwaridabdoamc

2) under high demand, only |l imited bandwidth
time Iis ddamshmediing i nitial gueues. Il n such s
to facilitate the smooth forward progression

necessitating alternative contrsseslueoltjamcteiscad a
more complex | evel, rendering conventional p
arterials must accommodoavaeidrh i g ha fvfoilume € h eof &
addressed the i mpact of Shcbughrpriogr dbayi on el
mod el to mitigate thtiswsrn mpridlalncaec kk.aukdewe ber || e
has yet to adequately address various scenar.
i mpacts ofermeswgll tiinmgg oiftnutrnr oviechh cd recs , |l -daénbda ntch e n
di stribution during peak hour s, al | wi t h t h

progression.



2.2.2 Control Objective: Delay Minimization
Within the real mionfi mprziadrniotni aisng heelpay mary co
TRANSYT models (Robertsoned@é660dpobthaodsapueri

owing to its thmiseue srmgmuri ad zaamiicon met hodol ogy

et 2a010.2,) . This model i ncorporates platoon di s|
computation of signal of fsets and timilidg pl ar
di stinguished by several new fieagarmrsisan Trhedel i
for spillback scenarios, the ability to gener
buses and trams, the integration of new compu

simul ati on mddyeladwietdh qtuheeu enesw mul ati on techni g
| ane usage/ |l ane starvation.
TRANS¥HF (McTrans, 2008) serves as the U.S.

notable simulation models along &i mill.ar( 210i0mMe s

)

2006), Zheng and Li (2023), and Zheng et al

|l mdditto onhe -bamedatoipan mi zati on model s, nu
share the common objective of minimizing del a
deilvg into theoretically formulating delay es
area surrounded by the cumul ative arrival and
Chang and Lin (2000) devel opoedeh desteetd dy
arr-depdrture curve targeting minimizing tota
optimizing cycle I ength and green time under

del ay mi ni mizati on ifd)ude&ulChamg ®adk S(RO0Q0Q QY



Stevanovic (2007), Li-Ekbatdai€haeg &RO0O1LPO1Kewnv

(20

ef f
Al g

200

t he

2.2.3

Con

Two

15), and Yu et al. (2018).
Navigating the nonlinear nature of mat hema
enni al chall enge for researcher s, who str

iciency and convenience for hee swclprascstGe
orithms (GA) are often embraced (Wong et a
1; Arshad et al., 2020). However, in pursui

for uniformaar rmiccalunt angs foat varyiimg r at

eams, which wil/ constrain the study scope
7). While such a design may suffice for ms
emsspit falls short duringopéeakohamesawkeno
erved. | n such scenari os, achieving t he

| ementation of fl exi bl e phase hsneodg uwegnyci ng. e’
efficient resolution of nonl i neapl acnhsal | e
tering ongoing research into the devel opme

hni ques (Achterberg, 2023).

Multi-ObjectiveControl

itially highlighted by Gartner et al . (199

currently having both progression maxi mi za
sequently, some studies havegpanoposhbdsedi 61 ¢
pri mary approaches h a vlkea seemde rgrealg r alms maad |

dwi dt h, and 2-baasadgustgngl banthiwndt pl ans to



Exampl es of studi es aippdlyucheg thesef i byt Ca
Skabardonis and May (1985), Cohen and Liu (1¢
bandwiodntsht r ai ned del ay mi ni mi zati on mo d e | wa .
solution as the i4TIFta(laVla cveal eute alo.r, TIRAIMUS)Y.T Thi s
and ending time points-waty eanh ii mt earns eacdtdiiotni oc
ensuring that the red time does not encroac!l

progr es svieonne sesf fwehcitlie opti mi zing del ay reducti

splits. Conversely, for the second approach,
measure of progression quality, known naesd t he 1
at achieving the dual objectives of decreased

Recent studies in the past @odg¢ardteilvaeavdr@mme
to address various issues for different traffi

introduced a new methodol ogy for optimizing s

based on the <cell transmission model , empl oyi
Zhou et al . (2017) devel oped dptei nciyzcdtiinogn (nuoD
arterial signal coordination to mitigate ex(
di sparities in traffic vol umes. Meanwhi |l e, Ch

model s for arterials owfehimgghl exirmii Inigt yw oil m n

bandwi dths to target delay reduction, particu

2.3 Commuting Arterial Traffic Controls

Commuting arterials |linking central busi ness
umiue traffic patterns, particularly during pe
For instance, morning peak hours typically ex



the reverse occurs during emeeingepeak hoaf §i
cruci al for the design of an effective contro
as a solution for such scenarios. Wol shon and
roadway applrcatffoboacandnttbhackl!l ing traffic fIl
proposed a-udksyen ansisci glnameent mod el at signalized
phase sequeercassilgament s, and the needTian r e
(2014) verified the effectivelnewel odr agrvaemmii g
to optimize | ane allocation and predict drive
integr-atted bafyts and vrmireouisntve hi eVver cialtleggol an

accommodate fluctuating traffic conditions, s

dynamic | ane reversal, enabling rapid and aut
to rieméctcahfliti ons (Hausknecht et al ., 2011;
et al ., 2023).

Despite its widespread use, reversible | ar
i mpl ementati on, |l eading to conltenrtns 22b®@)t. unB

P®t er (2014) highlighted safety concerns and
structures, especially the transition area.
overhead costs,candnt ceordchkadof oinnppesee furt he.]
of reversible | anes (Peng and Wang, 2023). Ac
turned to coordinated signal contr ol asalan al t
fl ows on commuting arterial s.

The earl i est attempt t o account for t he

MAXBAND (Little et al., 1981) and MULTI BAND (C

MPp



weighting factors ton@dtjasuntaadleamaeand wd alman cax.c
MAXBAND and MULTI BAND approaches faced some

bandwi dth solution may not always be achievahb

Lu et al . (2012)x dygdrmpeopeod Hraye seamabyg ddet thw ona x |
model that not only enhances total bandwi dt h
factor, all owing users to control the I mport

Addi t iloenvaelrlaygi ng t he unique design of overl app

signal phase sequences for arterials with un
forward progression maxi mi zati on i sndtsy parceal |
undersaturated, a condition rarely met during

intersectionés <capacity (Peng ansdt eWa nal, g o2r0i2t3h)
tackle such challenges. & ilresndtyhs tehredy @reemeenr ady
t hroughput in both directions, fol Whwedh amy d

Richards theory for the oversaturated directi

phase schemeasblteo beanmsduwied tvlarma xi mi zati on i n uns

Despite the acknowledged i mportance of e f
arterials, there remains a noticeable | ack of
unresolvedl] a©Ohg pagni éi cant concern is the ov
turning bay <capacity. Whil e some studies have
operational i mpact s, they typical |lp/l ifcoachuisl iotny
broader, more complex scenarios involving mul:t
2023, Zhao et al ., 2024) . The frequent overfl

|l eads to mutual bl oeKtdwgren bgeu eveeesn, t hirghulgihg hatnidn



investigation into the adverse iIimpactguoh the

vehicl es.

2.4 Adaptive Signal Control

Offline coordinated contholstiogsitcaloptiamifze dia
time information, thus I imiting its effectivel
To address this I imitation, a vast array of

| ever aged ft mee wadveeanretcti on technol ogies and eme

dynamic respenwvvdyiing ttheaffast fl-ucmeaat Baesdand

approach to handling traffic comcaittoi 6 we, madap
responsive and proactive signal control . Whil ¢
ti me, adjusting signal timing dynamically bas:s

forecasts futumed tha&ihf ioptcomndietsi sngnatii mé mi ng

coll ected and stored data along with the embe

2.4.1 Responsive Signal Control

I n the realm of responsive signal control SY ¢
depl oysmesuch as SCATS (Sims and Dobinson, 198
have demonstrated promising pe$fdonr€oyandenate df
AdaptTr @ é $yisd e m, stands as a pinnacle of adap

Originating from Australia, SCATS has garner ec

worl dwi de ( NSW, 2025) . Il ts operational l ogi ¢ |
traffic networks into manageabbkeseswutbinen ssoohRery
synchronized <cycle | ength. Wi t hi-tni etrreed <hu kemr eatr
consisting of roadside control cabinets and r

MT



for managing standatrdolreaponpgioeessignmn@gltcaf fi

comput ers ar e ubsaesde dt ot roavfefrisce ec oanrt ereo | (Lowri e,
process relies on synthesized fl ow data deri ve
fl owsrdtrom strategic detectors. This dataset
signal parameterssiiiMec€awor k 20dmmunil mdteiron i s

sophisticated fAmarried/ di vobc e-way mercdhag@rng san, o rw

on directional traffic volumes (Luk and Si ms,
progression bandwidt hs, facilitating uninterr
Notabl vy, SCATS" scal adtl et meg claddeti one o0& n siunrtee
compromi se the systembs performance, maki ng i

management needs.
Originating from the Transport Research La
as Spheytl e Oah@rtti mi Feacthinamu e, i s of t erne srpeognasridveed

counterpart to TRANSYT. As SCOOT has evolved

capabilities by integrating advancemarttiooni rof
varinewd vy emeearegcadrs. This enhancement has sigr
to capture and-tpmecesafdqual day aredBly | everagin

in conjuncti-@ua lwi-tt hme E&PDtOdH,i gdoan dynamical ly ad:
and cycle |l engths to minimize delays and opti

While SCATS and SCOOT are widely adopted

management, their pekrfabmancedéecoatesr Aesd ¢tr
by Lee et al . (2002) , raising concerns about
corridors. Notably, neither system sufficient!]l

MYy



andurmdt | ane bl ockages in their control object

detectors placed at stop lines or slightly urg
after they have already i ntreersfpeornesdi we ntehs sa.d j SaGQ
ot her hand, typically pl aces det eecsttoirnsat @&t tth
downstream turning ratios, which restricts it

through and turnveg, mboeemesysteMsreend to rel

to i mprove | ntdea ssetcrtatoeng ye ftfhacti emay be i neff ecH
when dealing with congestion patternstrcafufsied |
gues. These | imitations underscore the need f
the complex conditions commonly observed in c
directional fl ows, intricat & |welkiacglees.i nt er act

Ot her adaptive systems depl oyed i nLitthe, f i €

have al so made their unique contributions to
not -snaetawrr at ed traffic condi tniaomsc. s@QRAQ e{gGa rftonre
responsive and decentralized signal control s
primarily designed for i solated intersection

empl oys dynamic pr aerdammi,ng utpep | mineinmitdes bpeani

for signal coordination baedtiween Liurnytasmmrdsae etti an s
on ®dgtective solutions by incorporating a reg
ACS ilcogcompati bl e with existing signal control

demand dat-afday t bBeet | mactceormnmofdlaudtnua tmiadns fr on
Recent studies in responsitviec asli genxapll ocroanttiroon

have been extensive in the traffic |iterature

M &



Zheng and Recker, 2013; Varaiya, 2013; Christc
Noaeen e)t. albtr tih20OwW®tli ng t hat most of such model
the benefits of through movements or focus s
turning flows, both inbound and out baluaardc e d o
directionaitiimeowsodnitmolrea@ahvironments stild]l rei

traffic community.

2.4.2 Proactive Signal Control

Unl i ke the responsive signal contr ol to react
featkhrmgta preemptive approach to prevent tra
With the predicted congestion patterns and th
systems can prevent or post ponemitaiengf odenady 0
mai ntaining traffic conditions. This proactiyv
commuting arterials, where traffic queues and
traffic conditiementaheoaef ofeprolaeti megl signal

for effectively managing traffic conditions i

One of -kKrhewnwedrloacti ve signal contr ol mo d e
Head, 20al)me adapthii e system designed to opt
hierarchical control archimecdetect RHODBS al &«

traffic conditions atamgilngpfeomesobduvi doal e

pl atdceanmasbl ing it to alleviate conflicting dema
it i ncorporates the REALBAND modul e devel opect
facilitates acyclic signal phasle vehlinslies .onkol

RHODES, subsequent studies have proposed ot he



Hai j ema

a

n

e

a

and Hendrix (2014) formulated a dynam

Mar kov deci sion procleasysa.kr $istinlaar [(y2t0ilhban gd eav
t woircke traffic control sl cehveente , h isetrraurccthui rceadl aa
signed to otparmiatee bomhdi hoalg operations for
Having armaéffiablféow prediction, as highlig
essenti al for the success of proactive si
gni ficantly from the actual condilt imanys, bd h
mpromi sed, | eading to a worsening of traff.i
The realtmeromh tsthafrfti ¢c fl ow prediction has wi
mmunity, particularly with the emergence of
, 2015). However, traffic flow prediction i
nlinear and stochastic characteristics of ¢
: 2017) . Studi es ian | yr afef iccatprgedii zteido ni nd a
rametric models and nonparametric model s (

mpl oy etriimes anal ysis methods to address traff

S

Kahleman mEtdhhobewhi ch formul ates the regressio

framework and updates the algorithmbés par amet e

( Xi e

wi dely

et

renowned

mo d e |

al ., 2007; Ojeda et al ., 2013no0tGueor et

utilized parametric model is the autor e

for i1Kwvmari neemmd \satnraujcatkusrhei. ( 2015) i nt

speci ficatley mdd giad riteico rnf,d rodvesnpoorestdt ircat i ng |

produce

accurate forecasts with [T imited 1inpu



approaches include those by W lIliams et al. (
Tan et al. (2Q@Q09%),ZlaadgAéghaimdi et al . (2019

I n addition to the Kal man Feislttaedrl i sarhde dA BlaM/
met hods have been explored in the |iterature.
wi t hin a  dbeaespe di-necadrenti ngnt egrati on framewor k,
accuracy in handling | arge variations and unceé
a mwlatri able Grey forecasting model featwuei ng

coefnfti,ciwhi ch significantly enhanced the pre:q

coefficient models. Spectral analysis approacl
et al . (20211) idnev efloorpeecda sd | mga laligoonrsi t e iuvse dn g
spectral anal ysi st erematbhd afnfgi ad@ampdédivet ishirog twi t |
Ghosh et al . (2009) contrsbutes @model tcapablaeé

modeling trend, seasbdberaltstyprawd mgakémdé&sdtitcveol

across multiple urban intersections.

However, despite their widespread use, par
ARI MA, are constrained by inherent | imitation
and fail to effectively <captur edepheendrearcliierse a
charact-eworkd teaffic systems. Kal man Filters,
Gaussian noise, struggle with the nonlinear,

rapi d transitions sfatamatueadercoatdurntatoeand . t &1 mi |
stationarity in traffic data, an assumption ¢t

its ability to model i nteractions between vari



Both models also face challenges with outlier:
time traffic monitoring and prediction.
Recognizing the | imitations of traditional

Extended Kal mard oFi lIttrearf f(EKFpPrediction tasks (\

Shih et al ., 20 24i)n.e aEKiFt ya dbdyr elsisneesa rniozni ng t he
Jacobian matrices, providing | ocal apprcchxiimat
only effective for small devi awo rningd tamafufnidc t g
wher el innbenari ties such as queue spill back, mu t
common, EKF often failextioycaMbueeviehe saymhem
lies in its scalabilitdi ménafb-mal palnidé ¢t npot g
vehicle count, occupancy-] ispaedj naedasitgoal p@lk
EKF iisnhheortent |l y suited for model i ngi nspuucth, cnoumptl
out put systems significantly increases comput
and matrix inversions at evVversy dgdtrerp.s tFautreg hesgtm

and | acks the <capgelriml idegpetnademodebk, | whgch ar
cumul ative effects such as queue buil dap and
Gaussian distributibnchndrendependentenbdbi wet h

measurements are often nodsesgypecioalkleyatdedi ngngd

under spillover conditions. Additionally, EKF
instwheege flow is recorded as zero despite |
mi smatches can cause the filter to di-vsealge, or
dynamic environments. Taken Kb@geteafefrecttihesmres s
mu ksttiep traffic prediction in complex urban ne



For -pnaornametri c met hods, neur al net wor k al g
remar kable flexibility and robustitlieas ni Kar, | &
and VIahogianni , 2001). With the emergence of
Net wor ks (RNNs)-Tearnnd Meomogr yS h(oLrStT M) net wor ks he
attention in traffic fl owcuwlrerdliyxtebhectaisve hat
compl ex tempor al dependencies and-Teoml Meear iyt
(LSTM) network, a specialized variant of RNNs
t o captruaneg el odhegp e wd @ hoiu t suffering from the
combined with its architecture of memory cell
nonlinear relationships through nonlinear act

ef f ectsihvdeetrfmorf orecasti ng. Tian et-Tatm Me@dby

Recurrent Neur al Network (LSTM RNN) model , | e
memory block to dynamically deter mi nceun atei ommpt
for input dat a.

