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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 c

congestion patterns are often exacerbated by

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

| etfurn phase due to the bayabfockggeubygp. eNMoes:
address -smcihr rodd esnnaturated fl ows and the acco
pressure more through drivemaadt ohesecedecenda
capacity of Dbot-huthel ahev®sugh 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 egys s(i Bendad &am
such needs, (Lket MAXaBBRAANBMULT IIBAND ( 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 | 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-sinmecdbhkeepit d
and fixed phase sequence, reducing their effe
rapid queue buil dup. Consequentl vy, the resul
roadswagvail abl eaotapaeciftuy lmawtilized during th
and mutual |l ane blockages.

While the pretimed optimized offsets and pt
mut ual dependence between intersectciommpestt ows
provided that al/l key contributors to queue f
remain appr oXxsurah e¢ gn cksittaibdres are rarely sustz:
arterial s-hoduri mngpgepatkeomsturohndceaondndearons, ever
di sruptions can result i n rapid propagation ¢

waves across multipteotdnkhkat addpdogrepsi og. pT|

compr omi se tfhe-o@feflyi oipemay i @ns, undteirnsec oardi anpgt itv
control strategies capable of dynamically res
|l ocali zed congestion.



With advancemeqndlsutiinonhitgrhaf f iecdi c¢dti a e c anloldesd
techniques, there exists a godayngoappotittapipt

Adaptive signal control, odioft der theapbiteatorl pi

spill backs and mut uail r bfl @rcrkatgiesn ,prti loer etboy 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 mnecoafddiadprt &.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 directiona vo
imbalances, and to ensure efficient operations for the congested direction without
degrading the performance in the rangested 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 for minimgzthe 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 Sssuest uddye naiinms etdo icde:
r etail me coordinated signal control system cust
hi ghly wunbal anced directional fl ows. More sp
objective has been éeésessegheéeadl wiuhcthensol |l owin

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 directiorwhile maintaining the
maximum progression in the opposing direction;

1 concurrently optimize offsets and phase sequences to achieve the control objective of
minimizing the systembs tot al del ay withou

1 account fothe 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-tunth left
vehicles in design of all arterial intersectibns o pt i ma | signal of fsets
to minimize the associated adverse impacts and best use the available roadway capacity;

T classify the arterialés various congesti on
implement responsive signal cauit strategies to tackle the evolving traffic state and

minimize the congestion impacts; and



1 perform shorterm queue length prediction, using spatéhporal information and
geometric characteristics, to project traffic queue states in advance, enehligg
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 with the defyi nesd srtersuecatrucrhe do bijnetco
chapters, each dedicated to addressing speciftf
proposed commuting arteri al signal control Sy

of t hese cchiaspet edress.c rAl pctoinon of the core substan

1 Chapter 2. This chapter presents an extensive literature review, focusing on offline and
reattime optimal control models for arterial signal coordination. Most key findings 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 chapter. Also includeddeteeled
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 t hotdaypase n
operatios. It begins by introducing the objective function to accommodate the highly
unbalanced directional flows in commuting arterials. This is followed by afepth
discussion of the timef-d ay modul e6és core | ogic and as
including varying arrival rates and the intricate interactions between through atteft
vehicles. Additionally, this chapter delves into the general formulations of delay patterns,

providing the flexibility for the module to effectively select the optimal afephase



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

Chapter 5: This chapter introduces the responsive dynamic signal control mdukileore

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 spat&hporal queue disbutions, followed

by a discussion of riilbased methods for congestion pattern classification. The operational
logic for selecting and activating customized signal plans in response to the detected and
classified traffic conditions has also been reportethis 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 presents the proactiveayic 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 adoption of a predintmodel for shorterm 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 queurockage. The rationale for adopting an LSbislsed approach for
developing such a prediction model over conventional-8erees models is discussed in
detail, followed by the development of a modeling structure that enablesbassat
detection of predited 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 demonstrating how the



prediction modeis applied within the proactive control configuration to evaluate its
effectiveness in mitigating congestion underweatld traffic conditions.

Chapter 7: This chapter concludes the dissertation by summarizing its key contributions,
including the esswial features of the timef-day 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
syst emo sg agorithm,uctiticah issues that may be addressed with emerging
technologies, and major challenges associated with implementing such a system on an area

wide network level.



Chapter 1: Introduction

!
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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
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Chapter 2 Literature Review

2.1 Introduction

As mentioned in Chapter 1, the primary object
contr ol system tailored for commuting arteri a
flows. The review presented in this chapter w
of fline arterial signal coordination optimiza

ti me signal controls. Eaey fsiurbdsiemgi®e nwi tsteicrt i tome

their met hodol ogi es, i ncluding control objec
reported performance. Moreover, significant f|
any criticalfiesdsuwuastheehi terature, yet to be

the concluding section.

2.2 Offline Arterial Signal Coordination Optimization
I n the domain of arteri al signal coordination

degned with two primary objective functions:

mini mizati on. Each objective function has [
maxi mi zation primarily applied in wmodenofndtyur a
used in saturated scenari os wéerceaptarcaftfyic dem

2.2.1 Control Objective: Progression Maximization

Existing studies with the control objective of
wit hin t htersev déorasned smulot i pl e i ntersections or ev
The pioneering wow&yopr ongixe snsizomgbamwowi dt hs w
Morgan and Little (1964). Littl e -i(nltBebgbe) n e at e

programming to transform the formulations int.
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to the devel opment o f MAXBAND (Little et al . |

gueues -taurdh Ipehfatse sequencessiaonthaendemagnmbfap

To adapt to fluctuations in I|I-inkahtowgrr nani
vol umes between intersections, and to address
band desi gn, resedarddiifdres emavenee¢empldoyegi es. E

include MULTI BAND ( Gart nlew (eQh aauld h ,arly9 9aln)d aMeds sk

of which introduce variable bandwidths for ar:
Simil agdgr, déite al (1973) have endeavored to g
mul tiphase signals, tailored to the volume o0b

in this area include: 1) Zhang et aal progoesyi
bands in MULTIBAND to allow the generation of
di fferent arterial segmentlsoop2)siKgnmaletdatla t(a2
dynamic bandwidth du®022) ohasrthed 8¢ndideni md .
pattern selection and queue clearing time for

Grounded in the aforementioned  andmar ki n
performance &hemramngaa tdaniiddiacnti sf Iltohw ( Zhang el

studies have explored arterials with various t

introduc-pdtla mpmuddgriessi on model tailored for
fl ows moaa ®@@murrence, particularly in commut el
street traffic. I n a simil &1t ageidn si Yenmletopali.mi

ai med at ensuring smooth progresidisoml|foorg otk
grappling with heavy turning flows within the

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

10



intersection turnilryg ¢tauretts.alSub(s2@ax)n advan
progression by extending it to the regional s
Thmani behdfits of progression, i ncluding i
reduced traffic emissions dwe tedn dreoeolir|l isstioqrss,
to uniform vehi-atel speddsapaadt yudlug to smoot
substantiated by previous studies. Neverthele
as traffic chndheéi omapaaipidyedafh earnys aatrureadiead dri r
due to disruptions caused by excessive queues
traffic queues often disrupt traffioterewcpi o
would i mpede the progeéessetf fbotwse aotwaridabdoamec
2) under high demand, only |l imited bandwi dth
time is consumed i n ndissucchha rsgciennga riinoist,i aslt agnudeaurec
to facilitate the smooth forward progression
necessitating alternative control objectives
moremgl ex | evel, rendering conventional progr
arterials must accommodoavaeidrh i g ha fvfoilume € h eof &
addressed the i mpact of such turnand pagposed
mod el to mitigate t htiwrn mpridlalncaec kk.aukdewe beyr || e
has yet to adequately address various scenar.i
i mpacts of resulting f#tnutrenr nvienhgilcilnegs ,o-taennda rn ochueg hn
di stribution during peak hour s, al | wi t h t h

progression.
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2.2.2 Control Objective: Delay Minimization
Within the realm of prioritdantnrgolded @ajye anti inv en,
TRANSYT models (Robertsoned@660dpobkthaoadsapuer i

owing to its thmiseue srmgmuri ad zeaamiicon met hodol ogy

et al ., 2002). eBhipd ammbel diirspemrmsoroat bet ween e
computation of signal of fsets and timilidg pl ar
di stinguished by several new features. These i
fosrpill back scenarios, the ability to generate
buses and trams, the integration of new compu
simulation model with t hehnnewley faodd esdc egnuaeru eo ss

| ane usage/ |l ane starvation.

TRANS¥HF ( McTr ans, 2008) serves as the U.S.

notable simulation models along similar | ines
(2006n0g &rmae Li (2023), and Zheng et al. (2023)
|l mdditto onhe -bamedatoipan mi zati on model s, nu

share the common objective of minimizing del a
del ving into théeogetdied alyl yesftommuli ons, exempl i
area surrounded by the cumul ative arrival and
Chang and Lin (2000) devel oped a discrete dy
aralddgparture curve targeting minimizing tota
optimizing cycle | ength and green time under

del ay minimizati on i nclude Chang warovSun a(n2d

12



Stevanovic (2007), Li-Ekbatda€haeg &RO0O1LPO01Kewnv

(2015), and Yu et al. (2018).

Navigating the nonlinear nature of mat hema
perenni al chaltengehdéostrieseatohestri ke a ba
efficiency and convenience for use in practic

Al gorithms (GA) are often embraced (Wong et a

200lr;shad et al., 2020). However, in pursuit o
opt for wuniform arrival rates rather than ac«
streams, which wil/ constr asieng utemec est(iHd | | § O p &
1967). While such a design may suffice for mas
green splits, it falls short -dutrtiwgl pmakaheuca
observed. I n buekhi mgenaeri odse,si aed l evel of ¢
i mpl ementation of flexible phase sequencing. 1
the efficient resolution of nonl i neapl acnhsal | e
f osntgerangoing research into the devel opment a

techniques (Achterberg, 2023).

2.2.3 Multi-ObjectiveControl

I nitially highlighted by Gartner et al . (199
concurr egntbloyt hh apvriongr essi on maxi mi zati on and de
Consequently, some studies have proposed di ff e
Two pri mary approaches h a vlea seenmde rgrealg malmse mawd |

bandwi dt h, and 2-pbaasadgustgngl bandiwhdt pl ans to

13



Exampl es of studi es applying the first a
Skabardonis and May (1985), Cohéegmn (@alnxd8 8h)i us t(uld
bandwiodntsht r ai ned del ay minimization mo d e | wa .
solution as the i4#TIFti(&ahnl YVakceeetonl TRANSEZ) . Tl
and ending time points-waty e®amidadoomt ear seat i ompc
ensuring that the red time does not encroac!l
progression effectiveness while optimizing de
splits. Conversely, Walolra cteh ea ndde c@onudr aagpep r(0la%éh2 )
measure of progression quality, known as the 1
at achieving the dual objectives of decreased

Recent studies in the pwistth @nrglaettie | vaev é r @ame
to address various issues for different traffi
introduced a new methodol ogy for optimizing s

based on theomembdélr anempbeying genetic al gor

Zhou et al . (2017) devel oped optimization mo
arterial signal coordination to mitigate ex(
di spasitn traffic vol umes. Meanwhil e, Chen et

model s for arterials with high turning volun

bandwi dths to target delay reduction, particu

2.3 Commuting Arterial Traffic Controls

Commuting arterials |linking central busi ness
uni que traffic patterns, particularly during
For instanck,howrrsnitnygpipceaal 'y exhi bit heavi er

14



the reverse occurs during evening peak hour s.

cruci al for the design of an effectnvéeacvonéedo
as a solution for such scenarios. Wol shon and
roadway applications and their efficacy in ta

proposed a-uckyn ansisci glnanmeeint a lmozdeed iantt esr secti ons
phase sequeercassilgament s, and the need for re
(2014) verified the effectivelnewel odr agrvaemmii g
to optianilzec dtainen and predict driver reaction:
integr-atted ba¥fts and various vehicle categorie
accommodate fluctuating traffic scdmdimeiwomrs,s
dynamic | ane reversal, enabling rapid and aut

to riemé¢ traffic conditions (Hausknecht et al

et al ., 2023).
Despite itse,wirdeevseprrseiabd eusl ane contr ol stil
i mpl ementati on, |l eading to concerns about uni

P®t er (2014) highlighted safety concerns and
structures, especially the transition area.
overhead costs, and the | ack of intersection
of reversible | anes ( Pengheasned |Wamigt, at2i0a2nds),. SAcI
turned to coordinated signal contr ol as an alt
fl ows on commuting arterials.

The earl i est attempt t o account for t he

MAXBAN (Little et al., 1981) and MULTI BAND ( Ga

15



weighting factors to adjust the bandwi dth acc
MAXBAND and MULTI BAND approaches faceuwm some
bandwi dth solution may not always be achievahb
Lu et al . (2012) addr essed -witahye skea n dswsiudetsh bnya xpir
model that not only enhancesa banalwi damdwpiradtr at
factor, all owing users to control the I mport
Additionally, |l everaging the unique design of
signal phase sequlenoaeabalfa@amncedttrafaflisc wil ows.
forward progression maxi mi zati on i s typicall
undersaturated, a condition rarely met during
intersea@amipory (Peng and Wang, 203 )e.p TaH wso,r i tt
tackle such chall enges. Firstly, they generat
t hroughput in both directions, fol Whwedh atmy d
Richards theory for the oversaturated directi

phase schemes to ensure variable bandwi dth ma

Despite the acknowledged i mpoftomance mmht ierf
arterials, there remains a noticeable | ack of
unresolved. One particularly significant <conc

turning bay <capaci tey.atWhdannpet esdo nteo sa duddri eesss hgawe

operational i mpact s, they typically focus on
broader, more complex scenarios involving mul:t
20288hao et al ., 2024) . The frequent overfl ow

|l eads to mutual bl oc ktawgren bgeu eveeesn, t hir ghulgihg hatnidn «
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i nvestigation into the adverdaeaveiempddhtrdough taame

vehicl es.

2.4 Adaptive Signal Control

Of fline coordinated control is to optimize si.
time information, thus I imiting ilisstedrfiecal vmra
To address this I imitation, a vast array of

|l everaged the advent of new detection technol ¢

dynamic respevodyitnguthaeadfaend aAmdesuBgsedi n

approach to handling traffic conditions, adapt
responsive and proactive signal control . Whil ¢
tme , adjusting signal timing dynamically base

forecasts future traffic conditions a-hdméehen

coll ected and stored data alsesng with the embe

2.4.1 Responsive Signal Control

I n the realm of responsive signal control SY ¢
depl oyments such as SCATS (Sims and Dobinson,
have demonstrated preoelmd sopgr pteifyddos€oya 8 @ AT & ine df
AdaptTr a é $yisd e m, stands as a pinnacle of adap

Originating from Australia, SCATS has garner ec

worl dwi de ( NSeWw, at2io®mgl. Ilagi omprevol ves around t
traffic networks into manageabl e subnetwor ks,
synchroni zed <cycle | ength. Wi t hi-tni etrlreed dhu kemr eatr
conismgtof roadside control cabinets and remot

17



for managing standard responsive signal contr

comput ers ar e ubsaesde dt ot roaviefrisce e} oanrtfletee| r els@wmise v

process relies on synthesized fl ow data deri ve
flow rates from strategic detectors. This dat
signal paramet erstsdiiMec €Cawaor k 20dmmuni cati on i s

sophi sima cait eddnde cvhoarnciesdm, wh tocrh -twraeypg upl raot gerse sosni eo n

on directional traffic volumes (Luk and Si ms,
progreasdwndt hs, facilitating uninterrupted Vv
Notabl vy, SCATS"' scal able architecture ensure
compromi setpher sgsmamce, making it anresatiieano

management needs.
Originating from the Transport Research La
as Spheytc!| eOfdnegett i mi FPeacthind m u e, i s of t erne srpeognasridveed

counterpart to TRANSYT.t oAsveSGO®In h7a,s ietv ohavse c

capabilities by integrating advancements in
varinewd vy emeearegcgadrs. This enhancement has sigr
to capturguand-tymeceasaffic dat a. By | everagin

in conjuncti-@ua lwi-tt hme dddst ah,i ghCOOT can dynami ca
and cycle Il engths to minimize del2dyY2sH5)and opti

Whil e SCATS and SCOOT are widely adopted

management, their performance becomes | ess re
by Lee et al . (2002) , rai si ngy conrcgeda sntse da boamn
corridors. Notably, neither system sufficient|l

18



and mut ual | ane bl ockages in their control ob

detectors pl aceht layt upsotpr elaimm,e sc aonr osnlliyg det ect

after they have already interfered with adjac:
ot her hand, typically pl axespgternt eaxsnhtoitmat gt et th
downrseam turning ratios, which restricts its ¢
through and turning movements. Mor eover, bot h
to i mprove i ntdear ssetcrtatoeng ye ftfh ecticemagv bpr cowehf ec]
when dealing with congestion patternstrcafufsied |
gueues. These | imitations underscore the need

the compl ex cormdisteirvresd d oommomimnut i ng arteri al ¢
directional flows, intricate vehicle interact
Ot her adaptive systems depl oyed i nLitthe, f i €

have al so madei btuhteiiorn su ntiog uter acfofnitcr management u

not -snaetawrr at ed traffic conditions. OPAC {( Gart ne
responsive and decentralized signal control s
primarily designed for i sol ated intersection

empl oys dynamic programming to mireivmilz es udgelray
for signal coordination betiwee naLienttaaards.e,c t2i000n3s).
on ®ddtective solutionsiflhyylidaotowarsipneplad menrgt at hree g
ACS |l ogic compatible with existing signal <cont
demand dat-afdat etlge atcicomemih@d ant if h g cmiudht i ons fron

Recent studies in responsive signal contro

have been extensive in the traffic | i2t0elr3at ur e

19



Zheng and Recker, 2013; Varaiya, 2013; Christc
Noaeen e)t. allt. ,i 20wolrth noting that most of suc
the benefits of through mepovkmeatdsi orefvenutsi an
turning flows, both inbound and outbound, t o
directionaitiimeowsodnitmolrea@ahvironments stild]l rei

traffic community.

2.4.2 Proactive Signal Control

Unl i ke the responsive signal control to react
feature taking a preemptive approach to preve
With the predictaeddcbhgesttvancpdt badinst ment s

systems can prevent or postpone the formati o

mai ntaining traffic conditions. This proactiyv
commudrnthgri als, where traffic queues and del ay
traffic conditions. Therefore, the i mplementa

for effectively managi ng ct reanfvfiirco ncnoenndtist.i ons i

One of -kKrhewnwedrloacti ve signal contr ol mo d e
Head, 20al)me adapthii e system designed to opt
hi erarchical control archi mectden ed atRHODE&GS pl et

traffic conditions Aatamgiilngpfeomesobduvi doal e

pl atdcenmsbl i ng it to alleviate conflicting dema
it i ncorporates eheeREADBAND bmo Dell | and Mirc
facilitates acyclic signal phase transitions

RHODES, subsequent studies have proposed ot he

20



Hai j ednaHeanndr i x (2014) formul ated a dynamic ada
a Markov decision process. Similarl ysti Mang a
net woirkke traffic control sl cehveente , h i seta thaur ¢ctehai itcend e aa

designed to otpdr mi atee bomhdi hoalg operations for

Having a reliable traffic flow prediction,
i's essenti al for the Botcedd othepmpoadtiictedsi
significantly from the actual conditions, t h
compromi sed, | eading to a worsening of traffi

The realtmerorh tsrhafrfti ¢ f | sw dprae diuatgieon nhd s ewil

communi ty, particularly with the emergence of
al., 2015). However, traffic flow prediction i
nonlineaastaind shacacteristics of complex inte
al ., 2017) . Studies in traffic prediction ca

parametric models and nonparametric maddlys (
empl oy etriimes anal ysis methods to address traff
i s Kaleman mEt hodry which formul ates the regres
framework and u@dapte aameh € resd gwd nt ehmdamtt su atlo mMi ni n
(Xie et al., 2007; Ojeda et al., 2013; Guo et
widely utilized parametric model i s the autor e
renowned fsotrr u&tsmalei.neemmd Vanaj akshi (2015) i nt
mo d e | specificattley mdedgiagriead ffdrowsiporetdi cti on,

produce accurate forecasts with | imitldr inpu

21



approaches include those by Wi lliams et al. (
Tan et al. (2009), Zhang et al. (2014), and A

I n addition to the Kal man Feislttaerl i asrhde dA BlaM/
mehtods have been explored in the I|Iiterature. Z

wi t hin a  dbeaespe dl-necadrentiingnt egrati on framewor k,

accuracy in handling | arge vardZeang oaits alnd UDCX
a mwlatri able Grey forecasting model featwuei ng
coefficient, which significantly enhan€ed th

coefficient model ach8pebtaveael aasal ghoswnappomi s
et al . (20211) idnev efloorpeecda sd i ngalal gori thm using
spectral anal ysi st erematbhd afnfgi ad@ampedivet ishirog twi t |

Ghosal et (2009) contributedeni sl mbdali atbpabte

modeling trend, seasonality, a#tdmeatemadar cef D
across multiple urban intersections.

However, deeppteadhese, wpdrametric model s,
ARI MA, are constrained by inherent |l imitation
and fail to effectively <capture the nonlinea
chaemictaworedl traffic systems. Kal man Filters,
Gaussian noise, struggle with the nonlinear,

rapid transitions from undersatltuyat ARI MA 3R
stationarity in traffic data, an assumption ¢t

its ability to model i nteractions between vari
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Both model sl laelnsgoe sf anciet hc hoaut | i er s and mi ssing d
time traffic monitoring and prediction.
Recognizing the | imitations of traditional
Extended Kal man FilteragksKF()Vafnorett raalf.f,i c2 Qolrle;d
Shih et al ., 20 2l4i)n.e aBEKiRt ya dbdyr elsisneesa rniozni ng t he
Jacobian matrices, providing | ocal approxi mat
only ef fsematlilvedefvarati ons aroundwotrihed Itirmedriicz as
wher el innbenari ties such as queue spill back, mu t
common, EKF often f@i tempbecaptyuribhoittbaetvigoyns toafmr
lies in its scalabilitdi mégnafb-mal palnidé ¢t npot g
vehicle count, occupancy-] ispaed|j naedasitgoals @l
EKF i s not inhetéemgl gushi cedpiexi mgdean-d ext e
out put systems significantly increases comput
and matrix inversions at every -tsdremp.s tFatnd hegtm
and | acks the <capgelriml idegpetnademodebk, | whgch ar
cumul ative effects such as queue buil dap and
Gaussian distribution and i ndefpieenldde nttr anfofiisce ,d &
measurements are often nodsypecioakleyadedi ngng
under spillover conditions. Additionally, EKF

instances wherezerowdespreeotded gseues due

mi smatches can cause the filter to di-vsealge, or
dynamic environments. Taken t ég etfHheerc,t itwvhednsees sl i
mu tsttiep traffic prediction in complex urban ne
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For -pnaornametri c met hods, neur al net wor k al g
remar kable flexibility and robust |l earning, 0
and Yliamaoi, 2001). With the emergence of deep
Net wor ks ( RNNs)-Teannd Meomogr yS h(oLrStT M) net wor ks hae
attention in traffic flow predictiomjngsthhe
compl ex tempor al dependencies and-Teoml Meear iyt
(LSTM) network, a specialized variant of RNNs

to captruanegel odnegpendenci es twiet hvoaunti s$hu fnfge rgirnagd i |

combined with its architecture of memory cell
nonlinear relationships through nonlinear act
effecti weerfrorf srhooaeti mg.. Ti2015) -TeetmoMemedy a
Recurrent Neur al Network (LSTM RNN) model , | e
memory block to dynamically determine the opt
for input dat a.

Kang et al . (2017) explored the i mpact of
performance, noting that incorporating occupa
performance. Ot her stwudies wutilizientg alSTM 2 0Onlc
Liawt al .Ma(ck®Inh7z)i,e et al . (X4d0ln8)al .Ti(a2n0 1ex) ,alMo u :

Rahman and Hasan (2021)Red$huu aaardd KXiimanmg (RD2®2B))

Whil e extensive reseatehmhasabteo tieowt pde
it remains confined to individual I ntersectio
a network of intersections (Narepdéseandnyi i h

spati al dynamics of urban traffic systems (Ya
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studies have increasingly emphasized the i mpo

integrating botlh dipmenail oraxndi rmteanptome@a st ruct ur

model s. One particularly effective approach i

( CNNs) , which have demonstrated exceptional C

suclRomputer vision and i mage processing.
Motivat eds byucENN s i n t hese domai ns, res

architectures to traffic prediction with pr omi

spati otempor al reet woe kts ¢ dvmyv o lcwtmbd mael CNNs t
patterns and LSTMs to model tempor al congest
accuracy. Subsequent studies have f duretntpeorr arlef
|l earni ngefdorpeandfmamance (Feng et al ., 2018; Du
et al ., 2022) , demonstrating the valwue of jo
evolution in traffic flow prediction.

Despite these advampemaeht mpdelbsrent | spatarce

Many focus primarily on a single upstream int
the extensive and complex propagation i mpacts
mul ti plaean umdteres ecti ons, the dynamic travel t
intersections is often oversimplified, freque
ti mings, l ink | engt hs, and qgueue dymamiacszurAd
reflecting the complex and evolving interact
movements across multiple intersections.
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2.5 Discussion

Thi

on

coo

par

s |iterature review reveals severalrchitic
coordinated signal contr ol Ssystems. Whi | e
rdinated control under target trafofic C Ol

ticularly in the context ohl ycodninrueméngooedr |t ef
ws. The following research gaps highlight
ategy:

Tailoring coordinated signal control systems to accommodate the unique traffic patterns
observed in commuting arterialBhese areas often experience persistent congestion and
long queues in one direction nearing capacity, while the roadway capacity for the opposing
direction is underused.

Optimizing the offsets and phase sequences concurrently under varying arrivakgattern
effectively alleviate the congestion and minimize the delays along the arterial.