Kang et al . (2017) explored the i mpact of
performance, noting that incorporating occupa

performance. Ot her studioesandt iSloionigndg 2I09SBM, i mQd
Liawt al .Ma(ck®h7z)i,e et al . (X408 )al .Ti(a2n0 1ex) ,alMo U :

Rahman and Hasan (2021)Red$huu aaardd KXiimanmg (RD®2B))

Whil e extensivevoetedatehwmhosabkbea tieow pre
it remains confined to individual I ntersectio
a network of intersections (Narmadha and Vi ja

spatnami dy of urban traffic systems (Yang et



studies have increasingly emphasized the i mpo

integrating both spatial and hempmphbydd mpnert

model s. One particularly effective approach i

( CNNs) , which have demonstrated exceptional C

such as computer vgsion and I mage processin
Motivated by CNN©OGs success i n t hese d o ma

architectures to traffic prediction with promi

spati otempor al recurrent convol utti ommdt inaelt wtorr
patterns and LSTMs to model tempor al congest
accuracy. Subsequent studies have f duretntpeorr arlef

l earning for enhanced DPeard oegtmaalce, (F@h®; eZhan

et al ., 2022) , demonstrating the valwue of |jo
evolution in traffic flow prediction.

Despite these advancements, curr einttatsipoantsi.o
Many focus primarily on a single upstream int
the extensive and compl ex propagation i mpacts
mul tiple upstream intetrismecthe®enhween hep sdtyrneaam c &
intersections is often oversimplified, freque
ti mings, l ink | engt hs, and qgueue dynamics. As
refl ectingx tahmed ceovmmpllvi ng i nteractions that g
movements across multiple intersections.



2.5 Discussion

This literature review reveals sever al critic
on coordinatedcdteimgnalWhcoet poli osy studi es have
coordinated control under target trafofic C Ol
particularly in the context of commutpierrg oar t e
fl owse foll owing research gaps highlight the
strategy:

i Tailoring coordinated signal control systems to accommodate the unique traffic patterns
observed in commuting arterials. These areas often experienceagursasgestion and
long queues in one direction nearing capacity, while the roadway capacity for the opposing
direction is underused.

1 Optimizing the offsets and phase sequences concurrently under varying arrival patterns to
effectively alleviate the conggon and minimize the delays along the arterial.

9 Addressing the intricate interactions between through anduleftvehicles, particularly
concerning the adverse impacts of mutual blockage when queues spill over the turning
lanes.

1 Advancing offline coorthated signal control systems to operate in-tiea¢ responsive
environments, allowing for timely adaptation to the evolving congestion patterns during
peak commuting periods and the resulting complex interactions between through-and left
turn vehicles.

1 Developing a shoiterm traffic flow prediction model that integrates temporal, spatial,
geometric, and dynamic traffic factors to enable accurate estimation of traffic queue state,

thereby supporting the exercise of proactive signal control strategies.



To address these vital i ssues, this disser:

system tailored specifically for commuting ar



Chapter 3 System Structure and Key Components
3.1 SystemStructure Overview
Most congested commuting corridors exhibit a
move ttwohar deainstirnaelss di stricts (CBDs) and/ or of

but the traffic pattebotwohl andversasegeelhdidect

hours. I n the primary travel direction, most i
both upstream |Iinks and side streets, often e
bays, and queue spillback to upstream intersec
various types of | ane blockages and contribut
called fAicongestion treed .o\Weretnlde ngntoinr € heomm
the congestion trees, such queue patterns ma\)

maxi mi zation or del ay minimization, vdéesmet e
directional &1 wtwisl iizsed.ften und

An example of such a commuting arterial 1is
District of Columbia with the northern residei
peak hours, it often exdi Dtirnisbuwt ihamg hd gt vaesegmme
where the northbound volumes are significantl

highly wunbal anced volume distribution over t

evolwve overoanldli ttiroanfsf itoo ¢ he foll owing undesira
The steady high volume in the commuting di
intersections, thus resulting in residual gue

HY



Mo s t i ntersection-vap umaearrdhierfetcétm oe¢ @ o uhn tgehr
gueues and del ays, due to the upisnt rteraanf faircr isvti
from the side streets, as shown in Point A in
Through quewend uime tdheg elcitigliAn f a BB ENI K &S 5t 6 y
O2yaSljdsSSy (figizNygt DOGKAOSEHAT H6KAOK Yl & Ay Gdz2NYy |
LIN2EIANBaaAzy 2N S@Sy Ol dzaS Ydzidzr € oft201F3Sa |y
SYyaNB INUISNAITZ a4 aK2gy Ay t2AyaG . Ay CA3ITdz2NB
1 Left-turn queues may exceed the capacity of the turning bay and spill onto the
neighboring through lane, thereby obstructing the effective progression band for
through vehicles and reducing the arterie
C in Figure 3.1

1 Mutual blockage between through and turning vehicles, if incurred, over short arterial
links may result in signal failure at critical intersections and hinder traffic streams from
all approaches to moving onto their downstream links, as depicted inCPoiffigure
3.1;

T The rapid formation of traffic queues in
prevent sidestreet traffic at major intersections from turning into their target direction
and lane, thus further spreading the traffic queues andiwatolesdelays to side streets
and the entire corridor, as shown in Point E in Figure 3.1; and

1 Traffic flows in the lowvolume direction often cannot efficiently progress through

consecutive intersections and suffer undue delays, because most suchangainol

to favor the highvolume direction, as shown in Point F in Figure 3.1.
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Figure 3.1 Common undesirable traffic conditions on a commuting arterial with

asymmetric traffic volume

As discussed in Chapter 2, reversible | ane
highly directional and congest edl| sthroanf fa rcd plaa m
2006; Li, 2013a, 2013b; Yu and Tian, 2014; Yac
reversible | ane control faces significant

i mpl ementation and opetl aticoonaldiaoasti g amndnail fsf

Given these challenges, coordinated si@gnal cCo
especially when many intersections along the

Early ethoats MAXBAND (Little et al ., 1981)
1991) , introduced a weighted progression desi

progr-basedn coordination can reduce del ay s,
under sdatcuornadtiet i ons, its effectiveness diminis
(Shepherd, 1994, Sun et al ., 2015), as el abor
(2023) propgoteed cant hokestructur el ofwosr: agretneerriaat
opti mal signal timings to maximize throughput
in oversaturated directions, and optimizing p

congested direction.



Despite the significant advancement by Pen

control model with integrated objectives for ¢
overl ooked. Firstly, geometth¢ poestsagnt jca
in design of signal progression for traffic si
intersection approaches. The frequent overfl o\
bet ween thdetftirougheaasd, as discussed in Figu
often assume the vehicle arrival rates to foll

traffic queue dynamics and blockageo!| patet  mr msn
di fferent arriving traffic streams. rFkasiullitng nt
di fficulties in 1) accurately identifying the
the resulting del ay,s,anals 3de pidootpgad nign aRdivganrcee d3 .

phase seqguence (Hillier and Rothery, 1967) .
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| Time to LT bay blockage |
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Blockage
Occurrence

[T [ = [ = ] b | [N [ + [ =& | ab 1 |

Figure 3.2 Graphical illustration of queue evolution under norruniform (left) and uniform

(right) upstream arrival rates and the associated impacts on delays and blockage time

Il n view orhentthieo naebdo veer i t i c al i ssues as disc
devel oped a dynamic coordinated signal opti mi
commuting arterials. This system is designed



asymmetric flows during congidsgredr ipeeé kc chmoturr csl
Central to iIits efficacy are the proposed syst
the optimized offsets and phase sequences cus’
target commutiaguaesernal udéhese f e
1 Integrating the objective of delay minimization for the congested direction with the control
of maximizing progression for the opposing lewlume direction to optimal use of the
arterial 6s avail abl e c ap atenddty addreBshthesuniqguent e g r
traffic dynamics observed in commuting arterials, where traffic flows can vary
significantly between different directions (as shown in Figure 3.1). Typically, during peak
hours, one direction often experiences congestion,Agadidelays and excessive queues,
while the opposite direction may have lower traffic volume and excessive capacity. The
integration of two different control objectives for two opposing directional arterial flows
accommodating substantially different vimlas can better ensure both efficiency and
equity for the roadway users.
1 Employing optimized offsets and phase sequences concurrently to minimize the total delay
of the traffic flows in the higtvolume commuting direction. This is one of the essential
andimperative system features because delays, depending on the queue evolution process,
are determined by the implemented offsets and phase sequences.
1 Incorporating the minimization of potential blockages in design of the optimal signal plan,
based on the #mated queue formation pacBlockages can lead to lefirn vehicles
spilling over to the through queues, causing additional queues and delays, as depicted in
Figure 3.3. This feature is designed to minimize delays in response to the projected queue

formation patterns and the potential blockage scenarios.



Addressing timevarying arrival rates from diverse upstream traffic streams to ensure the
effectiveness of the optimized phase sequences, especially in reducing the queue length or
overflow duration, ashown in Figure 3.2.

Accounting for the aggregate delay, resulting from different possible queue formation and
evolution patterns contributed by all upstream arriving flows of different rates, in design

of the dynamic phase sequence. This feature is impes it enables the control system

to dynamically generate a new set of optimized phase sequences to minimize the total
delays under various possible traffic demands and queue formation patterns.

Accounting for the frequency and formation sequencellgiassible mutual blockages
between through and lefirn queues in design of the optimal signal timings and phase
sequences. This system feature can also be exercised to estimate unised deden

time, reductions in through capacity, and the daretif mutual blockage between kgirn

and through vehicles.

Customizing the optimal control strategy to respond to -trarging traffic as well as
congestion patterns in real time. This is proposed for the system to dynamically adjust the
control plan dung the transition of traffic conditions from undersaturated to saturated
states over the arterial. For instance, when congestion levels and queue formation speeds
are moderate, then the system will r@bptimizethe signal plan but to execute dynamic
adjustments of key control parameters such as green splits.

Integrating with a shoitierm traffic flow prediction model to estimate the traffic queue

state by capturing both arrival rates from multiple upstream streams and their



spatiotemporal evolution, abling the execution of reéime proactive signal control.
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Figure 3.3 Graphical illustration of the adverse impacts caused by the mutual blockage

Fi guroaut3tideesst ructure of such a system and
the base module for addressing the i dsud adfs a
underof aynepreti med control. Module Il and Modu

modul e to provide a timely response to the de



System Inputs Module I: Offline signal control system Module | Outputs

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Objective Primary Output:
i Volume Data Minimizing the through movement delay in the high-volume direction while « Optimized offsets

* Hourly volume demand maintaining the progression in the low-volume direction + Optimized phase
Geometric Features Formulations: seguence
i+ Link length (ft) i « Progression
i+ Left-turning bay length (ft) | i Model 1: Queue formation and evolution process H bandwidthin the
i* Number of through lanes ! * varying upstream arrival rate ; Ll Model 2: Ll lower-volume

* Number of left-turnlanes ! AR [T pelay estimation direction
* Number of right-turnlanes : | Model 3: Impacts of the Mutual Blockage = Update
| Signal parameters i _J—v U — *  Maximum queue

+ Cycle length (sec) i - length
le Green splits (sec) H Model 4: Progression in the lower-volume direction + Type of mutual
| Traffic Flow Parameters H blockage
» Saturation flow rate (vph) Model 5: Blockage impact
i+ Jam density (veh/ft) Concurrently optimize the offset and phase sequence duration
I | I
i+ Bandwidth computation ! L 4
i withMAXBAND Real-time signal control system

Module II: Responsive signal control €=~ Module lll: Proactive signal control

Real-time Data Model 1: Queue length computation ! Model 1: Queue length state estimation
| Existing detector i+ data collection : i+ spatial study scope identification ]

* Flow rate : i« traffic flow detection ' :

* Occupancy :

Speed T
: Signal Plan ! | Model 3: Congestion level assessment
i+ Offset : i« If-THEN rules to identify the severity : !« If-THEN rules to identify the severity :
i+ Phasesequence : R Z RS 2
i Model 3: Dynamic Signal Control Model 4: Dynamic Signal Control
* responsivesignal plan ' i'= proactive signal plan i

Figure34The devel oped systemds overall s

The remaichwiolgls fi rst provide an overview of
in each model, including the necessary data, ¢

main tasks involved in developing the propose

3.2 Key Modules
3.2.1 Module I: Offline Signal Control for Commuting Arterials with Highly Asymmetric
Directional Flows
As shown in Figure 3.4, the control objective
higl!l ume directi on rwlsislie@nmainntvdieuiareg dp mad 6$ oln
it i s designed with the following functions:
1 A mechanism to estimate the queue length and duration attributed to each traffic

stream. This function is proposed to precisely assess the formation ofegleagth

op



originating from upstream traffic streams with varying arrival rates. Additionally, it serves
as the base dataset for computing the resulting delay.

1 Aflexible computation process for estimating the nature and duration of delays along
the arterial. This function enables the system to flexibly quantify the total delay under
diverse queue evolution patterns and also produce the necessary input data to support the
objective of optimizing signal control.

1 A mutual-blockage estimation function to compu¢ the impacts of various types of
lane blockage This function is designed to ensure that the control objective can reliably
target the traffic dynamics of intermingled through andti&fh queues in most commuting
arterials during peak hours. Failing tackle such frequent mutual blockages between
different traffic streams will cause the arterial to experience excessive queue lengths,

increased delays, and worsening congestion levels.

The primary output of t hi sodmagfufl seetiss atnhde ps
sequences for each intersection within the st
provides a robust ftoiumedatsiogmndlorcartsn @ini snygs tpe n
arterials charactedizedthbynhilghlryaf &dsygmiéomwisc
as the base module for its extensionsstiimecl ud

signal control operations.

3.2.2 Module II: Responsive Red@ime Arterial Signal Control for Turnirbay Oveflows and

Mutual Queue Blockages

As il lustrated in Figure 3.4, Mo d tliemel Id akt uai lad

detection to enhance timely responsiveness to



enabl es theveyygyt emstpo naf fteoctviarying | evels of

mut ual bl ockages that commonly occur al ong
ul e 11 comprises a series of model s,n with
defined sequence. The sequential operating
hlighting the coordinated process essentia
Model 17 Queue Length ComputationThis model estimates the timvarying evolution

of both through and leturn queue lengths with reime processed detector data. By
continuously capturing traffic conditions, it quantifies the temporal progression of queue
formation and dissipation at each intersection. Based on twsputed profiles, the

module identifies the timing, duration, and types of mutual blockages that have occurred
along the arterial. These blockage classifications, along with the corresponding queue
assessment, form the output of Model 1 and serve asritfealcinput for subsequent
identification of the congestion level in Model 2.

Model 2i Congestion Level AssessmeBuilding upon the outputs of Model 1, this model

serves to evaluate the overall congestion level along the arterial by applying aedtructu

set of predefined rulbased criteria. Thes#d-then rules are designed to capture a
comprehensive picture of traffic conditions, which are categorized into spatial, temporal,

and spatiotemporal dimensions. Spatial rules are used to examine the rgoudta
occurrence of blockages at multiple intersections to detect localized or asieial
congestion. Temporal rules are incorporated with the information of-tyclgcle queue

evolution trends and feedback mechanisms to identify if the congestierngaare
escalating or persisting steadily over time. Spatiotemporal rules function to integrate the

data from both dimensions to detect complex queue propagation dynamics across space



and time. Based on these assessments, the model will classify comggesterity into
distinct level® ranging from localized shoeterm disturbances to arteradde spillovers.

The results from such classification serve as the critical input for Model 3, ensuring that
the subsequent control strategy is best adopted tembnwith the prevailing traffic
conditions.