Addressing the intricate interactions between through anduleftvehicles, particularly
concerning the adverse impacts of mutual blockage when queues spill ovemthg tu

lanes.

Advancing offline coordinated signal control systems to operate irtinealresponsive
environments, allowing for timely adaptation to the evolving congestion patterns during
peak commuting periods and the resulting complex interactions érettweough and left

turn vehicles.

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 gridge signal control strategies.
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To address these vital i ssues, this disser:

system tailored specifically for commuting ar
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Chapter 3 System Structure and KeyComponents
3.1 System Structure Overview
Most congested commuting corridors exhibit a

move ttwohar deainstirnaelss di stricts (CBDs) and/ or of

but the traffic pattern wil/l reverse the dist
hours. I n the primary travel directingnyemost ei
both upstream |Iinks and side streets, often e
bays, and queue spillback to upstream intersec¢

various types ofntlrainbeu tbel otcok atghees faonrdmactoi oen as

calicedgesDover trlee entire commuting arteri al

the congestion trees, such queue patterns ma)
mxi mi zation or del ay minimization, -delspmeé e t
directional flows is often underutilized.

An example of such a commuting arterial is

District of Col urnebsiiad emttihalt haer enao ritrh eBent hes da,
peak hours, it often exhibits a highly asymme
where the northbound volumes are significantl

hihd y unbal anced volume distribution over the

evoive overall traffic conditions to the foll
The steady high volume in the commuting di
i nt arosnesc,t t hus resulting in residual queues fr
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Mo s t i ntersection-vapmumaeaacdhiersecitn ohhef hiegh e
gueues and del ays, due to the upisnt rteraanf faircr isvti
from theesisleg as shown in Point A in Figure 3.
Through quewend uime tdhieg elcitigliAn f a 2 ® SN/ K &S E SOy
O2yaSlidsSSy (fiagzNygt DOGKAOSEHaAT H6KAOK Yl & Ay Gdz2NYy |
LINEIANBaaAzy 2NoS@D I AQlSdra $ yRdzih dzINEF LIAR INRB GG K 2
SYyaNB INISNAITZ a4 aK2gy Ay t2AyG . Ay CA3Idz2NB
1 Left-turn queues may exceed the capacity of the turning bay and spill onto the
neighboring through lane, thereby obstructing the effective preigredand 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 @msections and hinder traffic streams from
all approaches to moving onto their downstream links, as depicted in Point D in Figure
3.1;

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

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

consecutive intersections and suffer undue delays, because most such signal plans tend

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(eWwb | tsrhaofnf iacn dp a.tatt
2006; Li, 2013a, 2013b; Yu and Tian, 2014; Yac
reversible | ane control faces significant

i mpl ementati on and olptey aitn ocnoaolr dciomsatsi,n ga nsdi gn & If

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

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

progr-basedn coordination can reduce del ays,
undertsead uc@andi ti ons, its effectiveness di mini
(Shepherd, 1994, Sun et al ., 2015) , as el abor
(2023) propgpoteed cant hokestructurd | ows: ageaereir a
opti mal signal timings to maximize throughput
in oversaturated directions, and optimizing p

congested direction.
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Despite theamdagmearfti camtPerdgy and Wang (2023)

control model with integrated objectives for ¢
overl ooked. Firstly, geometric constr aigretss, n.
in design of signal progresssd olni florf raomfvadrci eu
intersection approaches. The frequent overfl o\
bet ween the througbeaedad | estBi geous 3. 1. Secon
often assume the vehicle arrival rates to foll

traffic queue dynamics and bl ockage patterns
di fferiemg tarrafifvi ¢ str eams. Failing troestuwlctk ]| ien
di fficulties in 1) accurately identifying the
the resulting delays, as depicoredr ohsFoghee B8t

phase sequence (Hillier and Rothery, 1967).

Time to LT

bay blockage | Time to LT bay blockage |

i N
Left-turning
bay

Blockage
Occurrence

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 orherntthieo 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
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asymmetric flows during conagfdsgredr ipeeé kc choturr csl
Central to its effiGGamyl arkeatbeepropasedesysal
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 lealume direction to optimal use of the
arterial 6s avail abl e c ap atenddty addreBhthesuniquent e gr
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,Agddidelays 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.
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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 iripeas 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 dgeden

time, reductions in through capacity, and the daratif 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 rbptimizethe 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
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spatiotemporal evolution, abling the execution of reéime proactive signal control.

Eime to LT bay blockage“

Left-turning
bay
_____________________ ”7_;_________ R S
"l :
Ll H”mmm Extra Queue length
- A
Extra Delay
[t T 4+ [ 1 4 [ ]

Figure 3.3 Graphical illustration of the adverse impacts caused by the mutual blockage

Fi guroaut3tileesst ructure of such a system and
the base module for addressing the issue of a
underofd ayepreti med control. Module I It ha&ndaMdedu

modul e to provide a timely response to the de
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System Inputs Module I: Offline signal control system Module | Outputs

Objective Primary Output:
: Volume Data Minimizing the through movement delay in the high-volume direction while « Optimized offsets
i+ Hourly volume demand maintaining the progression in the low-volume direction + Optimized phase
Geometric Features Formulations: seguence
+ Link length (ft) i * Progression
* Left-turning bay length (ft) i Model 1: Queue formation and evolution process bandwidthin the
* Number of through lanes  : * varying upstream arrival rate Ll Model 2: Ll lower-volume
e Number of left-turnlanes ! J—v _________ L S ¥ [ S ) Delay estimation direction
* Number of right-turnlanes : | Model 3: Impacts of the Mutual Blockage = Update
| Signal parameters i CTTTmTTmTmeTm e S— = Maximum gueue

+ Cycle length (sec) — — length
' e Green splits (sec) H Model 4: Progression in the lower-volume direction + Type of mutual

Traffic Flow Parameters H blockage
i+ 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
_____ with MAXBAND Real-time signal control system
Module II: Responsive signal control €=~ Module lll: Proactive signal control

i 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 : « trafficflow detection H :

* Occupancy H

* Speed e
i Signal Plan ! Model 2: Congestion level assessment | | Model 3: Congestion level assessment
i+ Offset : !« If-THEN rules to identify the severity | '+ If-THEN rules to identify the severity |

* Phase sequence : e oo L [ [ S g

i Model 3: Dynamic Signal Control Model 4: Dynamic Signal Control

i+ responsivesignal plan ' i'= proactive signal plan

Figure34The devel oped systemdés overall s

The remaichwionlgls 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 objsective
higlbl ume directi oomr owghrielses inoad niftveow risreca dit eec il on
it is 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 formatiogquedfie length
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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 canpute 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 thisofthagdubef saeat s hand
sequences for each intersection within the st
provides a robust ftoiumedatsiogndlorcartsn @gini s1ygs tpe n
arterials charactereirczedr dgt homgal yt masfyimmetf | ow
as the base module for its extensionssiimecl ud

signal control operations.

3.2.2 Module II: Responsive Redime Arterial Signal Control for Turnirgay Overflows and

Mutual Queue Blockages

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

detection to enhance timely responsiveness to
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enabl es thectsiyseleyn tesgdmnd to varying | evels c

of

Mo d

pre

hi

g

mut ual bl ockages that commonly occur al ong
ule 11 comprises a series of modedliso,n wint ha
defined sequence. The sequential operating
hlighting the coordinated process essenti a

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 eseticomputed 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 servéagritical input 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 applyingtarstt

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 thtarsous
occurrence of blockages at multiple intersections to detect localized or astiekeal
congestion. Temporal rules are incorporated with the information of-tycigcle queue
evolution trends and feedback mechanisms to identify if the conggsditberns are
escalating or persisting steadily over time. Spatiotemporal rules function to integrate the

data from both dimensions to detect complex queue propagation dynamics across space
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and time. Based on these assessments, the model will classifgstiongseverity into
distinct level® ranging from localized shoeterm disturbances to arteraide spillovers.

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

1 Model 31 Responsive Strategy Generatdénformed by the congestion levels identified in
Model 2 and the redalme queue length profiles from Model 1, this model is responsible
for selecting and deploying agppriate responsive control strategies. Eachdaneeloped
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 sysim will 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 model can 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 |1 €
congested concaittiiveny aoamamalgedefat et he i ntersect
arteiidadprte mi zation of the -tiomeér sl gpalanpl &nt h
focusing only on the targeted congested queue

traffic efficiency while preserving computat:
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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#Madukentit ol b a
Modul e |, i's specwiddlclty vke Fiugrrced owmi tflora pproact i
to the reactive nature of Module 11, which adj
Modul e |11 iI's expected to predict and proevent
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their formation and propagati on. This proact
arterials with highly asymmetric di rsetcaig eodn a l
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 forwd#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 intersaoh, along with their timing and duration if present. These
predictions provide the necessary lead time for proactive adjustments of the signal control
plan. The model utilizes a spatiotemporal deep learning structure that captures both
temporal trends frm recent traffic patteridsand spatial interactiodswith reattime data
from multiple upstream intersections. The model also accounts for the dynamics of travel
times influenced by link length, signal timings, existing queues, and potential blockages.
Toehance the modul eds responsiveness, t he
indicators to characterize the predicted traffic state, including turning ratios and queue
lengths. Additionally, the spatial scope of the prediction is optimized by selectingptte
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
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threshold, 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
inaccurate predictions.

Model 37 Congestion Level Assessmeittis model mirrors the structure and logic of its
counterpart in Module Il, employing a comprehensive sgireflefinedif-thenrules to
classify arterial congestion levels based on spatial, temporal, and spatiotemporal criteria.
The key distinction lies in its input, that is, instead of relying on the observed queue length
states, this model will evaluate theedicted queue conditions generated by Model 1. With
such forwarelooking traffic state information, the module can have an early identification

of potential congestion patterns and queue distribution. Such a function can allow the
deployed signal contralystem to have sufficient time in advance to respond preemptively
to the evolving congestion dynamics, with available control strategies embedded in Model
3.

Model 47 Proactive Strategy GeneratoiThis model functions to generate predictive
signal contro strategies based on anticipated congestion patterns. Using the predicted
gueue length states 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
excesive queue formation and spillbacks. While structurally similar to the responsive
strategy generator in Moule II, the key distinction lies in its predictive capability that
enables the signal system to execute preemptive interventions before the présaryce o
mutual lane blockage. Upon determining the best response plan, the system will recalculate

the signal settings at those identified critical intersections -dptamization is required,
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the base signal plan established by Module | will bemgagedto ensure globally

coordinated controls across the arterial.

This integrated design equips Module 111
congestion prior to its formation, while si mu
to resporocentrol when the reliability of predi
provide a flexible and inteasluliitg@entt oc ardtdrrels sf n

complex traffic conditions over commuting art

3.3 Closure

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

potenti al mut ual bl ockages DhoOowdeny teseagl ha
essenti al system functionalities, core inputs
effectively and etfifmed emit dhegr ewanidterolb og ce parei os
of this <chaptaenrd iTnhteergterd wdti wme da@alf onghewitthir etel
constraints amhaopeerbateinonalorlougihd y descri bed.
present the core design | ogic and associated

cosnt i t ut e dtahye ptrieme med signal contr ol Ssystem.
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Chapter 4 A Time-of-day Signal Control Module for Commuting Arterials

with Highly Asymmetric Directional Flows

4.1 Introduction
The design of signal contr ol pl gpros efsora majgari f
challenge to traffic professionals due to the
particularly duri ngolperm&k @emmwtdisng ldi tdet ho gh
arterials oftenissuesntemcadurthyngaexockessi ve de
progression efficiency, and muurunmalqg ube uecsk.a glens c
t he -viodwme directions, the available capacity
|l dang to undesirably high traffic speeds and s
signal contr ol system for such arterials is
undersatur-sadatedr anednteraaf fitcwa happaocdiemrg sdiircesc tiil
Traditionally, mo s t studi es on coordinate
undersaturated or oversaturated traffic cond
di screpancies in the Hodvepteed ddret mali qulkej edtair\a
arterials necessitate an integrated approach
directional flows (Peng and Wang, 2022). I n a
managememmufiong carterials is the frequent 0 C (
through and turning fl ows. For instarwmea,n whe
vehicles from entering the turning ublgysp n das m
il lustrated in Figure 4.1(a), +Hmaynnaoguebesf gl
from the turning bay to a neighboring througt
through | anes, as ddpiontad d yi, n dFkgirgeuergqe tpdh.elsieth ) .da uv
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changing maneuvers by those i mpeded through v
flows in adjacent | anes. Failing to address
under estae madtealoft naaf fi ¢ del ays and compromi se

plan for the arterial.
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Eﬁ ﬁ , Left-turn vehicle
Eﬂ ﬁ ‘ﬁ Through vehicle
Eﬁ ﬁ Right-turn vehicle
(b)
Figure 4.1 The adverse impacts of mutual blockages (a) wasted green duration; (b)
decreasedcapacity
To address these challenge®fdatyhicontethapt amo
specifically designdadrtmatti aomnk li es stuhees rrietviad aln tc
Key operational featuriescluwudeéomi zed for such
T I'ntegrating the following two objectives t

and minimize the likelihood of incurring turnifzay overflows: 1) delay minimization for
the congested direction; and 2) maximizing progression for tpesipy lowvolume
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 Riglume commuting direction;

1 Estimating the through and ldfirn queue formabn 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 sequences of all upstream comwsng fl
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Notably, the | ast two features are introdu
intersecbngested approach varies not only on
the queue patterns and thesrdaprcvedgi sefuen
formation process of two queues of equal l eng
phase sequences: 1) the resulting signal del a
when the traftffyiogstrraeams aofriva in different s
through qQqueues i n most scenarios may a&Gcel era
l engt h, consequently ihosteasgi hgeoneswlse it mg
features that is to reliably estimate the pot

each major intersections along the commuting

Time to LT
bay blockage

Left-turning
bay

Blockage
Occurrence

Time to LT bay blockage

Blockage
Occurrence

L1 [ 4+ [+ T 4t T | [ [T 4+ ] il |

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 structurei ohshihps ¢
bet ween its five primary models along with th
organi zed as follows: Section 4.3 details the
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and

objective

functienst udieecd itom ev al pateesemd &

vari ables and parameters used in the modul e a
Module Objective
Minimizing the through movement delay in the high-volume direction while
Module Inputs maintaining the progression in the low-volume direction
Module Outputs
Volume Data Formulations:
. Hnurl\.:volume demand OSSOSO RO Model 2: Dela Primar?rQurput:
Geo.metncFeatur es i Model 1: Queue formation and evolution process estimation . gpt!m}zeg ol;fsets
* Link length (ft) ' Queue length contributed by each traffic stream * Delay contributed by ptimized phase
« Left-turning bay length (ft) i+ Queue formation direction of each traffic stream each traffic stream . ;equenc-f:
* Number of through lanes RS S S AU SR * Delay during queue brogdrezu:j h
* Number of left-turn lanes | | Model 3: Mutual Blockage ! Update: || discharging period Ian wi t‘ in the
* Number of right-tum lanes i« Identifythe type of themutual | |+ Queue : * Delay occurring > ower-volume

Signal parameters
* Cycle length (sec)

blockage

formationrate :

during inter-green

!

N Model 4: Progression in the lower-volume direction

+ Bandwidth computed with MAXBAND

direction

> * Compute the negative impacts | |+ Queue periods -
« Green splits (sec) of the occurrence of mutual discharging *  Extra delay caused * Maximum queue
Traffic F""'_” Parameters blockage L rate by the mutual length
= Saturationflowrate (vph) | [| ||| oo blockage = Type of mutual
+ Jam density (veh/ft) blockage

* Blockage impact
duration

* Bandwidth computation
with MAXBAND

| | Model 5: Concurrently optimize the offset and phase
sequence

Figure 4.3 Structure of the developed timeof-day arterial signal control module

Table 4.1 List of key notations

Il ndi ces, Set s, and Operators

IS Turning moVv¥neht . arterial thwowmygh; L: al

0 Queue Grou@ gilfdi cat or .

N Cycl e ifmnrdplicat or

Parameters

" Travel time to traverse throu@pandeddwm
i nt er §escetci)on

0o Common cycle Il ength (sec)

) Speed (ft/sec)

ko) Jam density (veh/ft)

o) Saturation headway (sec)

0 Link | ength befTawm&@em( fitnt er secti ons

O Lefturn bay | engt bmatdit hec hi gih'Gnred puefetn) i

QQ The effective gr eetndeduarratiingn (fao riKli sve mygme

i The-rieght dur at i¢odne pfaorrt i rmogv(Ei smetoejr sect i on

r']ﬁ Arri val rat et®f qu & ecamd vie e d rtvseehc/ t si eocn)

O |l nfgereen duration (sec)

Qr, Demand from traffic stre@m ¢ ahtrvspeho)t i nog

" Turning ratiEaetof nm@Qvement on

) Number of througbl tmeedi recti@®enhaghinte

0 Preal cul ated MAXBAND -baaddi @mér diore dthieo

Vari abl es
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& The starting time ofQubketmboémauEecensi
the interaction between initial and sub

o The end time of the b'loucek atgoro vi bndpepnctd u et
considering the interaction between ini

O The time duration f oé&t ot heex cgeueedu ettshfer et nugrtmh
inter®Qection

4.3 Model Formulations

This section wild/l present the following sets

devel oped modul e:
1 Queue formation anevolution process
1 Delay estimation based on the thw&rying queue length
1 Traffic dynamics under the state of mutual queue blockage
1 The progression design for the ldmaffic-volume direction

1 Relations between the optimal phase sequences and the staréiraf each phase

4.3.1 Queue Formation and Evolution Process

Figure 4.2 illustrates how different queue e\
del ays. Further insights into the through que
wi upstream traffic waves are provided in Figu
the following provides a detailed breakdown o
structure, where:

Opr-denotes t he trhtreorusgéhc fapuoenueeds bayf(d tioanf ft ihe sitprse a
i nt erd ec §.c bvdh pleloit a nig  pht.
f WhenQ p, it indicates the through flows from the main street;

1 WhenQ c, itindicates the lefturn flows from the main street;
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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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p
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! i1 | [
- -
o Delay area
ntribute Q12
Qs i
Cyclel(p = 1)
Intersection :
i1 H
T TN A E S

=2 j=4

Intersection
i+1

o Time

N

=1p=2)

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 originkBtehfooght heowpstbeamfr
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As such, the through queue group repgraqanted
the group representeed sbydénphoet epdurapsl e dashed | i

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

|l ogic can be appl itedrnoqgueeed,oranatiilolnu otf r d ted d

Space
N
A A ‘ A A
—t» | «— —+»| <
N <] B [ [
Intersection i i R R
LT Queue
/Group2-1 /LT A
i /Queue ‘L‘,L'l(';(.)ueu? :
/ Group loup’:,.
fo3 LT Queue
/ Group 1-2
/ Cycle 2/
, : : i o s e o
Intersection A 1
. + E— 1
i+1 ** <'| I" ‘ir ?* 1
"""" > Time

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

Notdat the same | ogic i s also applrincaghbleefs

Therefore, the following presentation wil/l fo
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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 édret sd ut

contributing to the queue f dheaas uparmnisnbdyiicpahteeosa

whet her the queue group is formed from the s
i nt er sea®tmadn .c alMdltyght itomisshi p i s expressed as f ol
Orr  Orr 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

Whe®e,Q i, amde definéd NotEFabhat4the associ
phase and demand are determined based on the
compute the arrival r-te, fiome Ths DogihatQaec uep S
woul dQ mend the dem@nd Wotld that the duration
stream to contribute tooftthemdgwhet shhamteueudd a

green phase duration sbecenaapprbgokesshengbaar

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

and exproddevds :as f

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

both the tHmuowmgluamuaesl eft
4.3.1.2 Queue formation duration of the Through Queue Grqup; ;
Note that the keyoypar ivabli e si wi E dqu dfthiesolra r 4uipvsit rge
traffic streams. As illustrated in Figure 4.¢
traverse the downstream intersection WiiH hout
progrdetshseroenby resubtmagi bn dushoivar f(dy , Throug
compared to the full avail able green phase. H
identify each&goosgptofandhenguewgweti mes (e. g.,
Growgrin Figure 4.6) with the following steps
1 Step I Define the range of queue formation by identifying the initiating and ending
instances of the queue evolution, denoted bgind® (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.
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§ 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 .

Space
N
Siia Eiiq YiT
Intersection
i
i H
/ Prggressjon
Intersection :f" :,-"' ;;f _«"::
N [« [ 4] W
> Time

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))
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Equat4 oinl ust,r asgersvitrh@@tas a reference poin:
the through queue accumul®twhinc woiud dt hieg i ma sad
the greensphasteheTgyeanmwirtohnitzhaet ipoans soafge of vehi
i nter Qepcti 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 hendt

t hreqwughuei ng vehi &€ 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 hfolghews @hsismi | @aenoat
an additional term representing the duWr.ati on
Step 3:

e -

v
Yor o Yan S TN In el (41

I’y

v w A Yah
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Onii .Orih - O @ In plt (42
oW ®  Opp,

0ri  Orp  "Yin in  phg (43,

n o6y Q In ol (44

To compute Dhe duwvamni cmeofstart/ end of the up
shall first identify their relationships with
- ana), whifchhurhapg®ssi bl e scenarr.i olsf, eaist hsehro wnh ei
of the green phase does noandalthwi dbi atibe ¢e€
to the queue formation would be shoé¢aprandapnhb)]
I n the scenari o where both the staritnaindatinmg
nNo contribueia@aoacumultat gutedaer dogat hbes phasensi
Figufh(ec)d) . Hence, the start/ end of the queue f
as shown i#411Equdt i EqasdTae 4 esuldtj nanhdewr akkd 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 any soefq utehnec eg uoefu
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& v
L Queue formation range J

£
| Queue formation range |

T
i

/ Duration ; Duration _/
/contributing to contributing to
f queue ] queue
/ accumulation / accumulation
R™ T R
(a) (b)
el YT

L
L Queue formation range J

/ Duration not__/ ;  Duration  /
/ contributing to’ /" contributing to
queue queue
accumulation’ / accumulation’
- i B
(c) (d)

Figure 4.7 Relationships between the start/end of the green phase and the queue formation

duration

mary computation

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
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4.3.2.1 Dividing the taal delay areas into properly defined saleas
With the explicivafypyirmglqqueowoas|l ¢éongt hj mene can
on the area between the queue accumul ation an
area canddlei feaattéeddceri 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

Fi gd8&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 be i-virgpreyeiantg v e
cumul at ilveenggden@®ftred asd the cumul ative queue
Oppas i1l lustrated in Figure 4.9). Thesaryanigabl

del ay area contributed by various types of qu
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Cumul ateiuee leungt h

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 94utl ine the computation of cumul

four ggrucewpsBonsi der i Agrp)Qufe@re (Gl low P tlr7a tdieomo, n sB gruaat
that the culmudagtth vaf tqaaire uBRh@Ogr) g MeQu@ese wGrt dhup h e
gueue, including the cumul at iove )g,ueared |ltemet cdu
cydiise Queuel,@r,ouwmpdn, Brp iy e .

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 directi8mgn .i) lreayes epméa
Queue -Lofgrip However, flo0f;)Quaemnd QGu-duwdg;)Gr otuhpe
sequence is adaptabl e. Hence, thelOfgumubianhsveh
existing queueemay Grinfg)pr pooaten@®ent on the ph
upstream interswectBomjilandbggt 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
Orr ®rr OfR ORR ORrR  OfF In  plt (22



The cumul ative duration fQalluewiQF@mpheat oi r

i nt er Qe cdteinadditred cas be formul aled2ds4mgl EqQqwandig

same principles applied in the calcullapjion of
WOfF U
Space Ziz1
N
Ui1,1 Uiz,1 Ui3,1
Intersection TR LTI @] D
i 7 : 7o . I
A f o,
l'l::’i : Ai,Z,l:_,:" ‘Af,31
& {1/
Qi '

Intersection * * il —$> <-¢— **

i+1

> Time

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 establishmeot;, amfdspt,hetsiee kfegr mualre
associated with each del ay area are | isted as

Areas A and B:

(23]

1
-<
0
0
o
=x
=x
A CA

@ =
“| =S¢
Q
o
A
a(
—
=
i |
o
A
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(24

Equat-2é4ncdl cul ate®, AbygasuAmamdg B/ |

triangu

regions formed by the cumul at@ vaer ggqaeiue ¢ &lhgtt lh
the standard formula for a trapezoid: the sum
hei ght ,byditwiodedNote t hat t2h4e£|—,asctentoetrerrs i tnh eE gaur:
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 ofbotramunlc¢
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 arn D rn (26

To achieve a more accurate del aygreesetni ndaetliaoy
area, defidread &3 . The computation o0f25t Hiseear
Figure 4.10), involves a prpxessmuwlfatdiete r g eu
Sshould be taken into account.

The t ot dlhiedted ra§eaattiboen obt ai ned as shown in
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0 0O O (27

Intersection il
i

. H 41[» ++ H

i+1 .
> Time
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 significand |l gpemdtiicemaleyefalhe nt e mj
mutual bl ockage manifests in a muturbhudeeeh he
reducedl|l ameocagpacity, and excessive residual

Four distinchh!l adogkaege odamubiaradl assi fied, depend
of bl ockages within a signal cycle and the in

and their corresponding i mpacts on intersect.i
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1 BlockageType 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 across subsequent cycles.

1 Blockage Type2: 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 throug@ines

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

7 Blockage Typed: 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 thetigfh vehicles, leading to both underutilization

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

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

1 Negative impact of the mutual blockage fotation

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 the queue group that incurs the spillomeblockages in both the through

and leftturn traffic streams;
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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 blockage and the beginning

of the queue accumuian.