1 Model 31 Responsive Strategy Generatdénformed by the congestion levels identified in
Model 2 and the realme queue length profiles from Model 1, this model is responsible
for selecting and deploying appragie responsive control strategies. Eachdeeeloped
signal control strategy is designed to address a specific level of congestion patterns and
blockage types observed along the arterial. Upon classification of the current traffic
condition, the system i select the most effective signal plan and update signal timing
paramete® such as offsets, phase sequeécks each intersection within the impact area.

If the severity of congestion indicates the need for a more comprehensive recalibration,
this modelan trigger the core optimization module established in Module | to perform the
arterialwide reoptimization. This ensures that even under dynamically changing
conditions, the system can maintain an effective and coordinated response to minimize the
excessive queuing of vehicles and delays with optimal control of both the arriving and

discharging traffic streams across the whole arterial.

The wunique design features of Modul e 11 €
congested condigliynmamcagne beateftfleeti vt er secti o
arteiidadprte mi zation of the -tciomeéresl gpalanpl &nt A
focusing only on the targeted congested queue

trfafc efficiency while preserving computationa

oy
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Within the study scope along the arterial:
(from Intersection i to Intersection i + N)

Model 1

i Detector status | i Record detected |
| monitor ! 1 traffic data i

]

‘ Queue Length Computation ‘

!
[ Blockage Type Identification for ]

Intersections i toi + N

Model 2
Pre-define IF-Then Rules:
+ Temporal factors
+ Spatial factors
* Spatiotemporal factors Congestion Level Assessment
along the arterial

l

Responsive Plan Selection

Model 3

Need to adjust
the signal plan

Remain current Next
signal plan cyc]e

—

Minor adjustment
without re-
optimization

New signal plan |——

Executive Module I }—‘ LT

signal plan

Figure 3.5 Flowchart of the developed responsive signal control for arterials with highly

asymmetric directional traffic flows

3.2.3 Module llI: Proactive Reallime Arterial Signal Control for Commuting Arterials with

Highly Asymmetric Directional Flows

As il lustrated in Figure 3.4,o0#Madukentt ol ba
Modul e |, i's specwciddlclty veke Siugqrrced owmi tflora pproact i
to the reactive nature of Module 11, which adj
Modul e I 11 iI's expected to predict and proevent

o



their formation and propagati on. This proact
arterials with highly asymmetric di rsetcageodnal
mut ual bl ockages can devel optircamsd.dl Whialned maiom

modul ar structure consistent with that of Mo d

monitor the reliability of prediction results
and responsi veeanodel srhédsed oonditions. As sh
consists of the following four sequentially o

1 Model 1i Queue Length State Predictiofhis model forms the core of Module IIl, which
allows the system to execute a forw#wdking signal control through the prediction of
gueue state, focusing on projecting whether or not the queue spillbacks or mutual blockages
will occur at each intersection, along with their timing and duration if present. These
predictions provide the necesyg lead time for proactive adjustments of the signal control
plan. The model utilizes a spatiotemporal deep learning structure that captures both
temporal trends from recent traffic pattednsnd spatial interactiodswith reattime data
from multiple upsteam intersections. The model also accounts for the dynamics of travel
times influenced by link length, signal timings, existing queues, and potential blockages.
To enhance the modul eds responsiveness, t
indicators tocharacterize the predicted traffic state, including turning ratios and queue
lengths. Additionally, the spatial scope of the prediction is optimized by selecting the most
relevant upstream intersections to balance accuracy with computational efficiency.

1 Model 2i Prediction Monitoring and Mode SwitchingThis model evaluates the accuracy
of predicted queue states by comparing them againsttimeal traffic data. If the

discrepancy between predicted and observed queue conditions exceeds a predefined



threshotl, the system will deactivate the proactive strategy and revert to the responsive
signal control operations defined in Module Il. This monitoring function ensures the
reliability of proactive decisiomaking and prevents potential misjudgments due to
inacarate predictions.

Model 37 Congestion Level Assessmeiithis model mirrors the structure and logic of its
counterpart in Module Il, employing a comprehensive set oilpfimedif-thenrules to
classify arterial congestion levels based on spatial, teahpaord spatiotemporal criteria.

The key distinction lies in its input, that is, instead of relying on the observed queue length
states, this model will evaluate the predicted queue conditions generated by Model 1. With
such forwardlooking traffic statenformation, the module can have an early identification

of potential congestion patterns and queue distribution. Such a function can allow the
deployed signal control system to have sufficient time in advance to respond preemptively
to the evolving congesin dynamics, with available control strategies embedded in Model

3.

Model 47 Proactive Strategy GeneratoiThis model functions to generate predictive
signal control strategies based on anticipated congestion patterns. Using the predicted
gueue length ates from Model 1 and the congestion level assessed in Model 2, it is
responsible for identifying the timing and the signals for advanced adjustments to prevent
excessive queue formation and spillbacks. While structurally similar to the responsive
strategygenerator in Moule Il, the key distinction lies in its predictive capability that
enables the signal system to execute preemptive interventions before the presence of any
mutual lane blockage. Upon determining the best response plan, the system willagzal

the signal settings at those identified critical intersections -dfptamization is required,



the base signal plan established by Module | will bemgaged to ensure globally

coordinated controls across the arterial.

This integr gptsedModlaudiegn ldquwi th the capabil
congestion prior to its formation, while si mu
to responsive control when the reliabilisty of
provide a flexible and inteasluliitg@ent oc ardtdirels sf n

complex traffic conditions over commuting art

3.3 Closure

I n summary, this chapter havepresgmiaédcancompr
for urban commuting arterials <characterized

potenti al mut ual bl ockages DhoOowEeny teseaglha
essenti al system functionalities, core inputs
effectively and etfifmed emit dhegr aianidterrolb o4 dhe parei os
of this <chaptaenrd iTnhteergterd wdti wme da@alf onghewitthir etelt
constraints amhaopeerbateinonalorlougihdy descri bed.
present the core design | ogic and associated

cosnt i t ut e fdtahye ptriemme med signal control system.



Chapter 4 A Time-of-day Signal Control Module for Commuting Arterials

with Highly Asymmetric Directional Flows

4.1 Introduction
The design of signal controlcoplrandsorfsorp omajso ra
chall enge to traffic professionals due to the

particularly duri ngolperm&k @emmwtdisng ldi tdet homgh

arterials omyena@eéncbunstsesues, i ncluding excess
progression efficiency, and muurumalqg ube uoecsk.a glens cl
t he -viodwme directions, the avail abl e Iciagpedc,i ty

|l eading to undesirably high traffic speeds anc
signal control system for such arterials 1is
undersatursaatedr aneddneaafifnct cbdiar acwerogposi ng

Traditionally, mo st studi es on coordinate
undersaturated or oversaturated traffic cond

di screpancies imbjtecet iawe.ptHadwewert,r otfhe uni que

arterials necessitate an integrated approach
directional flows (Peng and Wang, 2022). I n a
managem for commuting arterials i1is the frequc¢
through and turning fl ows. For instarwmea,n whe

vehicles from entering the turni egtubrany pihma stei, m
il lustrated in Figure 4.1(a), +Haynnoguebesf gl
from the turning bay to a neighboring througt
through | anes, dg bdepiAdde d i iom ackglrgeyernd udhiarsge ,t heh

no



changing maneuvers by those i mpeded through v
flows in adjacent | anes. Failing to address
undemeaetsda iof the total traffic delays and compr

plan for the arterial.
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Figure 4.1 The adverse impacts of mutual blockages (a) wasted greduaration; (b)

decreased capacity

To address these challenge®fdathiconethapt amo
specifically designdadrtmatti aomk li es stuhees rrietviad aln tc
Key operationalfbdeasuclkesacustiomi gedncl ude:

T I'ntegrating the following two objectives t
and minimize the likelihood of incurring turnidzay overflows: 1) delay minimization for

the congested direction; and 2) maximizinggression for the opposing levolume

direction;

1 Employing the optimized offsets and phase sequences as the two key control variables to
minimize the total delay of the through traffic in the higlume commuting direction;

1 Estimating the through and tdfirn queue formation pace and incorporating the
information in design of the optimal signal plan;

1 Accounting for the total delay, resulting from different queue formation and evolution

patterns, contributed by different arriving rates and sequencdsipSatkam coming flows.



Notably, the | ast two features are introdu
intersectiondéds congested approach varies not

the queue patternsnaen.d HdhreirnQtranod ,ngasedepi

formation process of two queues of equal l eng
phase sequences: 1) the resulting signal del a
when rtaid it streams of varying rates arrive i
through qQqueues in most scenarios may accelera

l engt h, consequently ihoaseasef nhbbendsuket opgdt
features that is to reliably estimate the pot

each major intersections along the commuting
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Figure 4.2 Graphical illustration of the impact of queue formation patterns on a lane

bl ockagebs starting time and the res

4.2 Time-of-Day Arterial Signal Control Module

Figure 4.3 illustrates the structure of the ¢
bet ween its five primary model s along with th
organi zed as foll ows: Sectthieo nmo4d.e3d sd e tianicllsu dti hneg



and objective functions; Section
variables and parameters used in
Module Objective
Minimizing the through movement delay in the high-volume direction while
Module Inputs maintaining the progression in the low-volume direction
Volume Data Formulations:
. Hnurl\.:volumedemand PSSR Model 2: Dela
Geo.metnc Features i Model 1: Queue formation and evolution process estimation
+ Linklength (ft) i+ Queue length contributed by each traffic stream + Delay contributed by
* Left-turning bay length (ft) i+ Queue formation direction of each traffic stream each traffic stream
* Number of through lanes SRR T | |+ Delay during queue
* Numberof left-turnlanes | | Model 3: Mutual Blockage | | Update: |,|  discharging period
* Number of right-turnlanes | Lot o dentify the type of the mutual | |+ Queue H = Delay occurring >

Signal parameters

* Cycle length (sec)

« Green splits (sec)

Traffic Flow Parameters

= Saturation flow rate (vph)
+ Jam density (veh/ft)

blockage formation rate !

* Compute the negative impacts | |+ Queue :
of the occurrence of mutual discharging
blockage rate

during inter-green
periods

* Extra delay caused
by the mutual
blockage

!

N Model 4: Progression in the lower-volume direction
+ Bandwidth computed with MAXBAND

* Bandwidth computation
with MAXBAND

| | Model 5: Concurrently optimize the offset and phase

sequence

4.4 presents
the modul e a
Module Outputs
Primary Output:

* Optimized offsets

*  Optimized phase
sequence

* Progression
bandwidth in the
lower-volume
direction

* Maximum queue
length

* Type of mutual
blockage

* Blockage impact
duration

Figure 4.3 Structure of the developed timeof-day arterial signal control module
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& The starting time ofQubkbetmboem@mae daet icn
the interaction between initial and sub

& The end time of t he bloucek diggoeo vi ermpepncte & wa,t
considering the interaction between ini
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4.3 Model Formulations

This section wild/l present the following sets

devel oped modul e:
1 Queue formation and evolution process
91 Delay estimation based on the tiw&ying queue length
1 Traffic dynamics under the state of mutual queloekage
1 The progression design for the ldwaffic-volume direction

1 Relations between the optimal phase sequences and the starting time of each phase

4.3.1 Queue Formation and Evolution Process

Figure 4.2 illustrates how di diéfenenggueéeyees)
del ays. Further insights into the through que
with upstream traffic waves are provided in F

the foll owingi pbedvbdesakdoder of the different -

structure, where:
Opr-denotes the throudgh fqgourenueeds bayf( ti mnanfeftritsee csitp roena
interseci.i owhéspleotyanrg phk.

f WhenQ p, it indicates the through flows from the main street;

1 WhenQ ¢, itindicates the lefturn flows from the main street;

n o



f WhenQ o, it indicates the lefturning-in flows from the side street; and

f WhenQ T1, it indicates the righturning-in flows from the side street.
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Figure 4.4 Graphical illustration of through queue formation with different arrival rates

Note that these definitions are not 1indica
formation process but rather reflamg. dDdgenmaekinn
on the arterial's signal coordination design,
gueue, may come from its upstream intersecti
contributed by theasampstrafaim ¢ nstersams i Onomu

are numbered accordingly.

For instance, Figure 4.4 illustrates an ex
groups from two cycl es. The queue ghreoupwsr pilnedi
dashed | ine both originate from the upstream i

pn



As such, the through queue group repganant ed
the group representeed sbydétphoet epdurapsl e dashed | i

Therefore, the devel oped formulations, aim
mu st comprehensively <capture the entire gqueu
contributing to diffefeom ygyaoupsassotythestoFat

|l ogic can be appl itedrnogueeed,oranatiilolnu otf r d ted d
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Figure 4.5 Graphical illustration of left -turn queue formation under different arrival rates

To achieve this, the developed modul e must
1 Compute the length of each queue group within the total queue

1 Compute the queue duration from formation to dissipation for each queue group

Note that the same | ogic iIis al sduamplgiucalels

Therefore, the following presentation wil/l fo



4.3.1.1 Computing the length of each vehicle group within the total queue

To explicitly formulate the queue evolution pr
streams, it is necessary to calcul ateOst.he 1 en
This computation invonhggs, muhHitdlpl yepge g éret sd ut

contributing to the queue f dheaas upamnisnbdyiicpahtieeosa

whet her the queue group iIis formed from the s
i nt er sea@tmadn .c alNdltyht itomisshi p i s expressed as ffol
Ori  Ofp N5 1Q plefofiry i plt (4)

The vehicle arrival rat et from dwe the)tihake B ghir aotdi gahrs

41, can be der iiwmegd efqrueam itomes :f ol | ow
Q r 6 w o
, Q OQmT 1 "Q plgfoh (2 a
NA -
0
Q 0 % e
N oo —— 1'Q plgloh (@b

Whefe, Q i, amde definéd NotEFabhat4the associ
phase and demand are determined based on the
compute the arrival r-@te, folme Ths DogihatQaaed uep G
woul dQ mend the dem@nyd Wotled that the durati on
stream to contribute tooOftthemdygwhet shhamteueud d a

green phase duration sbecéenaapprbgokesshengbaar

queues.



Given the estimated size for each group o
inter Qe dteindn edamsbe determined by summing the

and exproddvevds :as f

0 0 fn (®)
Toetreanlei da scussion, the subsequent anal ys
for Through-(0Qy eTunee Graomep process and | ogic can

both the tHmuowmglmuamuaesl eft
4.3.1.2 Queue formation duration of the Throu@ueue Group(0 ;

Note that the keyloypar ivabliesi wiEdqudthieomr4 i ving

traffic streams. As illustrated in Figure 4.6¢
traver se t her sdeocwinisotnr enaint hionutte st oppi ng, del i nea
progressionod, thereby resulting in a@shorter
compared to the full avail able green phase. H

identify each group of the queueds onset and ¢
GroWwpgrin Figure 4.6) with the following steps
1 Step 1 Define the range of queue formation by identifying the initiating and ending
instances of the queue evolution, denoted bgnd® (i.e., points A and C in Figure 4.6,
respectively)
1 Step 2 Compute the starting and ending of the greessplcorresponding to a group of

the queue, as represented by points D and B in Figure 4.6.