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

Step 1:

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

Equat2®&ni dtroduces a set Dfs, bindigavanigablhe
gueue group responsi bl e ftourn nbay.at3 meyaiafhiec all I
if Through-Quygruaet Grouer seet garue groupt urhnat s
vehiicg,es0 i f this queue group does hnBINegaas e

represents t hteurlneinngg hb aoyf rmehaes Ure& gk Wy, d/erhd tcd = u

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

Equat2®9ncaemputes the exact onset time of t|
the original queue formation pd@aaeshlealgiams otwo i of
4.11. THhE téepm mOp, calcul atesfthehnomberrequire:

Queue -Bfrdawp extend t o tthuer nlienngg tbha yo f&Xt hteh el e fntt e r
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Step 3:

0 ¥ - (80

Equat3®ncemputes the time it takesufpoprnghe
bay, de®oTkekdsas®r mined by subtracting the st
computed i-4, EQuami bhed4ti me point when the bl o

The same | ogic appitives tspidompwatrind d atypph ¢ Skee
through 3 ar eyirrediecadteidnig mti eh elueef tgr oup responsi
spil Woeer gesents thel lonsenr ®weaermptretemnmdhes ¢ mie ti m

t hetlueimt queue to extend anhdrmiemaghbaphwe entranc

Ziza
Ziz1—UWiz1 Uiz1 |(L;-k)-h
S &l = 2 .
P - : ]
A r’Wi YiT
Intersection RTE i il iz ||
a1t i i
: L Algr = Qs | f
/ l‘ !
Intersection * * * +
i+1 <l |4 <t
> Time

Figure 4.11 Graphical illustration of the blockage impact duration

Theriteria for identifying each bl ockage

vari abl es, are shown as foll ows:
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1 Blockage type 1: Blockage in the through queue only

O mandO0 1

In this case, the through queue reaches theéuafing bay, caueg a blockage, while the left
turn queue does not. This condition is characterized by a po§itiaad a zerdO .

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

O man®

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

'O mandO T ¥ ¥

This type occurs when both the through andtiefh queue lengths extend beyond the-left
turning bay, with the through queue causing the initial blockage. It is identified by positive
values for botfiO andO , with the onset time of the througlobkage (¢ preceding that of
the leftturn queue o9 .

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

'O mandO 1 and ¥ ¥

This type occurs when both the kfirn 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 .
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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 Blockage Types 3 and 4, where multiple bl
subsequent bl ockage must be recalcul ated base:q
endi ngftime bl ockia,gei,s deeanlocteldatassd by adding th
the-leaayyth queueing vehicles to the starting
il lustrated in Figure 4.11 amagppiscabpeessoethob

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 j o

To address blockage types involving multip
and Type 4), the onset-28f obhegbhaftkhgdbidobe&Ed
adjusted ttohdcacabuanh &6bDrthe jimsttadlorbd eotc ktaigme i
0. Specifically, if the -timinicaldebd cxcXkagedi g Ct
the adjustment ioncorpasatédd wnRéamat. Edmaeroat 4 ve
throughngtueakly causes the blockage by surpas
the teran, as present32d.in Equation 4

. @ Q0 0 m
6 o 0 £ ED1 0 00 (82
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, Q0 0
& 6o o 8D 0 Q0 (821

4.3.3.3 Formulatingthe regative impacts of mutual queue blockage

To fully address thérpmolvabl eus mpyptes afi snun
necessary to augment the existing delay for mt
each blockage event. Those impacts can be cl a
bl ockagestihas acttleeiir duration, and signal ti mi
1 Increase in the speed of the through queue formation

1 Reduced capacity on through lanes

1 Number of blocked lefturn vehicles and residual queues

|l ncrease in the speed of through queue for mat
I f t he t herxocuegehd sq utehuee bay | ength before it sta
t hrequgehue formation during the-tuemaifhionwg . pdhi o
can be incorporated by wupdati rlg wikteh fvidhl ioavli e g
equations. These adjustments reflect the effe

|l ength and del ay.

p EE Yy O 5

. I 'Q pltloft;) 3 3
LR ewni 0l Q it el (

N , , , . L I Q plgloftn

Ui O ONA | 5k Nr 1T O Org 0 My b it (B4
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det

Re d

rep

t

nt

h e

With such a Cgpi ti daelingarnidemBafised,jnEgaoduc

ermine whether vehicl e@p)r ame t mdaWler g wog med
gueues after the |oppsetpet Bebckhgs.f BEpmctF
i ned t hmotqhueeruveGiswennd t hat vehicle arrival rat
t accounetn cfeo rb titr hhee Yperhe s I-1e si, s Eqqaw@an @winn g4l y m

| aced wi3dtdh Hqu athiicn adjlysd @gnd, Nt hesl gt fie

numbteur mfvdhifdl es jJjoining udegrndumutghatquie

iggers the bl ockage.

uced the capacity on the through | anes
over f4t own oveHiedltes into the throdgmel ane
acity, necessitating corresponding adjustm
di mini shed discharge r atpeo.i nAs Ag huotwhneqivred @i
ins to intertwine with the through queue, ¢
e propagation speed.

Consequently, the delay computations must
e prreonfsiiltei cns from a straight |l ine to a sec¢
m i n -quu:)—%—tioepvfesenting the area of the da

no | onger applicdhlahe whammcabdeopedn t hsbegd
| aced with a quadrilateral, as shown in Fi
o Area Bl and Area B2, as shown in Figure

se s ubed ebaesl ppw:ovi d
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Area B1l:

0 V:)'(ﬁg (86

Area B2:

(87
q
Equat3®ncal cul ates the base of Area?¥,B1l and
which i s cketsemmiimilng otrheYaapsabeotieBilvaddgBg2en
bl ockage. This calculation is based on the ti
stop |ine before the ®l o€kdageasncschworwdE, gue gr ds 4
Space
Intersection Tt ¢ T w? ¢t v’
i i l
L 4 @l ] 4 s o 4 [
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v y Time \‘,:
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Figure 4.12 Delay Computation accounted for the throughl ane és capaci ty di
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The del ay for mui2dt icam dfheEgd @atrieomed 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.
Conversed ym ,whieth i ndi cates that the blockage

di schar ge DOt HOe etqaurarhs zer o.

Number of Hluookeacdhlefiltes and resi dual queues

When tuwhgehuehueo ex ceeds tthuer nl ednagyt, i |[weéfhtit blee $ ed t e
must wait wuntil the through qguetuter nb egae misc Iteos d
enter the turning bay in time Hafrhaggs etemr @lha@ls
wi || form a residual gueue and experience an
such excessive del ays, the objective function
del ay experiensedSpgcti hesalulhwhivethleyx | teltse tlheftt f
turning bay promptly and subsequently become

adjustment .
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Based on the relationship betweenl éethueer nend
green phase, thennumbhecl e$ Uer&ble to enter th
bl ockage by the tHO owgm dregwga,anderfoteald uss ng t

: P E'®E m

4 0
T EMMI LA Q (
O Ok Ol A Nr 1T rR O Orpn 0 M (41
rpr 20 w — 0 Q
o " o w — 0 (42
e 5 0 £¥DI 0°Ql 0
v @ ° 00 p

Equatd4®ni Mmtroduces a f[s,etwhoifc hbiengaurayl sv alr iiafb |te
bl ocks-ttuha Vehtcles, and-4Q,ottter wiote.l Iamumbeua
turn vehiclGsjsdeonmpetdedsB3d@sedhen BEugpuenk tevideohti ec4l t
t hat becdmel t eeuvesfor the next cd4yx.l el farteh ec ailn

of the through blockage -tpermsigneasermeyage,t hreore

| etfurn vehicles wildl be able to passentt hcypaoal
Consequentl y, atlulr ns ucehhibclloecsk endi Ille frtemai n i n th
unt il the subsequent signal cycle to proceed

activati eanmnronf gtrheee nl edfhtbtsuértn avielhibclloecsk ecan ent er
not form any residual gueue. I n t het utrlni rgdr eceans
phase, s o met ulrlno cvkeehdi cll eefst wi | | become residual

esti met itnogt atlth number of v e htiucrlne)s r(ebnoatihn itnhgr ouunc
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bet ween thetend gfeéehep

intersection stop-tharm,

trmu Inti inpgl ideadl B)y. (tsheee

haé & and-qtuheeu earvreihv all eo f

IFa fgtu

The additional delay exmpemi erebhed| 2@, t he 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@lasedafi ae27,n hceaEng etantu so nb &4
to incorporate this additional residual queue
0O O O 0O (44

Space Onset of LT green End of LT green
Intersection T el e ¢T wr yT
i 13 2 2 L
L I o B T 3 5 R S R R R
L fer T
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§ P : I“",""‘l
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\ ; Slope R\ | /
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\ " |‘ :
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§\ TH queue accumulation Curve Remaining Queue (T+L)
when end of LT green
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Figure 4.13 Graphical illustration of the left-turn residual queue
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4.3.4 ProgressiorDesign for the_ow-Traffic-VolumeDirection
As previously stated, the developed modul e er
direexpeniencing low traffic vol ume. I n order

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

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

Wheoeefers -cdal dlhleatpede batwdwifdlii omefdit hect own
by MAXBAND. -Equetnisoamedadg afdlecnmeowdi recti on has

bandwiadbthai med from MAXBAND.

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

To enhanceks tdhepinotdiedn of gueue evolution and

expressions outlinetuhmre ghmnde gpiibhesenpafoerne
devel oping a signal contr ol plan for arteri al
sequences and offsets in this study. The start
be calculatéeg wohbuthe optimization of the in
The constraints for this process, as applied
(Gartner et al., 1991), are specified as foll
— — p ®2o0'Qq (48

— — p 4O00Q (49
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Whereepresents the "@Ffifrsckeitc aotfe si nttheer sstcd ri toinn
phase -tfworn Imdvements at the same idretqgairad esc tli, o ni
signifiesl etfhte nl phdismepbblimeé hdi t @ evt QNS att h & nit retr e

green duration.

4.3.6 Summary

I n brief, to minimizéegrtaWdlitcmeowghedel ay iwhitlk

progression batnrdaMidditeheea trd idrin,e tlloev obj ecti ve f un

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 computatiokguations 4 to 43

1 Queue evolution pattern: Equationg 40 414

=

Delay estimation: Equationsib to 427

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

=

Varying phase sequences and offsets: Equatiet&ahdEquation 449

=

Mutual blockage Identification: Equations28 to 432
o Impact of mutual blockagéype 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
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Note that in scenarios wher e -thwr rolloarkesg eo ro cvwl

turns are not allowed), one can simplify the
related to mutual -BBo#HKdadge (i .e., Equations 4
I n summary, by accommodating varying p ha

formul ati ons for uweuweabll e&n gtfh hcaonndd u thnagt iaonny nu
gueue dgrheupmodulrateadarly @oampute the delay associ
pattern. This comprehensive framework enabl es
only minimizes queuing delays but also reduce
seams with | ow traffic flow. The optimal patt

overall through del ays.

4.4 Case Study

The case study, containing both numeri cal 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 queéeirred blockages in major commuting

arterials accommodating highly asymmetric traffic volumes.

The seleecftoerd esxipter i ment al anal yses is a se
Bet hesda, Maryl and, encompassing five signal.|
information about this site, includingoiurs ge
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traffic volume distribution (Figure 4.14(b))
connector between residential areas and the ci
During the evening peakalpeirmmall, a rac ep reonmeorugnecse,d
traffic volumes significantly exceeding those
make this site an ideal set&iabifotyeval mabhag:
and queue oqnmi lalradwerisal sl experiencing highly as:c
eveninlpoypyreakol umes are sourced from the Mary
Il nternet Traffic Monitoring System (I TMS).
wison
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Figure 4.14 (a) Geometric features and (b) peafour volume distributions over the

candidate arterial segment
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4.4.1 Performance Analysis
The analyses conducted at this stage are main
1 Whether all developed formulations cagiaibly 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 module that fully accounts for mapbexom
gueue formations between the arterial s in
1 The consistency between the traffic volumes and the resulting delays, asteljasue

length distribution among intersections.