§ Step 3 Compute the duration of Through Queue Graip; i ), contributing to the total
through queue length, as represented by the segment between points ik &gl 4.6,
by accounting for the relationships between initiating/ending instances of queue evolution

and the start/end of the green phase for Through Queue -Gogp .
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Figure 4.6 Graphical illustration of the computation for the Through Queue Group- (llfhh

The formulations associated with each step a

Step 1:

- — M 0O uvd (4)

— - =t (%)

6 - 1 6o (%)
[0.0))



Equat-4 oinl 4ust,r asgemsvitrhg@tas a reference poin;

the through queue accumul®@twhinc woiud dhibdiesgmnaha od

the green phase. To enwiutrhe tthhee psaysnscahgreo noifz avtei hoi
inter Qepct i Bgubate thabdl i shes i1 ts boundary condi
encompassing the arrival of the firs@pand | a

Further mor &, i Bbd wwddsuctersd t empor al mar bér t hen ot

t hrequgehuei ng vehi &€l e at intersection
Step 2:

Y o — * n p3® In  plt (%)
T "Yig In  plt (8)
Op — Q@ “ n pd In  plt (@)
T Oy In  plt (40

The -hagHt si de eo/f cbBoquwatsitesn o4f t he onset of
inter®Qepctitbe travel ti me Qmpobm dpwhseamddnnt at e

and the 1 aps® ,t eirsm,t o ensure t hateatmhequaepmpmrl iccyack

Similarly, the end 00Ot hffolghews @hsismi | @arenoat
an additional term representing the duWr.ati on
Step 3:

e -

v
Yar Yk S T bn plt (41

Y

v w A Yah
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Onii .Orih - O @ In plt (42
r Q ®  Ogp,

0rh  Ori  "Yhi In ol (43,

n o6y Q In ol (44

To compute Dhe duwvamni cmeofstart/end of the up
shall first identify their relationships with
- ana), iwh have four possible7sceéharioheras heh
of the green phase does noandalthwi dbhi atibe ¢e€
to the queue formation would be shoé¢aprandapnhb)]
I n the scenari o where both the staritnaindateinmg
nNo contribuei@daoacumultet gutedaer dogat hbs phasensi
Fi gufh(ec)d). Hence, the start/ end of the queue f
as shown i#411Equdt i EqRadTae 4esuldtj nagnhdewr akte on
computed with its start adA8&.end times, as sho

Note that such a gener al formul ati on proce

depicted in Figure 4.7, under angreespuehcthefq
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Figure 4.7 Relationships between the start/end of the green phase and the queue formation

duration

mary computati on

Delay EstimatiorBased on the Tim¥arying Queue Length

wor ks for the del ay

1 dividing the total delay areas into properly defined-atdas

est

1 formulating the key variables: cumulative queue length and cumulative queue duration

1 quantifying each sudelay area

m



4.3.2.1 Dividing the taal delay areas into properly defined saleas
With the explicitafypyirmgl|lqueoas| é¢énmngt hj mene can
on the area between the queue accumul ation an
area canddlei feaatteddceri ntaa etalsrree di stinct sub
1 Area A: Represents delays attributed to the initial formation of the queue, visualized by
the red triangular region in Figure 4.8.
1 Area B: Denotes delays contributed by additional groups of the queues that gvedyes
join the queue length, illustrated by the blue area in Figure 4.8.
1 Area C: Signifies delays occurring during intgeen periods, as indicated with the grey

rectangular regions in Figure 4.8.

Intersection
i

Intersection ‘ f‘ H ‘]l> H —$>H<-¢— H * * ‘

i+1

> Time

Figd8&r aphi cal il lustration of delay d
4.3.2.2 Formulating the key variables: cumulative queue length and duration
To quantify the delay area, It t b e i-virgpreyeiantg v e
cumul ative, gdeun@®fedngehd the cumul ative queue
Oppas il lustrated in Figure 4.9). Thesaryamnigabl

del ay area contributsed by various types of qu

Py



Cumul ative queue | ength

0 O Orr P ® D pp In  plt (45

O0fr Orn  Ofp @ Dgp In  phy (46

0 Ori  Ofr Orp Ors In el (47

0k Ori  Orr Orp Orp  Ofg In  plt (48
Equatiléndl®4 o4utl ine the computation of cumul

four ggrucewpsBonsi der i Agrp)Qufe@re (Gl low$ tlr7a tdieomo,n s gruaat
t hatcutmud ati ve queue | engt-H0ya)f tmer giehs owigthh Qtulee
gueue, including the cumul at iove )gueared |temet cdu
cydibe Queuk, LGr oampds,BnrDiry €.

Wh e p,0 {5 m |t should be noted that in thi

directions of the side street are presumed to

bet ween side street diredtrio®@mgn .i)s Plreayes ep mé o
Queue -Lofgrip However, flo0f;)Quaemnd QGu-duwdg;)Gr otuhpe
sequence is adaptabl e. Hence, thelOfgumubiahnsveh
existingyqueaoer mor a2 8ffRuecenGiaogpnt on the ph
upstream interswectBomjlandbggt edapplies to

Cumul ative queue duration

Orr Orr Ofrr P © Dy In el (49
Orp Grr O ® DR In  plt (20
Whi Wk Ohn  Orh  OFFR In  plt (21
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The cumul atfiodd odvi mat itchre j oi ni n@r(osf )T hartou g

i nt er Qe codteinadditred cas be formul aled2d@ds4mol EqQqwang

the calcullatp,i on of

same principles applied in
WOfF U
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Figure 4.9 Graphical illustration of the cumulative queue length and cumulation duration

for Through Queue Group- |5 -

4.3.2.3 Quantifying each sudelay area

Foll owing the establishmebg; amfdjrt,hetskee kfegr mualre

associated with each del ay area are | isted as

Areas A and B:

l
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Equat-24ncdl cul ate®O, Abgasummamg B,/ I

triangu

regions formed by the cumul ative queue | ength
the standard formula for a trapezoid: the sum
hei ght ,byditwiodedNote t hat t2h4e£|—,ascte ntoetrens itnh eE qaur:
purple dashed triangle in Figure 4.8, which sl
Il n the case of Area A, one of the parallel sid
a $Yin and eidl limstFRiagure 4. 10 as we3,l iass ofbotramunlcé
subtracting the travel time of the | ast queuir
group. Her e, the travel ti me refofr sat@i tehre qu
group to reach the end of the preceding queue
Area C:
VM e Oprp  ® x R ~

T P il | Q plfoft; ! 25
Ty ¢TI 0 QI Q picotr:® - it (
o @ T ar D rn (26

To achieve a more accurate del aygreesetni nuaetliaoy
area, defidread &3 . The computation o0f25t Hiseear
Figure 4.10), involves a prpoéessumbl| alteit vee mq n €
Sshould be taken into account.

The t ot dlhiedted ra§eaattiboen obt ai ned as shown in

CM
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Figure 4.10 Graphical illustration for delay estimation
4.3.3 Traffic Dynamics Under Mutual Queue Blockage
As discussed previously, the intricate 4 nterp

turn queue si gmnminf iicmtnerlsye citn folnubesn coepser at i onal

mutual bl ockage manifests in a mu-turbhudeeeh bheEe
reducedl ameocagphacity, and excessive residual

Four distinct types of mutual bl ockage can be
of blockages within a signal cycle and the in

and their correspondi ngyi mpactdetan |iermdt dred eoont: i



1 Blockage Type 1 The through queue initially blocks Idfirn vehicles, preventing some
from entering the turning bay in tim&his leads to wasted green time for the-taeft
movement and the accumulation of residual queues asmbsgsquent cycles.

1 Blockage Type 2 Left-turn queues spill over the turning bay, extending into the through
lane and forcing through vehicles to merge into the adjacent lane, thereby causing a
capacity reduction for the througdines

1 Blockage Type 3 The tirough queue initially blocks lefurn vehicles, resulting in wasted
green time and a residual leftrn queue. As the through queue discharges, théuleft
gueue builds up and subsequently blocks the through queue, causing an additional capacity
drop for through lanes.

7 Blockage Type 4 Left-turn queues spill over the turning bays and block the through traffic.
During the discharging period for lefirn queues, the through queue continues to
accumulate and eventually obstructs thetigfib vehicles, lading to both underutilization

of the green time for lefiurn vehicles and a capacity loss for through lanes

The primary works for addressing potenti al n
1 Blockage type identification
1 Blockage duration computation

7 Negative impact of the mutual blockage formulation

4.3.3.1 Blockage type identification

To determine the blockage type, it is cruci al

bl ockages. This can be achieved through the f
1 Step 1 Identify thequeue group that incurs the spillover or blockages in both the through

and leftturn traffic streams;



1 Step 2:Calculate the onset time for each turning bay spillover or blockage; and
1 Step 3:Compute the duration between the onset of spillover or blockabtha beginning

of the queue accumulation.

Taking the blockage incurred by the through
corresponding formulations for each computat:i

Step 1:

1 6 f[EE”' ‘2?“‘ U 30 0 | Q pifofin i plkN (28

Equat2®&ni dtroduces a set Dfs,bindigavanigabhe
gueue group responsi bl e ftourn ntay .Be¢chmdagyalhe DI
if Through-Qugruaet Grouer seet garue groupt urhnat s
vehiicg,es0 i f this queue group does hnBINeqaas e

represents t hteurlneinngg hb aoyf mehaes Ured gk Wy, d/erhd tcd = u

the cumul ative queue |l ength pri-qirgp)t o the form
Step 2:
03Q  Orr 0GR
o - 1 hh O Wi OnhA . (29
A

Equat2®9ncaemputes the exact onset time of t|

the original queue formation pd@aaeshleraelgiams otwo i af
4.11. THhE téepm mOp, calcul atesfthehnomberrequire:

Queue -Bfrdwp extend t o tthuer nlienngg thha yo f&Xt hteh el e fntt er



Step 3:

0 ¥ - (80

Equat3®ncemputes the time it takesufpoprnghe
bay, de®oTkedsast®r mi ned by subtracting the st
computed i-4, EQuami ohed4dti me point when the Dbl o

The same | ogic appHtiuves tspidompatrind d atgpnh ¢ See
through 3 ar egyirrediecaateidnig wti eh elueef tgr oup responsi
spil Woeer gesents the onset Ormeretenhes ¢ miel it o wm

t hetlueimt queue to extend Bhdrmniemaghbapwe entranc
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Figure 4.11 Graphical illustration of the blockage impact duration

The <criteria for identifying each bl ockag
vari abl es,f oalrleo wssh:own as

cp



1 Blockage type 1: Blockage in the through queue only

O mandO0 1

In this case, the through queue reaches théueftng bay, causing a blockage, while the-left
turn queue does not. This condition is characterized by a pd€itiaad a zerdO .

1 Blockage type 2: Blockage irthe left-turn queue only

O man® 1

Here, the leftturn queue reaches the lgfirning bayresulting in a blockage, while the through
gueue does not. This type is identified by a positiveand a zerdO .
1 Blockage type 3: Mutual blockage caused initially by the through queue

'O mandO T ¥ ¥

This type occurs when both the through andtigfh queue lengths extend beyond the-left
turning bay, with the through queue causing the initial blockage. It is identified by positive
values for botliO andO , with the onset time of the througlobkage ¢ preceding that of
the leftturn queue &9 .

1 Blockage type 4: Mutual blockage initiated by the lefturn queue

'O mandO 1 and ¥ ¥

This type occurs when both the ifirn and through queue lengths exceed theuefting bay,
with the leftturn queue causing the initial mutual blockage. It is identified by positive values
for both'O andO , and the onset time of the kftrn queue blockage® being earlier than

that of the through queu@?d .



4.3.3.2 Blockage duration computation

The duration of blockage begins with the onse
the queue in front nhgas hbee ebn odcikseadh avreghe dc,l easl |t cow
For Bl ockage Types 3 and 4, where multiple bl
subsequent bl ockage must be recal cul ated base:q
endi ngftime bl ockia,gei,s deeanlocteldatassd by adding th
the-leaayth queueing vehicles to the starting
il lTustrated in Figure 4.11 amagpiscabpeessethob

and subsequent bl ockages:

nz

o — & mmmz% LE VD (@1

Note that the ending time of the first bl
bl ocked vehicles resume moving forward and jo

To address blockage types involving multip
and Type e4t),oft hteh eo ntsl 0 ¢X%%.,g eo riing i Ehgadf dstyi codne d4o b e d
adjusted ttohdkcacabuanh o6brthe initial bl ockage.
0. Specifically, if the -tiwmnn iegxuceelrddo algadd ei L ag:
the adjustment ioncorpasatédd wnRéamat. Edmaeroat 4 ve
through queue initially causes the blockage b
the terdan,as presented2bn Equation 4

. @ Q0 0 m
6 o 0 £ ED1 0 00 (82
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4.3.3.3 Formulatingthe regative impacts of mutual queue blockage

To fully address the probable i mpacts arisin
necessary to augment the exdasditnige defl fagc tfsor ans
each blockage event. Those impacts can be cl a
bl ockage characteristics, their duration, and
1 Increase in the speed of the through queue formation

1 Reduced capdty on through lanes

1 Number of blocked lefturn vehicles and residual queues

|l ncrease in the speed of through queue for mat
I f the through queue exceeds the bay | ength I
t hr equgefucer mat i on during the r emntauirnni nfgl opwesr.i oTdh iss
can be incorporated by wupdati rnlg wihteh vtehhei cfl el |
equations. These adjustments refl eaxn dfheqledd e
l ength and del ay.
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With such a Cgpi ti daelingarnidemBafised,jnEgaoduc
ermine whether vehicle@pplram it MdaTieegwd ned

gueues after the |oppsetpet Bebckhgs.f BEpmctF

i ned t hmotqhueeruveGiswennd t hat vehicle arrival rat

t account f ort utrhne vperhe scd-ftecsé s cEaut@a i inn @l y m
| acedatwidadh Hgqn this adjiysd Ognd, Nt hesl gt fie

numbteur mfvdhifdl es jJjoining the through que

iggers the bl ockage.

uced the dapaowigthy | @ametshe

over f4t own oveHiedltes into the throdgmel ane
acity, necessitating corresponding adjustm
di mi ni shed discharlgz( a)a,t eat Atsi euopami giure UAgE i
ins to intertwine with the through queue, ¢
e propagation speed.

Consequently, the delay computations must

e profile transitions from a straight 1line

m i n -quu:)—%—tioepvfesenting the area of the da

no | onger applicddhlanhe whepmacatgr op iobmsthwveudg
| aced with a quadrilateral, as shown in Fi

o Area Bl and Area B2, as shown in Figure

t hesslrarseas provided bel ow:
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Equat3®ncal cul ates the base of Area?¥,B1l and

which is essential for dYedam nbenidegr itvheed agievaesn

bl ockage. This calcul atioheilsabdtasgegdewai ndpeveh

stop |ine before the &l o€ kdageasocschuorwsn, irne pFriegsuer
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Figure 4.12 Delay Computation accounted for the throughl ane és capaci ty di



The del ay for mui2dt icam dfheEgd @atrieormed4d gener al

equati ons:

. p EE mAT H — 0§ &8
L EMNi VQI Q (
Din Orn TVig 0 JQM
0 C D hR - hh hh 0 . 3(7 .« 950 0O (89

Equat-3®ni troduces a new. sWhemftihe na-mpawtar

turn blockage extends to the ohaerée o&padiet t ha
inevitablentByesadj owheéml he term-e@-uge:\)—kzsero.

Conversedym , whieth i ndi cates that the bl ockage

di schar ge DOt HOe etqaurarhs zer o.

Number of dHluookeacdhliefites and residual queues

When t hequehueo uegxhc e e ds tthuer nl ednagyt,mm |weéfhtit blee $ edr e
must wait wuntil the through quetuer nb ega misc Iteos d
enter the turning bay in time #farmpaggs etemr elha@ls
will afoemi dual gueue and experience an additi
such excessive del ays, the objective function
del ay experienced by thes#a uvahciMaeelse st.h aStp efcaiifli ct
turning bay promptly and subsequently become

adjustment .



Based on the relationship between tthuer nend
green phase,eftthbennumbhecl e$§ Unable to enter th
bl ockage by the tHhHO owgm dreywa,anderdoteald uss ng t

: P E'®E m
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Equatd4®ni Mmtroduces a f[s,etwhoifc hbiengaurayl sv alr iiafb |te
bl ocks-ttuha Vehtcles, and-4Q,ottter wiote.l Iamumbeua
turn vehiclGsjsdeonmpetdeds3d@sedhen BEupuenk tevideohti ec4l t
t hat becdmel t heeuvesfor the next c4x.l el farteh e ailn

of the through blockage -tpermsigneasermeyagde,t hreore

| etfurn vehicles wildl be able to passentt hcyaoul
Consequent |l y, alulr nsucehhibclloecsk endi Ille frtemai n i n th
unt il the subsequent signal cycle to proceed

activati eanmnuronf gtrheee nl edfhthtsubrtn avielhibclloecsk ecan ent er
not form any residual queue. I n t het utrhni rgdr eceans
phase, s o met ulrlno cvkeehdi cll eefst wi | | become residual

esti meat itnaggt atlh number of v e htiucrlne)s r(ebnoatihn itnhgr ouunc
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intersection stop-tharn,

tnou Inti inpgl ideadl By, (tsheee

haé & and-qtuheeu earvreihv all eo f

IFa fgtu

The additional delay exmpemi ererbhed | 2P, t e pale:
shown i n -4E3q.u althieosne 4vehi cl es must wait for an e
resulting in additional del ay.

O O O (43

The original totQ@lasedtdafi ae27,inhceaEng etantu so nb &4
to incorporate this additional residual queue
0O O O 0O (44
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Figure 4.13 Graphical illustration of the left-turn residual queue



4.3.4 ProgressiorDesign for the_ow-Traffic-VolumeDirection
As previously stated, the devel ppedr msedube er
direction experiencing | ow traffic vol ume. I r

formul ate the consttrraafrdtiscmeaidli oreed i oorr t@he plk o

as to MAXBAND (Litawe: et al ., 1981) as foll
- “« 0 ®» 4+ (45
0 k) (46
6 o (47

Wheoeefers -cdal dihleatpede batwdwifdli omefdit hect iown
by MAXBAND. -Equetnisoamead afdhlecneowdas ecthieomi imi mu

bandwi dt h, as obtained from MAXBAND.

4.3.5 Relations Between the Optimal Phase Sequences and the Starting Time of Each Phase

To enhance the model 6s depiction of gueue e

expressions ouitdnsnetamre!| glomsd é gpavterns. These
devel oping a signal contr ol plan for arteri al
sequences and offsets in this study. sSthheulsd art

be calcul ated concurrently with the optimizat

The constraints for this process, as applied
(Gartner et al., 1991), are specified as foll
— — p ®2o0'Qq (48
— — p &o0'® (49



Whereepresents the "@Ffifrsceitc aotfe si nttheer sstcd ri toinn
phase -tfworn Imdvements at the same idretqgairad esc tli, o ni
signifies #thenl|l phdismpbluenfethdi t @ vt QNS att h & nit retr e

green duration.

4.3.6 Summary

I n brief, to minimizéegrtalWdlitcmeowghedel ayw whitlk

progression batnrdaMidditwhmei ditrheec tlioomm, t he obj ect.

modul e can be specified as foll ows:

Mi | ;
O 0 (%0

The formulations for traffic conditions as:

can be summari zed as foll ows:

=

Queue length computation: Equationg tb 43

1 Queue evolution pattern: Equationg 40 414

=

Delay estimationEquations 415 to 427

1 Constraint for the progression in the kbraffic volume direction: Equations4b to 447

=

Varying phase sequences and offsets: Equatiet&ahd Equation-49

=

Mutual blockage Identification: Equations28 to 432
o Impact of mutuablockage Type 1: Equations-83 to 434 and 440 to 444

o Impact of mutual blockag&ype 2: Equations-85 to 439

o

Impact of mutual blockag&'ype 3: Equations-83 to 444

o

Impact of mutual blockag&ype 4: Equations-83 to 444



Note that helr escreonalrlioocsk axge oc-turasa (ang- , onowl

turns are not allowed), one can simplify the
related to mutual -BBo#HKadge (i .e., Equations 4
| n summary, by aacyimmgdapthians e sequences,

formul ati ons for uweuweabll e&n gtfh hcaondd u tnagt iaonny nu
gueue 6grhceupmodul e can accurately compute the d
pattern. Thvies fcroamperweohrekn seinabl es the i dentifi c:
only minimizes queuing delays but also reduce
streams with | ow traffic flow. The @pmiimari et

overall through del ays.

4.4 Case Study

The case study, containing both numerical e X
foll owing two tasks:

1 Comparing the signal plans generated by the developed module against those from
benchmark models, focusing on the resulting queue evolution processes and associated
delays.

1 Conducting simulation experiments to observe the delays and number of stoplsathder
the developed and benchmark models to ver.i
respect to mitigating traffic congestion and queeirred blockages in major commuting

arterials accommodating highly asymmetric traffic volumes.

The seleecftoerd esxipter i ment al analyses is a se
Bet hesda, Maryl and, encompassing five signald:@
information about this site, includingoiurs ge

TC



traffic volume distribution (Figure 4.14(b))
connector between residential areas and the c
During the evening peakalpeirmmall, a rac ep reommeorugnecse,d
traffic volumes significantly exceeding those
make this site an ideal setting for evalwuati n:
and queue oqnmi lalradwerisal sl experiencing highly as:c
eveninigowreakol umes are sourced from the Mary
|l nternet Traffic Monitoring System (I TMS).
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Figure 4.14 (a) Geometric features and (b) peafour volume distributions over the

candidate arterial segment



4.4.1 Performance Analysis
The analyses conducted at this stage are main
1 Whether alldeveloped formulations can reliably capture complex interrelations between
various queue streams for the module to produce the signal control plan with the minimum
delay in the highvolume direction;
1 The necessity and benefits of the developed moduldulyatccounts for major complex
gueue formations between the arterial és 1in
1 The consistency between the traffic volumes and the resulting delays, astveljasue

length distribution among intersections.

Note thavortl de vrodailmers Kihgpure 4. 14(b) have b

the target commuting arterial 6s congested anc

directions, as shown in Figure 4.15. The pede
managetahl e whe red phase duration for confl i ci
seconds, and the green splits are computed wi
modul e was solved by Gurobi 9.0 on a workstat

4d 4 4 4B 4 b 4 4 4 4 b
_f 315102 306 10253 t _f 154173 86 221]4"L J 90 510 t 4 ”10 0 10 - L 4 2”39 273 468135 L

16 44
- 1330 @ 791 <= [ => 1282 @ 661 <= 7 @ -» 1627 @ 875 «=| | =» 2003 @ 587 <=
- 1499 841 <=

Vo105 g 117 iz U [F 1% 221 96 163 PO F 3 261 oo F| TR e e s 10 F
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Figure 4.15Volume scenario at the study site designed for module verification

Figure 4.16 shows the outputs of the devel
out put ressupace winsdg homeng the offsets and ph:

devel oped modul e and the MAXBAND (Little et al

TYy
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Figure 4.17 Time-spacediagram and queue evolution under (a) the developed module and

(b) the MAXBAND model



Table 4.2 Performance Comparison between the developed module and MAXBAND with

the selected MOEs

InteCLV LTbay Duration to Maximum  Total delay Average

the onset of queue (veh. delay(sec/
sect (ve length (f) blockage(sec) length (veh) / 1 n. c vehln.cyc)
Develo c
1 133 238 modul 61 29 721 25. 78
MAXBANI 4 3 29 1000 35. 71
Develo )
2 115 142 modul 31 29 951 36.2¢
MAXBANI 31 29 936 35.6¢

Develo
3 755 239 modul 59 LS 294 ta. 11
MAXBANI 46 17 309 14. 8:

Develo
4 111 370 modul<(NO bl a 14 338 17.51
MAXBANI 112 23 410 21. 2¢

Develo
Tot al modul e 2304 24. 41
MAXBANI 2655 28. 1:

The major findings are summarized bel ow:

The results in Figurdemohd8(aptandh@hb)tamed mt

formul ati ons are capable of explicitly refl ect
of queue fl ows along the arterial, as evidence
vol umesiand etshul ting del ays as well as queue
Specifically, as shown in Table 4.2 and Figur ¢
| owest tot al and average del ays feoselNbdoibhbout
hi gher delay observed at I ntersections 1 and
shor4utef bays, whi ch may 1incur early queue b

bl ockage takes placethese cnoat acf 3lhseqgwads fad
2, as shown in Tahwetd. a. HAtwogeé rotak/e §l eecntgitohn, 4t h

bl ockage is not expected to occur.
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Figure 4.18 Performance comparison with the selected measurements of effectiveness: (a)

relation between CLV and total delay; (b) relation between the lefturn bay length and the

way

onset time of blockages

Figure 4. 17(aat fuashexpsboead, thhe signal t
el oped modul e ensures that vehicles during

e can join the queues ahead of those traf:

erosneclt and I ntersection 3, traffic streams
e red boxes in Fi gtwHwaysd . alh7e)adwiolfl ortehceeri vneo vt
l e. At |l ntersection 4, the (raefictéer sdam
umul ation curve) joins the queues after al

se sequences, the target arteri al can not

o0 slow the ceuawmdad fhorl datuipon hpeat direstfeutr nt ibnaey o f
i's i nevitable.

The comparison results between Figure 4.17
or por at-minmgi mihza tdied lm yf-e@lt wume d iorccetshiegpmh iagm ttw

progression for commuting arterials accon



the devel oped module can enhance the opti mal
al ., 1981) on the following aspects:
1. Preventing th@otential leftturn queue blockage at Intersection 4;
2. Delaying the increase in the queue formation speed, even if tharlketbay blockage
due to the long through queue is highly likely;
3. Optimizing the phase sequences to allow traffic frommi@mume steams (in the red
dashed squares) to arrive at intersections ahead of other movements so as to reduce the

time-varying queue formation pace and the resulting total delay.

As such, although the resulting maxi mum qu¢
model s, the devel oped module can yield a | ower
as shown in Table 4. 2.

4.4.2 Performance Evaluation

For performance assessment, this study has adc
to compare the developed module under field t
recogni zed Syemrcdirma r(kGO IRIANSTRWall9%) g e t al .andl984
MULTI BAND (Gartner et al ., 1991) which wunder
generalized traffic patterns-wionm |l dommuatfifng daem
for performance eval uaitm ofmi guuitéd 4. 4 @)X . oha alre
selected MOEs obtained from the results of :
simulations have been conducted for -2actnadnode
warup peri odeaod i rud GAdidoint itoinnael.l vy, t o demonstr

devel oped module i n optimizing arriving phas



dependent queue |l ength evolution over three ¢
int er val representing 5 seconds. This Figure wu

intersection in the studyrduebatya its short |

The comparison results in Figure 4.19 sho
alkki eves a shorter queue |l ength across all cyc
This is particularly important in the context
handling of vehicle accumudduciomng atth et hlei kienltiehrc
into upstream | anes. Given the | onger queue,
transl ates into additional diele.y,s . f rFoom Tinmd alnt
Ti me | nt éedrevalot®dd) ,quteue time (from the onset
di ssipation) spans only 3 time intervals under
persists for over 5 intervals wunder aSysn cuhnrdoer |

TRANS¥H. The noticeably shorter queue duratio
its ability to better minimize the total del a

Furthermorevolthbheicegeruender the devel oped mod
t han undeaunther pmarhtes. cThe resulting sl ow pace
as it can prevent or at | east dtedrary haye, oan sced
i ssue that <can severely disrupt etxraanipfliec, ftlhoew
turn bay at I ntersection 2, about 142 feet | ol
grow quickl y. The devel oped modul eb aya sb |eoxcpkeacgte

or reduce its dur attieornt,i atl h esrueblsye qpuureenvt e dteil mg p mw

yp



Time-dependent Northbound Through Queue Length at Intersection 2
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Figure 4.19 Time-dependent queue length evolution at Intersection 2

Table 4.3 Performance Comparisons of the signal plans generated by three models

% cha :;/ooan:: % chan
Direcll‘N'On SyncITRé:;lS'Y MULTI BA Dlvtlaovdeull‘cotmopa t o compare
) s ;. TRANS-Y MULTI BAI
y ncir 7K
Through dehay aaltengal (sec/ veh)
Northd nAj 66. ¢ 74. 3¢ 71. 25 65.2 -1.85 -12.19 -8.39%
Sout hbd j An 38.9 35. 81 35.21 35.2 -9.62 1. 599 0.09%
Average delay of through ve®ohni cilnedsi viirdoura lallli nukpss t(rseeacni vset
kAj 2.0¢ 2.87 2.26 1.92 -7.6'9 -33.10 -15. 0479
North%lAk 0.9¢ 1.43 1.31 0.86 -9.47 -39.86 -34.35%9
mA | 1. 3¢ 3.34 2.67 1.79 33.5¢ -46.1241 -32.96¢9
nAm 23.2 37. 8¢ 33.42 21 9. 72 -44.47 37.16%¢9
Average number of stops of through vehicles along the
Northbd nAj 1.5 1.54 1.59 1.35 -12.3¢ -12. 34 -15. 0929
Southd jAn 0. 8¢ 0.8 0.77 0.78 -7.14 -2.5009 1.30%
Net wor k average delay (sec/ veh)
Both direc 126. 137.3 126.6!' 121.¢ -3.79 -11.31 3. 84%
Net work average number of stops
Both direc 1.8 2.17 1.79 1.78 -1.11 -17.97 -0. 56%
Not e:

1. The PaifT test results of percent changes are denoted with an asterisk: * = significance level of at least 0.05

2. All vehicles from the upstream intersections, including through aneksidet turningin vehicles heading in the northbound
direction, will be accounted for at the downstream intersection
3. The northboundiirection is the higivolume directionthe suthbaind direction is the lowolume direction



Maj or findings from the performance eval uat

bel ow:

1 The developed module has proved its effectiveness in reducing through delays along
such arterials of highly asymmetrieolumes in two opposing directions when
compared with the results with Synchro, TRANSYH, and MULTIBAND in the case
study. Specifically, the northbound through delay along the arterial was reduced by
1.85% compared to Synchro, 12.19% compared to TRANS®¥Tand 8.39%
compared to MULTIBAND. These reductions |
tackling highvolume traffic efficiently, especially where some intersections (e.g.,
Intersections 13) are likely to experience turnidzpy overflows and landdrkage.

1 When evaluating the average delay of through vehicles across all upstream traffic
streams on individual links in the northbound direction, the developed module can
consistently outperform the benchmark staft¢he-practice models. For exampléagt
average delay has been reduced by 7.69%, 33.10%, and 15.04% compared to those
under Synchro, TRANSY-IF, and MULTIBAND, respectively, on the segment from
Intersection 2 to Intersection 1. Similar improvements can also be observed on other
links, furthers upporting the modul ebs effectivene:
streams over commuting arterials with such geometric features and volume distribution
patterns.

1 As an indicator of the progression efficiency in both directions, the average noimber
stops for the northbound through movement with the developed module is 12.34%,
12.34%, and 15.09% lower compared to those with Synchro, TRANSY Tand

MULTIBAND, respectively. In the southbound direction of lower traffic volumes, the

yT



developed modulstill achieves notable reductions of 7.14% and 2.50%, compared to
those with Synchro and TRANSY{F, but only a slight increase of 1.30% when
compared to MULTIBAND. These results seem
minimization of the total delayof the highvolume direction is not accomplished at
the cost of progression efficiency for the loweaiume direction.

1 At the networkwide level, the developed module has effectively reduced both the
average delay and the number of stops across the eati®rk. The networkwide
average delay has been reduced by 3.79%, compared to those with Synchro, 11.31%
with TRANSYT-7F, and 3.84% with MULTIBAND. Similarly, the netwocskide
average number of stops exhibits reductions of 1.11%, 17.97%, and 0.56% when

conpared to Synchro, TRANSY-TF, and MULTIBAND, respectively.