Note thavortl de vrod aslmes s hown einn rkivg usreed 4t .ol 4h(

the target c @ mmuwtnigreggt @ dt earnidalasymmetric traff

directions, as shown in Figure 4.15. The pede
manageabl e withinfohecorfdl pbtaisegdmowae memt . The
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 . _f]z]o 0 10 - L 12”39 273 468135L

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

4¢P 4 ¢+ P r q 4 P

Figure 4.15 Volume scenario at the study site designed for module verification

Figure 4.16 shows the outputs of the devel
out put ressupacewditdigname spbawsprgsetheeatkseps ot

devel oped modul e and the MAXBAND (Little et al
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process and the bidirectional progmdsegiserct ba

specific featurediardhemsagMO&Es )ofdeeii ved from

MAXBAND.
'\1\‘ L’ T ‘ 4 ) ) 63Tsec 1?|:;c
= 20sec | 77 — —I-'
Offset: 8 sec l '_lsec —I-’ "I— Offset: 29 sec l 9 ‘-I_
44 sec 53 sec 26 sec 27 sec 21 sec 29 sec 305 P
rg. 82sec |21 sec | _ IL/“E:} chal b + +
Offset: 14sec
1 1 Offset:0sec | | l
68sec | 35sec 47 sec 43sec | 38sec| 36sec 33sec
3) T * Cycle length=150 sec @
%, 99 sec _I_, Y 8
Offset: 7 sec
1 ‘—I 51 sec
65 sec | 34 sec

Figure 4.16 Outputs of the developed module
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LEGENDS
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Figure 4.17 Time-spacediagram and queue evolution under (a) the developed module and

(b) the MAXBAND model
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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 25.7¢
MAXBANI 43 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 15 294 14. 11
MAXBANI 46 17 309 14.8:

Develo
4 111 370 modul<(NO bl o 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 Figure 4.17(a) arsd gmbe cachadd T

formul ati ons are capable of ebhepitweenl|lgi Freél et

of queue fl ows along the arterial, as evidence
volumes and their resulting delays as well a
Specifically, .&s asldowm gium eTalbllé8 (4A) , Il ntersect
| owest tot al and average delays for Northbout
hi gher delay observed at I ntersections el and
shor4utef bays, which may incur early queue b

bl ockage takes place as soon as 31 seconds af
2, as shown in Tahwetid. a. itAtwtgée rotab/e §l eecntgitohn, 4t h

bl ockage is not expected to occur.
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Relation between CLV and Delay Relation between LT bay length and the Onset of blockage

1500 = 100 * 70
1250 & No-blockage 60 §
- = 300 50 :,
g1 2 490 F
= 750 % 200 30 %
3 ] S
2 soo [ 20 =
250 = 100 f
S 10 =
0 0 0
Intersection 1 Intersection 2 Tntersection 3 Intersection 4 Intersection 1 Intersection 2 Intersection 3 Intersection 4 5’

CLv Total delay LT bay length  =——Onset of the blockage

(a) (b)

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

onset time of blockages

Figure 4.17(a) further shows ptlhaant ,praosd ueem:
devel oped modul e ensures that vehicles during
wave can join the queues ahead of those traf:
Il ntersection 1 &ndtlirretaerss emotti emn3 r itbruafifnig t o
(see red boxes i n Fi gtodway4 . alh7e)adwiolfl ortehceeri vneo vt
cycle. At I ntersection 4, the traffic stream
acmwl ati on curve) joins the queues after al/l
phase sequences, the target arterial can not
al so sl ow the queue f or mat ioovne rpfatchbwatbnbgdn hlod yd iuf
it is inevitable.

The comparison results between Figure 4.17
i ncor por at-minrgi mihza tdied m yf-\e@lt wme diomre dthieoriigmh t h

way progreswimmutfing arterials accommodating |
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the devel oped module can enhance the opti mal
al ., 1981) on the following aspects:
1. Preventing the potential leftirn queue blockage attersection 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@ume streams (in the red
dashed squares) toriae 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 develaopodvemodwlteal camdyiaeled age del
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 Syemrcdilrma r(kGO IRIANST RZWall9%) 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 guuitd 4. 4 @Aax. oha alrae
selected MOEs obtained from the results of :
simulations have bee® comdlatednf amatgecsdsdno de
warup peri odeaod i rud GAdidoint itoinnael.l vy, t o demonstr

devel oped module i n optimizing arriving phas
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dependent queue |l ength evolution over three ¢
int er val representing 5 seconds. This Figure u

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 rFom Tinme& alnr
Ti me | nt édirevalot®mad) ,guteue time (from the onset
di ssipation) spans only 3 time intervals under
persists for over 5 intervals wunder aSysncuhnrdoer |

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

Furthermorevolthbheicegruender the devel oped mod
t han undeaunther parhtes. cThe result@dnmashoadpane :
as it can prevent or at | east dtedrarny Kaye, oan sced
i ssue that <can severely disrupt etxraanipfliec, ftlhoew
turn bay at Intersection 2, about 142 feet | ol
grow quickl y. The devel oped modul eb aya sb |eoxcpkeacgte

or reduce its dur attieornt,i atl hesrueblsye quureenut e dteil mgy p mw
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Time-dependent Northbound Through Queue Length at Intersection 2

250

200

2

Queue Length (ft)
g

0

1 357 911131517192123252729313335373941434547495153555759616365676971737577798183858789
Time Interval (5 seconds each)

= = = Bay Length Developed Module

MULTIBAND

TRANSYT-TF

SYNCHRO

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 ?oﬁwgg: % chan
Direct LN'On SyncITRé:;lS'Y MULTI BA Dlvtlaovdeull‘cotmopa t o compar e
s ;. TRANS-Y MULTI BAI
y nclr 7K
Through del aryt arioalg thec/ 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 v&ohn cilnedsi viirdoura lallli nukpss t(rseeacni vset
kKA]j 2.0¢ 2.87 2.26 1.92 -7.6'9 -33.10 -15. 0479
North%IAk 0.9¢ 1.43 1.31 0.86 -9.47 -39.86 -34. 35
mA | 1. 3¢ 3.34 2.67 1.79 33.5¢ -46.1241 -32.96
nAm 23.2 37. 8¢ 33.42 21 9. 72 -44.47 37.16
Average number of stops aoft etrhiradugh vehicles along the
Nort hd nAj 1.5 1.54 1.59 1.35 -12.3¢ -12. 34 -15. 0929
Sout hd j An 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 wor k nawnebreargeof st ops
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, includimpugh and sidstreet turningn vehicles heading in the northbound

direction, will be accounted for at the downstream intersection
3. The northboundiirection is the highvolume directionthe suthbound direction is the lewolume direction
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Maj or fifirmdni mdpe performance evaluation resu

bel ow:

T

T

1

The developed module has proved its effectiveness in reducing through delays along
such arterials of highly asymmetric volumes in two opposing directions when
compared withtte results with Synchro, TRANSYTF, 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 TRAN3F¥,Tand 8.39%

compared to MULTIBAND. These reductionslg hl i ght t he modul eds

tackling highvolume traffic efficiently, especially where some intersections (e.g.,
Intersections B) are likely to experience turnidzay overflows and lane blockage.

When evaluating the average delay of throughicles 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 example, the
average delay has been reduced by 7.69%, 33.10%150d4% compared to those
under Synchro, TRANSY-T'F, and MULTIBAND, respectively, on the segment from
Intersection 2 to Intersection 1. Similar improvements can also be observed on other
l inks, further supporting t haysforaldrafiice 6 s
streams over commuting arterials with such geometric features and volume distribution
patterns.

As an indicator of the progression efficiency in both directions, the average number of
stops for the northbound through movement with teeetbped 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
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developed module still achieves notable reductions of 7.14% and 2.50%amea 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 delay for the higlolume direction is not accomplished at

thecost of progression efficiency for the lowaslume direction.

1 At the networkwide level, the developed module has effectively reduced both the
average delay and the number of stops across the entire network. The networkwide
average delay has been redubgd3.79%, compared to those with Synchro, 11.31%
with TRANSYT-7F, and 3.84% with MULTIBAND. Similarly, the netwowkide
average number of stops exhibits reductions of 1.11%, 17.97%, and 0.56% when

compared to Synchro, TRANSYF, and MULTIBAND, respectivgl

4.4.3 Case Study Summary

Il n summary, the results of case studies show
the complex inter actviaornysi nlge tguwieeeune sv aarnido ussi gtni am
all owing the devel oped modulag t omm-vebfthfeandet iguhe leyc t
whil e maintaining the same maxi mi zedvopruomer €S S
direction. More specifically, t he dneovveel noepnetd f
del ays have accopant canviaotyiinmgs f achoesdeontri bu
and evolution of queue patterns over the arter
with the specified objective function, t he de
enable travbiaomendihechig@om to minimize the tof
traffic streams of high flow rate to join the

Such a unique propertydial oeagewi t©bonheob&lopbj eot
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two highly asymmetric traffic directions all/|
efficiency with respect to the networkwide de
|l ower | i geeubosdi bfFbacks at Hwminndgalyaypd ockmd e

if not preventabl e.
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Chapter 5 A Responsive Reallime Arterial Signal Control Module for

Turning -bay Overflows and Mutual Queue Blockages

5.1 Introduction

As demonstrated i-odd&yh apitgegmald, cdrhter otli meodul e
commuting arterials with asymmetric direction
the arteri al and coor di nat enss .p hlahs e esder gauoednucl ees
mi ni mi ze excessive queues caused by |l ane ©blo
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 sruptingartyhengtiame 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 ¢

il ugthn gtuedcke 5.1
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Figure 5.1 Adverse impacts of blockages: A) wasted green time; B)creased queue

formation speed; C) Throughlane capacity reduction

To address these challenges, this chapter i
|l ever agiemereéat a coll ected from detectotscdeépl
component of an adaptive arterial signad cont:
ofday contr ol by offering a timely response t

patterns resulting fromtuatngongubabpl ockrnfijeews

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 be useusttyg estimate the time

varying queue evolution of both through and-teftn movements, identifying any queue
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formation over all intersections within the control boundaries and the likelihood of
incurring mutual queue blockages.

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

1 Selecting and executing control sttegies 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 further coegtion propagation.

5.2 Overview of the Responsive Redalime Arterial Signal Control Module

The responsive modul e operateswiacde-tomeaalod onthreo!

focusing on managing traffictflbows adaongssanmal

modd&&l epri mary operations includfer emeicdenmnigf ysier
traffic states, and characterizing congestior
responsi ve actomteiod s-tsidenaaltaedgaypt abi |l ity to 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 eeuded lel ne nogd
movement and t hen pteirherans tthrea fufpidateon di triean

cycle. At t hecydlde olbgerehelsscgitale at Ginter sec
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the current cycl e)and tthhen < thbes eccpinadyto ] c ypdeled oid
modul e wil |l c| aéss ibflyocekaacghe itnytpeer saesc tfioodn ows:

a. BlockageType-N: No discernible queue blockage.

b. Blockage Typel: One blockage per cycle, where the through queue blocked left
turnvehicles.

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 turn are inddsdihose
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 {aftn vehicles.

1 Step 2: Congestion Level Assessment

When the blockage i s detckeaftiede d {TdhbEtNsmoafl lelsF w

evaluate the severity of the queues, consi d
the arterialcyd@lte tdate eadh oif nttdhresecti on, the
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 occurring

independently at some intersections.
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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 over consecyties.c

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 results of ulhe wiolnlgesé¢li @t atsls e
strategy to respond to the detectedbébgcangest:i
The four responsive signal pl ans, each <cus
congestion |l evolld owsre defined as

a. Response PlarN: Remain the current signal plan.

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

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

d. Response PlafB: Adjust the cycle lengths anmé-optimize 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 pl an, t he
echc i nt edwsreictg otnhe saizb 9 e q urenrets ec wopldeat(ed si gna
i mpl emented in o0fhe) .folltl oiwsi nigmpcoyrctlaent( 20 not e
and Respd3nsehPthniwvadleveadaneseanedaalvsa,t itom of t
signal pl an at each intersection must accou

coordination across the system.
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Figure 5.2 illustrates the framework of the

modeNost.e t hat each model is designed to perfo
traffic monitoring and queue | ength computat.
identification is to be executedebsnaMedeb Be ¢
and activated in Model 3. These models opera
art@arisalgnal pl an i-thi mespotnsect ddbd arhce aleaadsi fi e
foll owing secti onsandetuanidlertltye nfgor rowgli &t iodnseac

chapter with comprehensive numer@ cmdr fexmman ene |

effectiveness.
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+ Through queue length + Type 3:Two blockages per cycle, through queue initiates the blockage |
*  Left-turn queue length + Type 4Two blockages per cycle, left-turn queue initiates the blockage |

I

|

Model 2: Identification of Congestion Levels

: Congestion Level: i
Mutual 8sets of i* Level N:absence of discernible blockages across the arterial |
blockage IF-THEN rules I:> *  Level |:localized congestion :

|
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]
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! Identified congestion level ' Responsive Plan Identification

3 *  Llevel N —— =i+ Plan:Remain current signal timing Optimal

] * Level| ———=is Plan |:Green extension for either through or left-turn movements or both Signal Plan

i * Llevel2 ——4—ie Plan 2: Re-optimize phase sequences and offsets Computation
* Llevel3 ———st4 Plan 3: Re-optimize phase sequences, offsets, and cycle lengths

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 presented in a
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functions, mathemahechabgf ormadetponsjngndts i
control structure. The core function of weach
1 Model 1: Queue length computation
1 Model 2: Identification of the congestion leved

1 Model 3: Dynamic signal control

5.3.1 Model 1: Queud.ength Computation

This model aims to identify the type of gueu
movenent ti me Jdteeel@@ bd hescation of detectors i
turning bays at ever yenismutrer ¢ ehcet itanmed p/p rcoaapct hu rt
i mportant t oi mfoltew trhatte ac &Zmerroesult from either

arriving) or a queue that has extended to t he

eitlhhee, cthis informati on fveaerdysi nigntqou etulee | esntgit
throught mmmd rmevdments. The resulting queue | er
the type of blockage that hasuatcicumired, as de
5o Gop o to Yoo EN WD (4)

whelfr @ anid 0denote the queue | ermqtrin imovtehme ntt 51 @

st@p resptatiisveal yb;i ntaoge mehreftshtelre oy e mangr een p
at a giveaeWiti mbest emgt HO sf t@cB atiumatstoaphead:
to note that the queue | ength refers only to
not include vehingl d®ownhato @aqoenshkt he queue.