4.4.3 Case Study Summary

I n summary, the results of case studies show
the complex inter actviaornysi nlge tguwieeeune sv aarnido ussi gtn am
all owing the developed modulag t omm-vebfthfeandet igwhe leyc t
whil e maintaining the same maxi mi zedvopruomer € s S
direction. More specifically, t he dnmeovveel noepnetd f
del ays have accopan canviaotyiinmgs f aichoesdeontri bu
and evolution of queue patterns over the arter
with the specified objective function, t he de
enabl e tra¥vbiaomendihechig@om to minimize the tof
traffic streams of high flow rate to join the

Such a unique propertydiat oegewi ttbonheohdobjieot

yy



two highly asymmetric traffic directions all/|l
efficiency with respect to the networkwide de
|l ower | i geeubosdi bfFbacks at Hwminndgalyaypyd ockmd e

if not preventabl e.

y ¢



Chapter 5 A Responsive Reallime Arterial Signal Control Module for

Turning -bay Overflows and Mutual Queue Blockages

5.1 Introduction

As demonstrated i-odd&yhapitgmald, c drhter ofli meodul e
commuting arterials with asymmetric direction
the arteri al and coor di nat enss .p hlahs emesder gauoednucl ees
mi ni mi ze excessive queues caused by |l ane Dbl o
provided that all/l contributing factors to que
pl ans. Howevertedr atbif megppRt geainsplsanmn are unl i |
during peak hour s, especially on arter-ials w
saturated conditions at <critical Il ntersection
intersection can rapidly trigger standing que
di sruptinwgartyhegtiame i val rates at downstream
boundaries. The adverse i mpac®s nucdaiunsge du nbuys etdh el
turn green timequauce efl ermdteidon hramnud hr ddueed c ¢

i Il ugthn gtuecke 5.1
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Figure 5.1 Adverse impacts of blockages: A) wasted gredime; B) increased queue

formation speed; C) Throughlane capacity reduction

To address these challenges, this chapter i
|l ever agiemereat a coll ected from det eacst oar sc rdietpilc
component of an adaptive arterial signad cont:
ofday contr ol by offering a timely response t

patterns resul ting afnrdodno rt unruntiunag bgauye uoev ebrl fol cokwasg
As such, the responsive control modul e i s de
1 Detecting traffic states in reattime and estimating their ensuing evolution patterns
With the sensor data from each lane, the function will bd tsrobustly estimate the time

varying queue evolution of both through and-teftn movements, identifying any queue



formation over all intersections within the control boundaries and the likelihood of
incurring mutual queue blockages.

1 Classifying deteted queue types and blockages into preharacterized congestion
levels A customized heuristibased classification method maps observed queue
distribution/traffic states across intersections tegened levels of congestion.

1 Selecting and executing canol strategies tailored to each congestion leveBased on
the identified congestion level, this control function is responsible for selecting and
executing the set of corresponding signal plans customized to alleviate current bottlenecks

and prevent fuhter congestion propagation.

5.2 Overview of the Responsive Realime Arterial Signal Control Module

The responsive modul e operateswiacde-tomeaalod onthreo!

focusing on managing traffntefboewsi ansoabkomgl

modul ebs primary operations | @®¢lrwadne i @xedutiymag
traffic states, and characterizing congestior
responsi ve &tonensebrteitmen seedgagpatliabi | ity t o evol vi

operation flows of the developed modul e are o
1 Step 1: Data Collection and TimeVarying Queue Length Estimation

At each ot itnhee smoedpul e wiilnhe ftirrasftf icco |vloel cutmer edaalt
across the intersections, i ncl dtduirnng nvoevhei ntel net
Using these count s, t he nvoadruylien gwi gl ul eeugded lel ne nogd
movement and t hen pteirherans tthrea fufpidateon di triean

cycle. At t hecydlde olbgerehelsscgitale at GGinter sec



the current cycl e)and tthhen < thbes eccpindadyto ] c ypdeled oid
modul e will c¢classify each intersectionds bl o
a. BlockageType-N: No discernible queue blockage.
b. Blockage Typel: One blockage per cycle, where the through queue bldeked
turn vehicles.
c. Blockage Type2: One blockage per cycle, where the -teftn queue blocked
through vehicles.
d. Blockage Type3: Two blockages per cycle, where the through queue first blocked
left-turn vehicles, and then incoming through vehicles in éamenimpeded by those
blocked leftturn queues.
e. Blockage Type4: Two blockages per cycle, where the {eftn queue exceeding
the bay first blocked the through vehicles, causing the formation of through queues
which subsequently blocked the arriving {&ftn vehicles.
1 Step 2: Congestion Level Assessment

When the blockage i s detceaftiede d {TdbEtNsmoafl lelsF w

evaluate the severity of the queues, consi d
the artendabdbf Ahetbgecke at each intersection
results into one of the following four | evel

a. Congestion LevelN: No discernible queue blockage at any intersection.
b. Congestion Levell: Localized congestion, with blockages woing

independently at some intersections.



c. Congestion Level2: Blockages occur at most intersections or propagate
interdependently over consecutive intersections during the same cycle, or a critical
intersection suffers sustained mutual blockages oveseontive cycles.

d. Congestion Level3: The most severe congestion level, where L-@vebngestion
persists consistently across multiple intersections and over multiple cycles.

1 Step 3: Responsive Plan Selection

Based on the resultst oft idhemaduwnlge swiiloln aeslsec
strategy to respond to the detectedbébgcangest:i
The four responsive signal pl ans, each <cus
congestionefienvetd sasatrtell ows:

a. Response PlarN: Remain the current signal plan.

b. Response Plafl: Green extension for either through or feftn movementsor
both.

c. Response Plar2: Re-optimize phase sequences and offsets.

d. Response PlafB: Adjust the cycldengths and r@ptimize phase sequences and
offsets based on the updated green splits.

1 Step 4: Execute the Selected Signal Plan and Update the Resulting Traffic Conditions

Upon selecting a responsive signal imlgan,f otrhe
each intdaersagtibp sapb e qulenrets ec wpldeat(ed signa
i mpl emented in o0fhe) .folltl oiwsi nigmpcoyrctlaent( 20 not e
and RespB®3nsehPthniwvadlewsatdgenttesr,i atthe activat.
signal pl an at each intersection must accou

coordination across the system.

dn



Figure 5.2 illustrates the frameworpkr ionfc itphael

model s. Note that each model is designed to |
traffic monitoring and queue | ength computat.
identification i s to be eaXeacwtndd oiln sNa dcdle g ;e s:
and activated in Model 3. These models opera
arterial s signal pimep drpteespdnasadtol abei friee
foll owing Isetche oher Meltatii ons and underl ying |
chapter with comprehensive numerical experi me:

effectiveness.
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|
type acrossi Spatial assessment i Level 2: blockage occurrence at the majority of intEr"SeC(iOnS,i
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]
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i * Llevel2 ——4—ie Plan 2: Re-optimize phase sequences and offsets Computation
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Figure 5.2 Framework of the developed module

5.3 Module components

This section provides a detailed description

contr ol modul e. Each model i s epmpehsaesnitse do ni ni tas



functions, mathematical formulations, and the
control structure. The core function of weach
1 Model 1: Queue length computation
1 Model 2: Identification of the congestion leves

1 Model 3: Dynamic signal control

5.3.1 Model 1: Queue Length Computation

This model aims to identify the type of gueu
movenent ti me Jdteeel@@ bd hescation of detectors i
turning bays at every i nt ercsaepcttuiroen oafp ptrhoea cthl o
i mportant t oi mfoltew trhatte ac &Zmerroesult from either
arriving) or a queue that has extended to the

either caseon tfheiesd si nifnotromatt-tiar wishm g mguteoa béngt

t hrought mmmd rmevdments. The resulting queue | er
the type of blockage that has occurred, as de
5o Gop o to Yoo EN WD (4)

whefr @ anid 0denote the queue | eraqtrin imovtehme ntt 5r @

st@presptatiisvel yb;i ntaoge mehreftghtelre smlov e mangr een p
at a giveaeWitsi mhest epmgt HO sf tdack at iumatstomphead:
to note that the queue | ength refers only to
not include vehingl d®ownhato @aqoensht he queue.

Wi tEfua%li,onone can characterize possi bl e que

types as showncinol &@ablkeldtbivnied esHlaicdnetso i n t he qu

QT



and the queue sihteinh€trsk ercetpuroensi 8ingt ebllifeyweantol e s
the | engtthirof btahyeQilse iftdenhjs amgt e t hat t hteurcno mp a |
and through queue | engths pertains specifical

Table 5.1 Mathematical expression of mutual blockage types

0 0 O Jht (R)
Bl ockadle type 0 6 UJdht (B)
m o0 0 (8)
0 « 0 JQ 5)
0 6 UJht B )
Bl ockagde t e .
m o0 0 B)
0 0 O Jht (B)
0 & 0 3Q (80
Bl ockage t e
¢ . T « 0 (5-11
mT 0 O (5-1 2
0 & 0 3Q (43
Bl ockage type 0 6 0 3Q (44
T « a 0 (845
0 & 0° 3Q (A6
Bl ockagle type 0 6 0° 3Q (87
m & a 0 (88
Equatblomas8d i3l ustrate a scenario in which n
turn queue exceeds the | ength of the correspo

condition indicates ndhue ealb ¢ o &kaasmsei faimgdd qase u Bl u
type I n Bbotkagestghewn i-B Ehu@uigmns o5 refl ect
pattern i n whuealte tth breesxhcreoeudgehd t he | engt h of tt
spill over hasttacaoumguedei wittihe nl ¢the cycl2e. By
i s defined as t he -tturranf fgiuce uset, a trea tophhe=ru et, htdhreest | leegd |

over the turning ba%,t hrshdschhowsn i n Equations 5

Gy



Not eBlt baka@e aBnlyopcek age argpéo characterize mutu
di fferent sequences soifngyued €e fwhremat itdhre wWiotr men
mutual bl ockage is caused firstubynitnlge vtethnn @u ¢t
(described -13 tEhgnrlabd)g.lonSor5 t he | at-lercapper e Bl
reverse sequefaue,n whuerue tihe sltefetxceeds t he bay

| ater compounded absy ftohremutl hart cetih thdy uBeBuep,h | ® ns 5

5.3.2 Model 2: Identification of the Congestion Level

This model is designed to evalwuate the conge
heuristic that accounts forrithludg i et iorha tqgeuce utee 1t
builds on the output from Model 1 by wutilizi
augmented matyri whidbnonhddcases the presence o
each intersectiohyovehet nmeceoinSpeactedalby cor
monitoring r esaslitgsn aflr ocny cal etso,t ailndolfaeyéeihg) t @ed cu
proce@dpmyc|l esOanctrearssEltits opsel ds a historical
conidoints ramgi nd 6f rmohne @ e RO and wh e r ‘& ol rnrteesrpsoencdt si

to the most upNo6ftr e aimh &is himhudsavl deleutee dofi n accor da

total number:l ohgentersectabaswith a greater n
| ardgteor suf ficiently capture the spati al evol ut
structurw soff oommamalilxy expressed as foll ows:
ih 8 l R .
A &
¥ 11 lop E iﬁ 7
11 é é I}
u in 8 i U

seed



whetpgev Mfpdenotes the presence of@arquimgece bleleo c k ¢

within the igopitfrod Ipleoclagaedaywaisf ptrireesreenti,s ama b

By anal yziemg etdhwnaamgmcan characterize the <co

of rules involving spatial, temporal, and spa
1 Rule L If no intersection along the arterial experienced blockages during the evaluation
period, as expressed in Equatict % it indicates the absence of discernible congestion

in the current traffic state, then classifiedCasgestion LeveN.

th T (5-19)

1 Rule 2 If, in any cycle within the evaluation peridéwerthan half of the intersections
have encountered mutual blockages, as formulat&égyiration 520, it is indicative of

localized congestigmwhich should be classified &ongestion Level.

i g"o Ion a4 o pha (5-20)

1 Rule 3 If, in any cycle within the evaluation peridalockages are detected at any of two
consecutive intersectioafongthe arterial, as formulated ifguation 521, it isindicative

of a high congestion leveihich should be classified &ongestion Leved.

pn (5-21)
Q ph

i i R oQ ' pHO

b N &
1 Rule 4 If, in any cycle within the evaluation periaghore than half of the intersections
experienced mutual blockages, as formulatedEguation 522, this also indicates a

significant congestion pattern, warranting classificatioG@@sgestion Level.



(& g"o Loy 6 & ph (5-22)

1 Rule 5 If at least one intersection experiences the queue blockages over the previous
consecutive cycles (for a given evaluation perio@ of/cles), it implies that the response
plan for localized congestion (i.€pngestion Level) is not effective, and mew signal
plan is needed to cope with the sustained congetlontraffic state is then elevated to

Congestion Leve2. This rule is expressed mathematically as:

in O I pho (5-23)

1 Rule 6 If a local queue blockage has been observed to propagate progressively to
upstream intersections, it indicates the need to revise the current signal plan and to
reclassify the new congestion patternCasgestion Leve?. The rule can be expressed

as folows:

1" phO p N
S q (5-24)
fov @& ® ph
1 Rule 7: If Congestion Level is observed consistently over prior consecuiveycles, it
indicates that the traffic state has degradeddngestion Leved.
1 Rule 8 If Congestion Leve was persistently present over prior consecufivgcles,
one can conclude that the traffic state has fudkégriorated and should bkassified as
Congestion Leves.

Not et brheastul t-si mé¢ memiltoring and <cl assi ficat

the above rules offer the developed modul e th



signal pl an se twanyi rcgppeomwgddct itchn patterns al

in a timely manner.

5.3.3 Model 3:DynamicResponsive Signal Control

This model i's responsi ble for selecting and e
tailored tocmngeghtenthevel i dent i f-tiemdpoirnal Mo
di stribution of detected blockage types. For
control mod el wi || apply only minor sadj ushmen
Conversely, in response to severe and widespr e
must be generated and i mplemented across the
traffic conditions and to alleviate gridlock.

Accdingly, i n addiN,i ownhitcon Rreasipnanasien sPIltahne ¢
pl an, Mo del 3 includes three additional respo

specific congestriadmgioep®lr at Eh eisgenyail n g | laenv ealdg ua
ranging from | ocal i zeldevreef iulpedreetnetss. tlot fiusl |i napr
three responsive control strategi es kddialyd upo
contr ol met hodolChagpt emt Aodulcheds ifroundati on er
operati onal objective while enhancing flexib
conditions.
5.3.3.1 Response plan 1: green extension for the needed movement, through antlior left

traffic flows
Reponse Plan 1 is designed for | okc)al att raf if i ic

intersections, where | ocal traffic blockage di



to prevent it from furthensspiibadi mglemeneéighl

Pl an 1 comprises the following steps:

1 Step 1. Minimum Green Time Check
Before extending green time, it is essential to ensure that the green time from-8teeside
phase has not been fully utilized. Otherwise, Respdtan 1 may not be the optimal
choice, and Response Plan 2 ought to be the candidate plan.

1 Step 2: Blockage Time Computation
The blockage impact commences when queues persist and spill over or propagate to
upstream segments. Hence, it is essential tonasdi the blockage time based on the
difference between the end of the red phase and the onset of the blockage.

1 Step 3: Green Splits Adjustments
With the computed blockage time as the preferred green extension and the minimum green
time required for thaide street, the developed module can adopt the revised green splits

to the detected local congestion as follows:

uo “Q “Q (5_25)
4 a W (5-26)
GQErd h O (5-27)

6EANOBAMNQI ¢ DIAAWQ G

Wh eiOgd, &ddknote the allowable green, targe

extensions of t K, crreistpezaat®ir \eigrirtyeesr esnet ¢ tr ticleeet

green durati on asntdr etehte gmieneinmudnik) sastd teleey gre s |



duration &f doidsememe ti me step at the onse

overfl o&w str eam

5.3.3.2 Response plan 2: Ryptimize phase sequences and offsets for intersections within the
congestion impact boundaries

Figure 5. B3eilalctstvadati en tand procedur al framew
designepdttmi ze signal offsets and phase sequel
identified along the arterial. The procebsat besiq
the blockage, followed by determining the ons
to the turning bay. | f mul tiple blockage eve
recal cul ates the onset ttoi naec coofu ntth ef og u bcsoengpuoeunnt

effects.

To suppoopt itrhiizatrieon, the system quantifi e
bl ocRageh as accedqeewe ed ot matoiugn, reduced (-
accumul ati ont wrfedbikesdkeds| dbial queues. These ne

i ntroduced iTr aSefcitci oy nda.n8i.c3s, Uncder MumtcwalpoBlao
restructured objective f-tuinrodg i toma ft fhiad ibred ft feirc ir
queue spillovers.

The actual optimization procedure for gene

foll ows the methodol-ofggy ecsovomabit olshmddulhetheael $0

4). Specifically, theraecortbje®lctalvjee otfi yme nri enmaii |
commuting direction while maintaining p+ogres
ti me blockage information into the optimizat:.

target eadntadtjausalm evi ate evolving congestion al

MAan



Response Plan 2 Activation

»
>

* Current Signal Plan
* Mutual blockage type
* Length of the links i

* Length of the turningbay | [ |gentify the queue group that initiate the
blockage

v

Compute the onset of the blockage

v

s m
Compute the duration for the queue to reach
the turning bay

. J

More than one
blockage within one
cycle ?