Wi tEgua%li,onone can characterize possi bl e quece

types as shownciynol &@abl eldtbivnied esHlaicdnetso i n t he qu
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and the queue sihteinhEtrsk ercetpuroensi 8hgt ebllideyweantol e s
the | engtthurof btahyeQilne iftdehjs @amaglt 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 a 0 JQ 5)
0 6 OJht B )
Bl ockagde t e .
m o0 0 B)
0 0 O Jht (B)
0 & 0 3Q (40
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
m a a 0 (85
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 faimedd qase u Bl u

typle I n Bbotkagestygphewn i-B Ehu@uigmns o5 refl ect
pattern i n whuealte tth breesxhcreoeudgehd t he | engt h of tt
spill over hasttacaoumguedei witthe nl ¢the cycl2e. By

i s defined as t he -tturranf fgiuce uset, a trea tohhe=ru et, htdhreest | legd |

over the turning ba%,t hrshbdschhowsn i n Equations 5
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Note that -Bl eBokoacgkea-gteyagptegp &€ o characterize mutu

di fferent sequences soifngyued €e fwhremat itdhre wWiotr mien

mutual bl ockage is caused first by tlhee qtuheruoeusg t

(

r

described -13 tEhnrlebi)g.lonSor5 t he | at-tercapper e Bl
everse sequenaue,n wWhierue tfhe sitefetxceeds t he bay

ater compounded by thentEqoddh odqesle8egh &s f or

5.3.2 Model 2: Identification of the Congestion Level

This model is designed to evalwuate the conge

heuristic that accounts for the es¢imaoekladges

builds on the output from Model 1 by wutilizi

augmented matyri whidbnohddcases the presence o

each intersection over yYitsmeonsSpeuoactedalblyy,c otr

monitoring r esaslitgsn aflr ocny cal etso,t ailngolfaeyéeihg) t @aed cu

proce@dpmyc | esOanctrearssEltits opsel ds a historical

conditionedy antgésngh €@ e RO and wher & olrnrteesrpsoencdt 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 spatial evol ut
structurw soff oommamalilxy expressed as foll ows:
ih 8 l R .
M- &
¥ I S E iﬁ 2
11 é é I}
u in 8 i U
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whetpgev fpdenotes the presence of@arqulimgee bleleoc k ¢

within the igopitfrod Ipleoclagaedy waisf ptrireesreenti,s ama b

By anal yziemg etdhwnasamgmcan 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&gyjiration 520, it is indicative of

localized congestigmwhich should be classified &ongestion Level.

i g"o Lo a4 o pho (5-20)

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

of ahigh congestion levelhich should be classified &ongestion Leved.

n (5-21)

ih oG Lo pfio pn
Ion & o pho

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 classificatio@@sgestion Level.
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(& 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 perioé 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 conge&tlontraffic 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 consecuigycles, it
indicates that the traffic state has degradeddngestion Leved.
1 Rule 8 If CongestiorLevel2 was persistently present over prior consecuiivgcles,
one can conclude that the traffic state has fudkégriorated and should be classified as
Congestion Leves.

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

the above rules offer the developed modul e th
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signal pl an so awartyi rcg peomwgdsdst itdhrei patnteerad $ | &

in a timely manner.

5.3.3 Model 3:DynamicResponsive Signal Control

This model i's responsi ble for selecting and e

tailored to mitigate the congersti loat enemderialli d

di stribution of detected blockage types. For
control mod el wi || apply only minor adjust men
Conversely, in wespomps e atdo coagerse iaamd a new S ¢
must be generated and i mplemented across the
traffic conditions and to alleviate gridlock.

Accordingly, i n adNd,i twhoent httoa i Rhess ptohnes ec uPrl raenn
pl an, Mo del 3 includes three additional respo
specific congestriadmgioep®lrat EBhesaeying | evels o
rangi ng f rroenf ilnoecneelnitzseldevef ubpdaréeéeeri at i's i mp
three responsive control strategi es ddialyd upo
contr ol met hodol ogy introduced in Chapttehre 4.
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
Response Plan 1 is dgsesgned f{bdrel-bce€bngesntio

intersections, where | ocal traffic blockage di
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to prevent it from further spreading to neighl
Pl an fisempthe 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, Response Plan 1 may not be the optimal
choice, and Rgm®nse 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 to estimate the blockage time based on the
differencebetween 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 the side street, the developed module can adopvibed green splits

to the detected local congestion as follows:

uo “Q “Q (5_25)
4 a W (5-26)
G Qhd h O n (5-27)

6EANOBAMNQI ¢ DIAAWQ G

Wh eiOgd, &ddknote the allowable green, targe
extensions of t K, crreistexaat@®ir \egrirtyeesr esnet ¢ trticleet s |

green durati on asntdr etehte gmieneinmudnik) sastel eadir ,e erne s |
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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 5es3 tihd uadtriaxati on and procedur al frar
designepgdttmi e signal offsets and phase sequel
identified along the arterial . The hpato ciensist ibaett
the blockage, followed by determining the ons
to the turning bay. | f mul tiple blockage eve
recal cul ates the onsedagditme a&dcdttret sfubrsequmama

effects.

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

i ntroduced iTr aSefcitci oy nda.n8i.c3s, Uncder MumtcwalpoBlao
restructured objective f-tuinmog i toma ftthiad ibbew ftfeircir
gueue spillovers.

The actual optimization procedure for gene

foll ows the methodol-ofggy ecsovomabt olshmddulhetheael $0

4). Specifically, the aocomd rod] edtjiewd i ovfe miemamii
commuting direction while maintaining progres
ti me blockage information into the optimizat:i
targedstdmeandtf to all eviate evolving congestion
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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

sequenceand offsets within the congestion impact boundaries

Response Plan 3 is to be activat3ed ofvoerr tthhee naor:
where the entire signal plan (i1 .e., cycle | en
repti mi zedpaeadneneed in a timely manner. To ef
plan, a stepwise approach is developed as f ol
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1 Step 1: Adjust the Cycle Length

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

traffic flows. The rati éodaolc&kalgigesti onbaldat o«

short turning bay or |l ink | emgpth mirzaduoand od
sequence and of fset s, i s one of t he mo s t

accumul ation in real itmnemeuddhtlbeetychel yengt
optimizati on process. However, practically,

formul ati ons rather complex and cumber some,
well as i nef f iticmee nrte sfpoorn suisvee ionp erreaatli ons .

Note that the adjusted cycl edeé¢feinmgaed tshroed lc
formul BEgedt-Z&n Because a shorter cycle | eng

proportion of | ostertsiencet,i oan dc atphauwcsi tay luawdri zian
5 2 (R 8

WhetTdenot eslefai mede percentage, and L denot es

(sec/ cycle), which canupel oatcul meedntaskdanr

outlinerd a@atn &Rlo.ge 2004.

1 Step 2: Adjust Green Splits

Foll owing the adjustment of the cycle | engt
to reflect the reduced tot al green time avai
all ocatedr paskedwesnt entachii.ret.er ¢ et idars cahmp rga

from upstreamhi mthercsaenctmmrmes accwvrmatyeihy tefff
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demands wunder congested conditions. Note tF
est aebdl insent hodol ogy o @tOlRidnweidt h nt Re geefrf eedt iav e ¢

phase computed using the formul a:
Q Q O (29
W

wheQies the effectiv@ sgeegensa thmet bbal Paabsecti
the cyalies (tstkee)griti cal@Ilvarneihs) otl ueanes f or o fP htals
| ane volumes (veh/ h).

1 Step 3: Reoptimize Offsets and Phase Sequence

Once the cycle | eegblRreandegicsed s$plires| eav
l evel, the fi-oapti mitzipng ntvioeé vesgmal off set s

optimization once again adopts tohitea ys aanen tnred Il
modul e (Cheaepttére H),i mahheyr control objective i :
commuting direction while maintaining progr e
framework is also adjusted to account for t#h
i Bection 4.3.3, ensuring the resulting signa

conditions and consistent with the underl yin

5.4 Numerical Experiments

The primary objectives ofi rshes® wemerfiyddlheexdp
effectiveness in detecting various types of t
assess its p<ifmer yamee aitm one als wel | as execut

mi ni mi ze gt hgeu eruees uplrtoipnagati on and del ay.
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Figure 5.4 shows the selected arterial s e
Rockvill e Pi ke i n Bethesda for mo d e | eval ua
configuration, and dhoecwwi bmés onBobé ekheni nbi g
the residenti al areas and the business distri

domi nating northbound traffic volume during t

l evel duriinngg ptehaek ehvoeunr s, an i ncrease of -2.55%
mi nute field vol umes, from the ,Aastehawh iTnaf*i
5.4 (b)

(a)
4 + L 4 + L 4 L 4 + L 4 4 L
24 e o | |4 i 65 4 3 N 4 40 s6 4| |4 30 i34 4
2 s
dust B se||wun @) - ’ ©) ! wiss (2 sl |wn @D 6 e
- [T710 B51 -
¥ 19 g0c 116 13 2 | TR U 20 qon 202 V90 = s 10 T 500 166 30 1B
Tt r T+ r Tt r
(b)

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 sligmead rceoxngaorodi
evaluated agfawssi ghel tcometrol pmedu#ie Tht s oo
selected as the baseline due to its demonst:
optimization tools, incWfegdiagdMBLMcLBAND, ATRAN:
of performance metricseadacrossSethesna modelks ( Mi
Evaluation), with summary results pr-efdagted i
contr ol modul e achieved a 12.19% reduction ir
del ay per vehitdéclve por/ FRABESSHhgl with an 8. 39%
MULTI BAND and a 1.85% i mprovement compared to
average number of stops per northbound throug
TRANS¥HF andr8ynand 15.09% | ower than under MU
the select-olayomodhéetrmported in Chapter 4 a

benefits of transi-dfiawnwi opgei atimoiranetf or »tedhrenat s ena le

control

Whil e a compar ttsdamre wiotnht rootl h ero dredasl woul d pr
it was not feasible in this study due to two
r etail me contr ol systemsesblarel pyravpailalry, awhi ;o

fairly assess their effectiveness under compa

refail me control systems is grounded in the ass:!
traffianscowmidtihaut overfl ows or | ane bl ockage:s
congested scenarios involving mutual bl ockag:t
devel oped r-teismpeo nsiigrealr eadntr ol modul er ¢ Wi de@ ch
a fair or meani ngf ul evaluati on. rectogad zedc
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performance as the benchmark provides a more

retail me responsive featureartearisalgsnnal control s

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

Table 5.2 presents the simulation results reg

each intersection over 2devgtbped Ateispdowing/real
contr ol modul e can, as expected, detect the o
any needed responsive actions. Some exampl es
simul ationedebel bw: are | i st

91 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 was classified as Congestion Ledh light of this, Respnse 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 tiafelay control module without timely detection
and response hayersistedover more cycles, i.e., further persist to Cycle 17.

1 During Cycle 18, more than half of the intersections (Intersecti®)seXperience mutual
blockages and evolve to Congestion LeXelThis triggered the need to implement
Response Plan 2. Hence, a regnal 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 between the developed responskiieneabntrol 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 due to spillback from Intersection 2ohtrast, the responsive rdahe
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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 mg

Contrnofda) Contrnofda)} Contrnofda) Contnofda

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 edentes the obs®&rhvee dc eBllo cvkiatgheo utty paeny |
bl ockage observed

5.4.2 Performance Evaluation at the Critical Intersection

The performance evaluation of the developed

bl ockages bet weteuw ethh rcd iegsh iasn o deutsteidt ioma It hien taeg

Using | ndehmhaeatciteni zed byasta shseset stiudl, | &h
examined its susceptibility-ofdaaymuwtomdalr od|l onolkdaid
deel oped resipmescoret relal modul e. The evaluati o

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

stop line at the downstreamtersection during each signal cycle.
111



T Queuedelay Per vehiclebs total time in the que

5.4.2.1 Comparison results of throughput over through andtleft lanes

Throughput is selected as a key indicator i n
bl oxe&s, as mudwhbetbtomckhalyedhi cl es are obstruct
viceoweltbsainevitably reduce the number of veh
5.5 illustrates the throughpuwtsidief fceornetnrcods nboe
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, both the developed
responsive control module artettimeof-day 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 5.2). It is at this juncture
that the developed esponsi ve control modul edbs <capab
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 responsive control 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 thofeday control module. This improvement
stems from the responsive control gswmoalul ebs
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.

112



1 Figure 5.5(b) shows that the developed responsimgr@lomodule 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 throwgid leftturn lanes, thereby minimizing the

excessive delays for traffic flows of different movements.