Recalculated the onset of
the subsequent blockage

(Estimation of negative impact of the queue blockage:

* Increase in the speed of the through queue formation

* Reduced capacity on through lanes

L- Number of blocked left-turn vehicles and residual queues

A

negative impacts of the queue blockage

~
Restructure the objective function by considering the ]

| Re-optimization

A

LNew optimal offsets and phase seq uences]

Figure 5.3 Flowchart of the structure of Response Plan 2

5.3.3.3 Response plan 3: Adjust cycle lengths and green splits, thagtireize phase

sequences and offsets within the congestion impact boundaries

Response Plan 3 is to be activat3ed ofvoerr tthhee naor:
where the entire signal plan (i .e. , edaysclteo Ibeen
repti mi zedmpadeaneneed in a timely manner. To ef
plan, a stepwise approach is developed as f ol

M p



1 Step 1: Adjust the Cycle Length

The first action is to decrease the cycle
seconds) . Since the reduction is decrement al

traffic flows. The rati éodaolc&kalgigesti onbaldat o«

short turning bay or |link | ermgptth,mirzadu oand od
sequence and of fset s, i s one of t he mo s t
accumul ati omheaor eteiac¢altliyne.one coul d i RAclude
optimizati on process. However, practically,

formul ati ons rather complex and cumber some,
wel | faisc iienretf f-toirme sreeds momrsiale operations.

Note that the adjusted cycl edeé¢feinmgaed tshroed lc

formul BEgedt-Z&n Because a shorter cycle | eng
proportiiome,ofandostthus a | ower iintersection c

6 TEG (B8
WhetTdenot eslefai pmede percentage, and L denot es
(sec/ cycle), which canwupel oatcul me ad mtkea s kaegsa 0O
outlined in Roger et al., 2004.

1 Step 2: Adjust Green Splits

Foll owing the adjustment of the cycle | engt
to reflect the reduced tot al green tirnee avai
all ocated based on entry odfil ews tdheeadchscihmtr @i

from upstreamhi mthercsaenctmmrmes accwvrmatyeliny tefff



demands wunder congested conditiloantsed Nuwstien gt f
established methodol@@p4 wutthi nde e fRed e eet

phase computed using the formul a:
w
Q Q O (29
W
wheQies the effectiv@ sgRegens thmet bbal Paabsecti
the cyalies (tstee)gritical@Ilvarneihs) otl ueanes froro fP htals

| ane volumes (veh/ h).

1 Step 3: Reoptimize Offsets andPhase Sequence

Once the cycle |l ength and green splits have
l evel, the fi-apti mitzipng ntvioé vesgm &l offsets

optimization once again daddcpetds i tohidktahye aanennrered ||

modul e (Chapter 4), where the primary contro
commuting direction while maintaining progr e
framework is also dadjeusatdecrtse a&ddewcrnts fod mui
in Section 4.3.3, ensuring the resulting sig

conditions and consistent with the underl yin

5.4 Numerical Experiments

Tke primary objectives of these numerical expe
effectiveness in detecting various types of t
assess its peifmer pemee ait mnwinie@ans onfel rl e sapo nesxievce

mi ni mi ze the resulting queue propagation and



Figure 5.4 shows the selected arterial s e

Rockvill e Pi ke i n Bet hesda for model ncdval ua
configuration, and dhoeuanrivbvoaltumes. oloteer etnth @atg 1
the residenti al areas and the business distri

domi nating northbound trakfheuwvwe®!l ume idmucnh eaags d

l evel during the evening peak hours, an- incre
mi nute field vol umes, from the ,Aaetehawh iTnaf*i
5.4 (b)

(a)
4 + L 4 + L 4 L 4 + L 4 4 L
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Figure 5.4 (a) Geometric Features, and (b) distribution of peak hour volumes over the

candidatearterial segment
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The performance of t hd i thev sligmed rceosngarodi

eval uatsdd tdopfd ey mei gnal control modul e introdu
selected as the baseline due to its demonst
optimization tools, incWfegdiagdMBLYMcBANDsATRAN:

of performance metrics across these model s i :
Evaluation), with summary results pr-efdagted i
contr ol modul e achieved a 12mnmMuwt% nrge dduicrte cotni oinr
del ay per vehicle perfFhouwr omgl amiitvhe atno 8T BANGS
MULTI BAND and a 1.85% i mprovement compared to
average number of st opse peerr rhoorutrh bwoausn dl 2t. h3r4oc%u g
TRANS¥HF and Synchro, and 15.09% | ower than un
the select-olayomodhéetrmported in Chapter 4 a

benefits of tifamxeidd{fitaymeopgeirf aimoirmmet or etstpeo nrse & le

control

Whil e a compar ttsgamre wiotnht rootl h ero dredasl woul d pr
it was not feasible in this study dud stta ntgwo
r etail me contr ol systems are proprietary and no

fairly assess their effectiveness under compa

-

efaill me control systemsoni sofg rcoounntdeendd iinng twhiet ha snsol

raffic conditions without over fl ows or |l ane

—+

congested scenarios involving mutual bl ockag:t
devel oped r-teispoqrsalvec o retar ol modul e to such moc

a fair or meani ngf ul evaluati on. rerctogad zedc

Mg



performance as the benchmark provides a more

r etail me responsive features in signal control s

5.4.1 Performance Evaluation for the Detection and Timely Response to Mutual Blockages

Table 5.2 presents the simulation results reg
eachtersection over 24 cycles. As sthiomen ding mall
contr ol modul e can, as expected, detect the o
any needed responsive actiomxer 8bmes exampheEesi
simulation results are | isted bel ow:
1 Due to the continuous increase in traffic volume, Blockage lyp&as detected by the
developed module to persist from Cycles 13 to 15 at Intersection 2, and the resulting traffic
state waglassified as Congestion Lev2l In light of this, Response Plan 2 was triggered,
and the optimal signal plan was produced in Cycle 16 and then implemented in Cycle 17.
In contrast, the blockages under the tiofelay control module without timely deteati
and response hayersistedover more cycles, i.e., further persist to Cycle 17.
1 During Cycle 18, more than half of the intersections (Intersecti®)sXperience mutual
blockages and evolve to Congestion LeXelThis triggered the need tmplement
Response Plan 2. Hence, a new signal plan, generated in Cycle 19 and executed in Cycle
20 by the developed responsive module, has successfully eliminated blockages at all
intersections (see blue cells in Table 5.2).
1 The performance comparison Wween the developed responsive {ale control module
and the timeof-day control module demonstrates significant improvements, particularly at
Intersection 3 during Cycles 213. Under the offline signal control, consecutive blockages

were unavoidable duto spillback from Intersection 2. In contrast, the responsivineal

MM



control module, with its timely intervention at Cycle 20, can effectively mitigate queue
spillback from Intersection 2, allowing the queue to dissipate before reaching Intersection

3 (see red boxes in Table 5.2).

Table 5.2 Detection of mutual blockages at each intersection

|l ntersec |l ntersec |l ntersec I ntersec
CyCRespo Ti m{(Respo| Ti m{(Respo| Ti m{(Respo| Ti m¢

Contrnofday Contrnofday Contrnofda)y Cont nofda

ModulModu ModulModu ModulModu ModulModu
1-1 2 - - - - - - - -
13 - - S S - - - -
14 S S S S - - - -
15 - - S S S S - -
16 - - S S - - - -
17 - - - S S S - -
18 S S S S - - S S
19 S S S S S S S S
21 - S = S - S - S
22 - - S S - S - S
23 - S = S . S S S
24 - S S S S S - S

Not eden®tes the obs®rhvee dc eBllo cwkiatgheo utty paesny |
bl ockage observed

5.4.2 Performance Evaluation at the Critical Intersection

The performance evaluation of the developed

bl ockages bet weteunr nt hvreohuigchl easn di sl effdtcused on t he

Using | ntdehaeatciteni 2ed byasta sheet stiudl, | &€h
examined its susceptibillheytofdemeymwtomnd Ir od| onokdaud «
devel oped rteisponcowvter sleammodul e. The evaluati o

t wo measures of effectiveness ( MOEs):
1 Throughput per cycle at each intersectionThe number of vehicles passitigough the

stop line at the downstream intersection during each signal cycle.

MMM



T Queuedelay Per vehiclebs total time in the que

5.4.2.1 Comparison results of throughput over through andtleft lanes

Throughput i's selected asmparkesynbndioc aatscsre sisn
bl ockages, a so wiud tutad u hih eofctk lmigelses are obstruct
viceoweltbsainevitably reduce the number of veh
5.5 illustratdetsf éeéehenecds obhghween the devel oped
t he -addane contr ol modul e. The key findings fr
summari zed bel ow:

1 As shown in Figure 5.5, at the outset of the low traffic volume period, botrettetoged
responsive control module and the tiofeday operations exhibit comparable performance.
However, as traffic volume increases, the emergence of mutual blockage between through
and leftturn vehicles becomes apparent (see Cycle 13 in Table 5i2atlthis juncture
t hat the developed responsive control mo d
effectively becomes evident, as reflected in its higher throughput (see green box in Figure
5.5).

1 Figure 5.5(a) illustrates that the developed respersimtrol module, responding to a lane
blockage starting in Cycle 13, consistently achieves higher throughput in the through lanes
from Cycle 15 onward compared to the thwfeday control module. This improvement
stems from t he r e sagbibtytsgenerate andimpglement a newosgnall e 6 s
plan within one cycle. Without timely adjustments, as demonstrated by theftidasy
control module, the blockage impact may persist from Cycle 13 to Cycle 21 and exacerbate

the congestion level.



1 Figure 5.5(h shows that the developed responsive control module consistently achieves
higher throughput for the lefurn lane starting from Cycle 19, in response to the blockage
detected in Cycle 17. This result underscores that the developed module can effectively
address the blockage in both the through andtueft lanes, thereby minimizing the

excessive delays for traffic flows of different movements.

Figure 5.5(a) and Figure 5.5(b) reveal tha
i mpacts onl aanhee btehgrionungihn g i n -tCurcnl el aln3e, satnadr toinn g
17. The developed responsive control modul e h
dynamically adjusting the signal pl &ot abl yw,cc
during the periods of volume surge (from Cycl
consistently achieves hi gheorfdatyh rcooungthrpoult ncoodmupl

confirms the devel oped r esmpiomismivzeze comitlrlod v emo c

gueue propagation, ensuring better traffic pr
Through vehicle Throughput Comparison Left-turn Vehicle Throughput Comparison
25 2
o s
5 a /\_/\/\ s : .
22 / x £0 \ Nz J . /U\/
- ’/" - / f p .
- ° \ J N P
£ AN A, NV 218 N s AY
£ \ / 7 = v
Es ‘ £17
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5 15
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Cycle Cycle
Time-of-day Control Module Responsive Real-time Control Time-of-day Control Module Responsive Real-time Control
- : Module Module

(a)

Figure 5.5 Comparison of queue delay on the through and lefturn lanes

Queue delay is selected as a cruci al i ndi ¢

During the period of mutual queue Dbl ockages,



and some blocked vehicles mayseicqawen tt oc ywaliets ,f

endure excessive queue del ays.

Figure 5.6 and Figure 5.7 illustrate perf
responsgiiwe rcealtr ol rooflaly ec amtdr d Ih emd d umlee wi t h
del ay andt hg,ueruees peecntgi vel y. Some key insights

summari zed bel ow:

1 At the beginning of the simulated period (see Figure 5.6), both modules demonstrate
comparable average queue delays. However, the differences in such MOE bleéxesn t
modules in the later cycles become pronounced. More specifically, the responsive real
time control module begins to outperform its counterpart in reducing queue delays for the
through movement from Cycle 15 and for the-tefin traffic stream fronCycle 19. This
i mprovement can be attributed to the modul
blockages early (from Cycle 15 and Cycle 19) and respond promptly with a new signal
plan, thus significantly shortening the blockage duration for-tagjhme traffic flows.

1 As traffic volumes increase, the queue delays under the responsivénesalontrol
module progressively become lower than those observed under thefittag control.
For example, as highlighted in the purple box in Figure 506 f€ycle 17 to Cycle 24, the
responsive module consistently achieves reduced queue delays. This result underscores the
modul ebs ability to mitigate the effects o
gueues, and maintain smoother traffic progresgicough adaptively updated signal plans.

1 As shown in Figure 5.7, both modules start with comparable queue lengths under lower
traffic volumes (i.e., from Cycle 1 to Cycle 12). However, as the volume increases (i.e.,

from Cycle 13 to Cycle 24), the perfopance under the tiref-day control module



degrades progressively. This is evident from the sudden spike in the queue length for the
benchmark module at Cycle 21, which has its queue spilled back to the upstream
intersection (i.e., Intersection 3). In tisorst case, the queue spillback extends to two
upstream intersections (i.e., Intersection 4), as indicated by the red circles in Figure 5.6.
The responsive redgime control module with timely queue detection and signal revision

is able to prevent the fomtion of such severe congestion and ensure minimal delay for

traffic flows during peak hours.

Through Vehicles Queue Delay Comparison Left-turn Vehicles Queue Delay Comparison
210
190 / 20 ’\_/
170 200 Ve
= 150 7 180 o
P y, e g y T
; 130 /\‘ . 7 160 V.
g P E o "
110 > £ 10 —
% / 120 //
S 100
L o
50 80
1 2 3 4 5 6 7 8 9 1011 12 13 14 1S 16 17 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 190 20 21 22 23 24
Cycle Cycle
____ Time-of-day Control Responsive Real-time Time-of-day Control Responsive Real-time
Module Control Module Module Control Module

Figure 5.6 Queue delay comparison of (a) through vehicles; (b) leftrn vehicles

Queue Length Comparison

Number of Vehicles (veh/In)

1 2 3 4 56 7 8 91011121314 1516 17 18 19 20 21 22 23 24
Cycle

s Time-of-day Control Module Responsive Real-time Control Module

Link Length (Intersection 3 to 2) Link Length (Intersection 4 to 2)

Figure 5.7 Through queue length comparison at Intersection 2



5.4.3 Module Performance Evaluation

Given its capability to detect mutual bl ockag:¢
retail me contr ol modul e 404 agv alomadtreods anpliuveet | hh
5.3, the comparison includes key performance

hour and number of stops per vehicle per hour

average del ay pehrr ovitechh -tauredh plesfvtement sof rom al |

on individual l i nks.

The simulation results in Table 5.3 show t
the responsive control modul e refl ecte tthlree ben
traffic surge in a timely manner. Key finding
bel ow:

1 The developed responsive riahe control module significantly reduced the average delay
per vehicle per hour along the northbound arterial7t89%, decreasing from 234.32
seconds to 217.01 seconds. Notably, there was no significant difference in the average
delay per vehicle per hour along the southbound arterial, demonstrating that the system can
facilitate traffic flows in the main commutindirection of high traffic volume without
impacting the noitommuting direction.

1 The average number of stops per vehicle per hour serves as an indicator of progression
guality and interference from queue spillovers and mutual blockages between the through
and leftturn vehicles. The developed system, as expected, can significantly decrease the
average number of stops per vehicle per hour for northbound through vehicles by 5.87%
(from 6.61 to 6.22 stops), achieving statistical significance at the 0.05% Aegéght

reduction of 0.09% was also observed for the southbound through vehicles, from 2.00 to

MMC



1.98 stops per vehicle per hour. This demonstrates that the developed respongsive real
control module can effectively mitigate the mutual blockage effetiicularly in the
northbound direction (i.e., commuting direction), where mutual blockages are expected to
take place more often.

1 Significant delay reductions per vehicle per hour for the northbound through and turning
in vehicles with the developed resysive reakime control module were observed across
all evaluated links, ranging from 9.05% to 12.57%. Specifically, the improvements in delay
on the links from Intersections 2to 1, 3to 2, 4 to 3, and 5 to 4 were 9.05%, 11.61%, 12.57%,
and 10.67%, respévely, all achieving statistical significance at least at the 0.05 level.

1 The developed responsive riahe control module can significantly reduce the delays per
vehicle per hour for lefturning vehicles, ranging from 6.02% to 12.26% across all
evalud ed | i nks. This highlights the modul ed:
overflows not only for through vehicles but also for those making left turns, particularly
during commuting peak hours when the volume distribution between through and turning
vehicles exhibits a high level of fluctuation. Notably,efitn vehicles from Intersection 3
to Intersection 2 experienced the most delay reduction, because Intersection 2 has the

shortest turning bay, which is most likely to be blocked by traffic quieue

Overall, the deveimpedonespodbnsnowdal eealnder
scenari os can-wadlki aweragretdwdraly reduction of
124. 00 seconds per vehicle per lacuro,ssarndcer enceu
by 3. 38 %, from 3.19 to 3.09 stops per vehicl

while the responsive control primarily focuse



the module can alsovefakbcthneewpr kbbapeef dohman

achieved without compromising the efficiency

Il n summary, the results of | aboratory expe
Pi ke in Bethesdcao,nvMarcy ngnh ¢, deanwestrated the
responstiiviee rceoant r ol modul ebs effectiveness in
minimizing the resulting impacts on traffic d

acrbssentire arteri al

Table 5.3 Simulation results for performance comparison

Respons-i\

Direct T1 noed ay ti me cor % char
control
modul e

Average del ay of thaowughi alehpet eseldil olneg
Northb nAj 234. 3. 217.01 7. 399 *
Sout hb i An 141. 6 141. 46 0. 139
Average number of stops of through vehi
Northb nAj 6. 61 6. 22 5.879 *
Sout hb ] An 2.00 1. 98 -0. 909
Average delay of through vehicles from
vehicle per hour (sec)

KA]J 26.60 24.19 9. 059 *

I Ak 52.19 46. 13 -11.61 *
Northb A 48.02 41.98 12.57 *

nAm 41.56 37.12 -10. 67 *
Average de¢luawnw ofhlieites from al/|l upstre:
vehicle per hour (sec)

KA]J 41.29 38.80 6. 029 *

I Ak 64. 54 56. 62 -12. 26 *
Northb A 82.97 75.20 9.360 *

nAm 33. 48 30. 09 -10. 13
Average dehaygyl peper hour (sec)
Net wor 131. 11 124.00 5. 4609 *
Average number of stops per vehicle per
Net wor 3.19 3.09 -3. 389 *
Note: * indicates the significance | evel of a



5.5 Conclusions

This chapter has retitmduaetdeni alespiogsalvecont |
mitigate the adv-bageoeéfetbowsoandumot ogl gue.
commonly observed on commuting arterials with
Building upheytlontr ol met hodol ogy devel oped
modul e offers a dynamic enhancement by detec
severity of congestion, and executing tailore
The delvenoodpuel e consists of three core compon
detectivhagr yt nme queue bl ockages across al | i
classification model that applies stpuptiadanempd
an elwesndgd contr ol model that selects and | mpl e
traffic states. These integrated components a

traffic patterns andeptro®videptéewehty sShgnascald

l evel

Extensive numeri cal experiments wusing a si
Rockville Pike in Bethesda, Maryl and, have cor
responsivel eontComlpamedosddva yt hsitghrealt iament r ol mo d
Chapter 4, the responsive module has demonstr

duration for queue dissipationt uramidng hinowerhen
particularly at I nter-bagtispms | susceptainl eshtoo t
average, the module has achieved a reduction
3.38% in the number of stoms edgdrn cvemitclte apdén c

bot h commutciomgnuandcdgnan recti ons.

MM d



Overall, the findings from experiment4al sc

time control modul e offers a robust aediabdapt
especiall-yauwdeg tramkefic congestion patterns
prtei med signal pl ans and most existing model s.



Chapter 6 A Proactive Adaptive Signal Control Module with Queue

Dynamics Prediction for Congested Arterials

6.1 Introduction
Chapter 5 has introduced a responsive arteria
in real time and selects the optimal set of s
incurmedudly | ane bl bakhagesrdhdwsur Whmndg e such
is effective i n managing emerging congestion,
det exrteaxxmonse remedies are onlwynimagialtraady tea
Hence, if sufficiently reliable prediction in
takes all necessary adjustments in signal pl é
expected to be. the most effectiyv

As such, this chapter pr es enttismet haer tdee v all o
contr ol modul e, designed to forecast gueue dy
actions before the emergence of higueapprspadH
particularly crucial for commuting arterials
fl ows, wherm tShafttic surges and | ocalized i nf
movements can escal atreosrsapnudlIty pdred i rtepasgeatta o

The devel oped proactive modul e, buil ding
control module introduced in Chapter 5, has be
it cont aiemrsm ag usehuoer tsnt athbed el de da-icrtan emnt etandu [ Lt a n g
Shoelretrm Memor-f STMBMiReurmddalhanettworelcasts queue | e
ti me of any queue blockage using upstream ¢tr

ensure the peéedaobVvébDbhgootrol, a monitoring me:«

MHM



the consistency between predicted and obseryv

particularly important given the e xepnetcst,e dwhviacrh
may compromise prediction accuracy. When sighn
actual traffic states are detected, t he syste

responsive operations, ethecebyemarnaftéai noinognto

and abnormal conditions.

The remainder of this chapter is organized
the proactive control modul e, highlighting i°
provides a detailed description of the modul ¢
LST-Mased queue state prediction model and the

the prediction model 6s perf bommakceeevaktagaitsop

the same section. Finally, Section 6.4 presen
strateg-worhdacoetakxt and compares its operati
refailme controldumeduli @ Chaapter 5, highlightin.
tackling the dynamically evolving congestion

6.2 Overview of the Proactive RealTime Arterial Signal Control Module

Building uponofdlae Ilcoqita odf devel oped i n- Chapt

ti me control strategy introduced ida Cohragpat cetri Vvse

reail me arterial signal control modul e.i cThi s
conditions and i mpl ement signal control stra
bl ockages. Such predictive capability is part.i

by highly wunbal anced dir daaotaifdnal sftladvess ,a nwh erra

responses can result i n substanti al perfor man



The primary distinction between this proac

t he i ncor portaetrino nq uoefu ea ssthacdrdap hedi ¢ thiaon rfedrya tn
detected queue conditions, the proactive modul
patterns and initiate preemptive signal adju

embedded withialubheembtdel eetoabvlity of the p
bet ween predicted and observed traffic state:

suspend the proactive operations and raewert t

adaptive fallback mechanism ensures both thi
performance under various | evels of traffic u

Figure 6.1 illustrates the structure of th
four sequweretriadleld model s. Speci fically, Mo d el

2 monitors prediction accuracy and deter mi nes
evaluates the predicted congestionakeéevelk; saga
control strategies. Since Models 3 and 4 main
Chapter 5, the emphasis of tohhiost hc haarpet enre wil sy pdle

to distinguish the pirtosacrtd svpeo rcsoin @ od o umotdeurl pea rf t



Detector Data

Module Input

Real-time Detector Collected Data Geometric Features Signal Parameters
+ Vehicle counts (LT, TH, RT) + Link length (ft) = Cycle length

- queue length * Turning bay length (ft) * Green splits
* Occupancy « # of lanes * Phase sequence

- Speed « Offsets

!

Model 1: Queue Length State Prediction

* Multi-Branch Multi-Head LSTM-based queue length prediction
+ Spatial-temporal relation
Expected Queue

- dynamic time-lag factors
* Multiple upstream intersections flows impact » Blockage Types

+ Optimized study scope

!

Model 2: Prediction Monitoring and Mode Switching

+ Compare predicted vs. observed queues

* 3sets of error-based Rules - Trigger fallback to
+ Rule l:Instantaneous Threshold Violation — responsive module
+ Rule 2: Temporal Violation Count Rule if needed

* Rule 3: Consecutive Error Violation Rule

] ‘ ¥

Prediction Reliable Prediction Unreliable
(continue with Proactive Control (Switch to Responsive Control
Module) Module)

| _ l

Model 3: Congestion Level
Assessment

- Redirect to Module I
* Based on predicted queue length and R
predicted blockage types (Chapter 5 Responsive

+ Spatial assessment Signal Control)
+ Temporal assessment

1. Congestion level-N
2. Congestion level-1
3. Congestion level-3
4

. Congestion level-4
[

—

Model 4: Proactive Strategy Generator

v
Identified congestion level: |
+ Congestion level-N

roactive Plan Identification
= Plan 0: Remain current signal timing Optimal

. | * Plan 1: Green extensions for critical movements

: Congest!on level-1 - * Plan 2: Re-optimization for phase sequences and offsets T

- Cong%tfon level-3 3 * Plan 3: Cycle length/green splits adjustments and re-

+__Congestion level-4 optimization of phase sequences and offsets

=» Signal Plan ~
Computation

Figure 6.1 Structure of the Proactive RealTime Arterial Signhal Control Module



6.3 Functions and Formulations of the Key Embedded Models

This section presemas ¢tbestfiotuut ciomee apided csaityv
contr ol modul e. Each is designed to perform
enabl e -l foomrkwanrgd si gnal adjustments in anticipa
overadgn Wweislids upon the modul ar structure of
key enhancements: -t(ilhe repeé aeedenectoifor ewilt h a3
estimation model, and (2) introduicng ome ol ami an

to continuously evaluate the prediction accur

6.3.1 Model 1: Queue Length State Prediction

The first core model of the proactive contro

Specificallig, debBegmededt er mepe edi evtaig tyo sntgo fquteiu

l engths forttummomogheameatlisefat all monitored i nt
provide essenti al i nformation i n adrvoan caec tfioorn :
ai med at preventing potenti al spill overs and
present the problem natur e, moddéli maolr @ma lhl, e n (

mu thteiad LoTger @8hMemor y STMBMH e towaerdk ttoaitlhe dyna

spatially correlated nature of arterial traff
6.3.1.1 Problem nature and modeling challenges

As emphasized by Mirchandani and Head (2001),
system depends funddmemnt adfl yi tonm urhckerrleliinagb t

Accurate foredaegtms tofafdssuwc hy hans sndbp rsoachi ng Vv

rati os, andageeasséernpahsinformati on for ti me

MH P



proactievnetl yorprneivti gate emerging congestion pat

t he quedaiendiecmagttihng whet her or not a turning be

occur, its onset tionsee,r veersd atsh eo nleacsatfi nigh dd uonaaist oi
trigger the activation of proactive control s
However, hdawirmg pa esdhett ve function at the d:¢
contr ol systems presents sirgrdi fciooramutni dlyal IBercg

traffic systems are inher-depkewndesmntwcairawidn gt ,i bme

natur e, the collective manifestation of such
transitional per iofgfealbethweaens [(Kakgard al .,
predictionds reliabilitytempdédmualt hiemt eodepemcade:

invol ved traffic streams that contribute to
commutemigalas t
The dynamic interactions between traffic con

often plague such commuting <corridors <can be

bet ween all contributors inguwewarleermgt2h athea e
target intersection (lIlntersection 1) depends
|l ntersection 2), but also by a series of its
Each pair ofiadpéacenaffntessatctes (e.g., 5Y4,

various types of congestion patterns and thei
1 Queue overflows and mutual blockages, which impede vehicle progression (Figure 6.2, Area
A);
1 Residial queues from last cycles, which will delay upstream arrivals (Figure 6.2, Area B);
1 Signal phasing changes, which periodically interrupt the traffic stream evolution and contribute

to the queue formation (Figure26Area C).

MHC



The | mpactdsi sfrruopmt isouncsh do not take place in i
propagate downstream, interacting dynamically
instance, a disruption to traffic atctl mnerds e
where their | ocal gueues and responsi ve gna
patterns at Il ntersection Such sequenti al
reshape the queue formatitomndynamBiuch tol it ket i
target intersection, -lchqagead,t ean dz esdp abtyi anlolny i dhies
demand a prediction model to be capable
al so allelianydeidr,ecand dt emporally dispersed <con
upstream intersections.

n



Delay due to: » Time
Queue length *  Mutual queue impedance v
[ turningratios | (LT, TH, RT) (areaa)
= occupancy ! + Existing queue discharge time
* speed — Queue dynamic: (areaB)
« signal plan * Red-light phase (area C)
Impact queue patterns at Intersection 4
Traffic detectors at Intersection: Delay due to:
[+ “vehiciecounts | Queue length +  Mutual queue impedance
. turningratios | (LT, TH, RT) —, [laread} |
* occupancy ! + Existing queue discharge time 1
- speed — Queue dynamic: (areaB) 1
= signal plan + Red-light phase (area C) MP"“I queue 1
impgdance 1
L]
o —F
Impact queue patterns at Intersection 3 - 1
i 1
Traffic detectors at Intersection 3: Delay due to: . 1 1
i ehicle counts | Queue length * Mutual queue impedance Ll " 1
turning ratios (LT, TH, RT) (areaA) i Vo 1
""""""""""""""""""" — . : ; i '
* occupancy | + Existing queue discharge time | Vi 1
« speed Queue dynamic: (areaB) i . H i
+ signal plan + Red-light phase (area C) g By I
By ‘11 B 1
B \
l' f:f‘! L.} | Existing queue 1
Impact queue patterns at Intersection 2 B e 7:_ e .
¥ - 1
_I_r_a_f_f_‘l__:__g_g_'_:_g_g:_!:_grf_gs_lntersectinn 2: Delay due to: —_— l
vehicie counts | Queue length * Mutual queue impedance 1
(LT, TH, RT) (area A) 1
! + Existing queue discharge time 1
= speed — Queue dynamic: (areaB) c 1
= signal plan = Red-light phase (area C) 1
) C—
l’ ed-light phase. |
Impact queue patterns at Intersection 1 —— 1
Travel tifhe with | Extra delay caused
free-flov] speed | by dynamic
L_ Time lag ¢ —Effective Travel Time from Intersection 3 to Intersection | 1 external factors
L Time lag t —Effective Travel Time from Intersection 4 to Intersection | R P - -mmmmmm |
Time lag t —Effective Travel Time from Intersection 5 to Intersection | Effective Travel Time from
Intersection 5 to Intersection |

Figure 6.2 Spatiotemporal relations between upstream flows and resulting traffic states at

downstream intersetions over a congested commuting arterial

To tackl

e such challenges with a robust pr
spatial range of wupstream traffic information
ti me trafrhorce dagsat fegam i ntersections may i mpr o
to demand undue computational overhead and in
a mode-t omer paldi ction reliability. cFusrttahteersmoa
each upstream intersection vary with its dist

MHY



coordinati on, and the prevailing congestion |

dynamics add anot herl tlyay eers poefci md d el iwhge nd iaftftie

tradeoff between model perf ortmame ei mmlde me@mtpaitt i

Taken together, these challenges underscor ¢
t hat can | earospatiiahfdeperthpncies across mul
mai ntaining operational tractability. The mod

these functional requi r e nbernatnsc hihte renwlul gtihe etph & efao

achitecture:

6.3.1.2 Operational structure of the prediction model

Il n the developed architecture, each wupstream
LSTM branch, which all ows the developed model
| ocatda ofmi gwree 6. 3). The devel oped model struct
| ocal dynamics at the intersection | evel whi
varicasdchs as vehicle vol umes, oquepan ddyeamsa,mi €is
specific to each intersection.

At a higher l evel ofhetalde fawsc¢loint encetcthraen,i s imh
|l earned temporal features from each LSTM bran

pl ays a critthesilzirnogl ei nifnorsnyant i on across space

infer how traffic dynamics at mul tiple upstr.

downstream queue formation. For instabhbesetr al
at Il ntersection 4, which subsequently i mpact
evolution at the target downstream intersectd.i

in congested commuting hctoryr i dpace dc hiamtaert e d tzi

MH g



directional flows. A schematic depiction of hc
of traffic flows spatially and temporally acr

By aligningi tdédet moe ewi alncthhe topol ogy of tF
mu tbtrianch LSTM offers both the desi fpalslid iiomtear
to support proactive signal control syest ems

spill overs and bl ockage events under various

Figure 6.3 Operational structure of the developed multibranch multi-head LSTM-based

prediction model

6.3.1.3 Methodological design

The NBu latnic h-HeMaud t EbSxTsM d mo d e | S devel oped t hr
sequenti al process. Each sdteecp s¢ ommr easi pnoendd satt oc
del ayed,-s pdeicriefcitci,onand temporally aligned i nt
intersections and the target downstream inter

MO N










































































































