Figure 5.5(a) and Figure 5.5(b) reveal t ha

i mpacts on the through | aneetftegi hmaineg sitmar €Cyal
17. The developed responsive control modul e h
dynamically adjusting the signal pl an to acc:¢

during the perged(sf rodmvOyalme sy to Cycle 24),

consistently achieves hi gheorfdatyh rcooungthrpoult ncoodmupl

confirms the devel oped abspbohgi vte moni molkemsg

gueupapgabion, ensuring better traffic progres
Through vehicle Throughput Comparison Left-turn Vehicle Throughput Comparison
25 2
u .2
223 E
H | /\_/\/\ s : .
;21 4 x g19 3 . f Nz J " /U\/
- ’/" - / f p .
- ° \ J N S
520 NS N S\ V
= 19 g 2 v
Es £17
7z 17 7 16
) 5
123456789 1011121314151617 18 192021 22 23 24 123456789010 1R2I5KISICI7TISI2021222324
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,
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angdome bl ocked vehicles may have to wait for

endure excessive queue del ays.

Figure 5.6 and Figure 5.7 illustrate perf
responsgiiwe rcealtr ol roofth ly | &€ oaart @ otl h enotdiurhe wi t h r
del ay and queue | engt h, respectivel y. Some K€

summari zed bel ow:

1 At the beginning of the simulated period (see Figure 5.6), both modules demonstrate
comparable avage queue delays. However, the differences in such MOE between the two
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 novement from Cycle 15 and for the kdirn traffic stream from Cycle 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-taghme 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 5.6, from Cycle 17 to Cycle 24, the
responsive module consistently achieves reduced queue delays. This result underscores the
modul ebs ability to mitigate tpgropagaidnfoect s o
gueues, and maintain smoother traffic progression through 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, aswblume increases (i.e.,

from Cycle 13 to Cycle 24), the performance under the-bfraday control module
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degrades progressively. This is evident from the sudden spike in the queue length for the
benchmark module at Cycle 21, which has its queue spilsdk o the upstream
intersection (i.e., Intersection 3). In the worst 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 timelgueue detection and signal revision

is able to prevent the formation 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 e
= 150 7 180 o
P y, e g y T
; 130 /\‘ . 7 160 Y
g —~ g e
110 y £ 10 _—
% / 120 //
S 100
L p—
50 80
102 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 123 456 7 8 9 1011 1213 14 15 16 17 18 19 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) lefurn 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
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5.4.3 Module Performance Evaluation

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

hour and number of stops per vehicle per hour

average del ay pehrr ovtechh -tauredn plesmfvtement 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 noirtommuting direction.

1 The average number of stops per vehicle per hour serves as an indicator of progression
quality 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
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1.98 stops per vehicle per hour. This demonstrates that the developed respongsive real
control module can effectively mitigate the mutual blockage effemtticularly 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,fitn 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
scenarios can-wadlki aweragretdedraly reduction of
124. 00 seconds per vehicle per hauro,ssamndcer enceu
by 3.38%, from 3.19 to 3.09 stops per vehicl:

while the responsive control primarily focuse
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the module can al sovef akbbd nperdvipo rkmehramec.e 3 theec i

achieved without compromising the efficiency

Il n summary, the results of | aboratory expe
Pi ke in Bethesdcao,nvMarcy ngh ¢, deanwestrated the
responstiiviee rceoan tésr oé f fmeocdtuilveeness i n reducing ¢
minimizing the resulting impacts on traffic d

acrbsesentire arteri al

Table 5.3 Simulation results for performance comparison

Respons-i\

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

Average del ay of thaowughi alehpet eselnil oing
Northb nAj 234. 3. 217.01 7. 399 *
Sout hb j An 141. 6! 141. 46 -0. 139
Average number of stops of through vehi
Northb nAj 6. 61 6. 22 5.879 *
Sout hb j An 2.00 1.98 -0. 909
Average delay of through vehicles from
vehicle per hour (sec)

KA]J 26.60 24.19 9. 0509 *

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

nAm 41.56 37.12 -10. 67 *
Averagefddledyw vehicles from al/l upstr e:
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 9.3609 *

nAm 33. 48 30. 09 -10. 13
Average del ay per vehicle per hour (sec
Net wor 131. 11 124.00 5. 469 *
Average number of stops per vehicle per
Net wor 3.19 3.09 -3. 389 *
Note: * indicates the significance | evel of a
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5.5 Conclusions

This chapter has intirmduaetdeni arledpiogs adesc gal
mitigate the adv-bageoeéfetbowsoandumot ogl gue.
commonly observed on commuting arterials with
Building upéimytlkentr mkdenveetlhoopdeod oigry Chapt er 4
modul e offers a dynamic enhancement by detec
severity of congestion, and executing tailore
The developed modul enponresitst: s (df) tahrmeefdore

detectivhagr yt nme queue bl ockages across al | i

classification model that applies spatiotempo
an elwesndd modelr otihat selects and I mpl ements si
traffic states. These integrated components a

traffic patterns and provide timetfhescgngkstad

l evel

Extensive numeri cal experiments wusing a si
Rockville Pike in Bethesda, Maryl and, have cor
responsive control mo dod &g/ i gGoanmp acroendt rwilt hmotdhue
Chapter 4, the responsive module has demonstr

duration for queue dissipati ont uramidng hinowerhen
particul arl y apt iibntee rbsaeyctt & ppimisih gsvuesrcse and short
average, the module has achieved a reduction
3.38% in the number of stops per vehicle per

bot h commutciomgnuandignan recti ons.
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Overall, the findings from experimental sc

time control modul e offers a robust and adapt
especial l-yayomdger rtaifhé c congestion patterns th
prtei med signal pl ans and most existing model s.
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Chapter 6 A Proactive Adaptive Signal Control Module with Queue

Dynamics Prediction for Congested Arterials

6.1 Introduction
Chapst ehras i ntroduced a responsive arterial sig
in real time and selects the optimal set of s

incurred by mutual -baweobboE&aeageshWadr espaoansg

is effective in managing emerging congestion,
det edrtasomonse remedies are only initiated afte
Hence, i f sbulfef ipcrieednitcltyi orne liinaf or mati on i s avail
takes all necessary adjustments in signal pl é

expected to be the most effective.

As such, this chapterappesaeattismet haeretade v eall o
contr ol modul e, designed to forecast gueue d\
actions before the emergence of qgueue spill
particul arl y crrutceirailalfsorc hcaornantutteirnigzead by hi ghl
fl ows, wherm tShafttic surges and | ocalized i nf
movements can escalate rapidly and propagate

The devel opednopguda@ctibuil ding upon the sanm
control module introduced in Chapter 5, has be
it cont aiemrsm ag usehucer tst ad kea spea de da-bcrt @ nomktre@natlel It @ n g
ShoTérm Memor-y STMBMiheurmalhanettworelcasts queue | e
ti me of any queue bl ocka&agpeatuisatnegmpuoprsatlr eman tterr

ensure the rel-dabvéntgoofroredda csno mittrrdiurcge dme «
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the consistency between predicted and obseryv
particularly important given the expected var

may compromi se predgignhidmcaacumdacy.r eWheri es b

actual traffic states are detected, t he syste
responsive operations, thereby maintaining ro
andnarbmal conditions.

The remainder of this chapter is organi zed
the proactive control modul e, highlighting i:
provides a detail edss descomponemt ,f wihteh madpt &
LST-Mased queue state prediction model and the

t he prediéctpermnf artomMaence evaluation using mul ti|

the same bkg¢gti BactiFoma6. 4 presents a case stu

strateg-worhdacoeakbxt and compares its operati
r etail me contr ol modul e introduced ietfif et ®r i1
tackling the dynamically evolving congestion

6.2 Overview of the Proactive RealTime Arterial Signal Control Module

Building upon-ofdlagy Ilcoqita odf dteivred opedpomsiChapt ¢

ti me control strategy introduced ida Cohraogpat cetri Vvse

retallme arteri al signal contr ol modul e. Thi s

conditions and i mpleementnsbadmahceonftrglueser &
bl ockages. Such predictive capability is part:.
by highly unbalanced directional fl ows and r a
responsessaoht i n substanti al performance degr
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The

detecte
pattern
embedde

bet ween

spend

aptiv

rf ormance

Figu

ur sequentially
monitors

aluates

ntrol

Chapter

di stingui sh

d tqg uoenuse,

predicted

under

stinction between this proac
he incor portaetrino nquoefu ea ssthactret predi ction funct
corediproactive module | everages

ate preemptive signal adju

module to evakthetdevhatte

and observed traffic stat e

proactive operations and revert t

me ¢ huasntinsens s e nasnudr erse | bi@tbhi | 1 b ¢

various |l evels of traffic wu
ustrates the structure of th
oper at ed nuoedueel ss.t aS pee cpirfeidci aclt
prediction accuracy and deter mi nes
predicted congestion | evel; and
strategde4. m&i mcai Motdled ss t3r maat ur al | o

emphasi s of 2dbiost hc haapet enre wil sy pdle

proactive control modul e f
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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 Sighal Control Module
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6.3 Functions and Formulations of the Key Embedded Models

This section presents the four -tiome amwomthét salt |

contr ol modul e. Each is designed to perform
enabl e -l foomrkwanrgd si gnal adjustments in anticipa
overall design buil ds wuponi vteh ec onmotdruolla rmosdturl uec,t
key enhancements: -t(ilhe repé aeedenectoifor ewilt h a3
estimation model, and (2) introduction of a m

to continuous| yone vaacl cuuartaec yt haen dp reendsiucrtei oper at i

6.3.1 Model 1: Queue Length State Prediction

The first core model of the proactive contro

Speci fically, the modeidterm destdgmeadot mgguen

l engths forttuummomogheameatisefat all monitored i nt
provide essenti al information in advance for
ai med at prevents nagndp ogweenud arhutsyall | mlveeak ages.
present the problem natur e, moddéli mablr @ma lhl, e n (

mu thteiad LoTger ®8hMetmor y STMBMHet wor k tailored tc¢

spatial |l y cofr reerltadgreidaln attruafef i ¢ f |l ows.

6.3.1.1 Problem nature and modeling challenges

As emphasized by Mirchandani and Head (2001),
system depends fundamentally on the reliabil

Accur ate f or ectaesrtns torfa f& & ycc Bvhaarsi tadbp prsoachi ng Vv

rati os, andageeaseséeprnpgpahsinformation for ti me
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proactively prevent or mitigahesemeragiadpl esng

t he quedaiendiecmattihng whet her or not a turning be

occur, its onset tiodnsee,r veersd atsh eo nlea sotfi ntgh ed umoast ti
trigger the acovti canmntowm|lofstpractagt es in a ti mel
However, hdawirmg pa esdhentt ve function at the d:¢
contr ol systems presents significant chall eng

traffic slysnemtsl| yarst ocnhas tdiecp,e nrdemlt4iy @& eagnidn gtm umbyeu

natur e, the collective manifestation of such
transitional periogpeabethweaens Pf&Kakgared aff
predisctriedn abil ity i s f urttehnmepro rcao mpilnitceartdeedp ebnyd etl

invol ved traffic streams that contribute to
commuting arterial s.
The dynamic i nter arcgd sotnisorb ed nmke etnh & rad mp an iced

often plague such commuting <corridors <can be

bet ween all contributors in Figure 6.2, where
target i hheeseettoon (1) depends not only by
|l ntersection 2), but also by a series of its

Each pair of adijraddmntc Sstdae¢ redsled, e @ hss tsou bdji sr upt |
various types of congestion patterns and thei
1 Queue overflows and mutual blockages, which impede vehicle progression (Figure 6.2, Area
A);
1 Residual queues from last cycles, which will delay gastr 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).
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The i mpacts from such disruptiomascdomuhat et ak

prop
i nst
wher
patt
resh
targ
de ma
al so

upst

agate downstream, interacting dynamically
ance, a disruption to traffic at I nter sec
e their | ocal g ui enui ensg sa ncdo nrseesgpuoennst il vye i smpgance
erns at Il ntersection 3. Such sequenti al
ape the queue formation dynamics at the t
et ioheerrasctcariiomed-l hggeadnl andaspatimél| y di s
nd a prediction model to be capable of i nf
al |l indirect, del ayed, and ftreompomalt iypl
ream intersections.
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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) g‘;‘:”dal queue 1
gdance
l 1
_ E— |
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
1 By ‘11 B 1
B I
f:f‘! L.} | Existing queue 1
Impact queue patterns at Intersection 2 B e :_ e .
' - !
_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 dc\a‘y 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 intersections over a congested commuting arterial

To tacklhal $eaolges with

a robust prediction

spati al range of upstream traffic information
time traffic data from more upstrcaamciynt ens e Gt

to demand undue computational overhead and in
a masd edteianie prediction reliability. Further mor
each upstream i nt eamce tfiroonm vtalhrey twa rtghe ti tisn tde rsste
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coordinati on, and the prevailing congestion |

dynamics add another | ayer of model ing diffi
tradeobowéeb model performance -ainme ciomplue meamgt & i

Taken together, these challenges underscor ¢
that can | earn and infer temporospatonas wWkpkea
mai ntaining operational tractability. The mod

these functional requi r e nbernatnsc hth e renwlul gtthe etph & efao
architecture:

6.3.1.2 Operational structure of the prediction made

I n the developed architecture, each wupstream

LSTM branch, which all ows the developed model

|l ocation (see Figure 6.3). Theéeéesdévekxopedi mgdeée

| ocal dynamics at the intersection | evel whi
varicasdchs as vehicle vol umes, occupancad es, S i
specific to each intersection.

At a hegbalkrof t he a+emmidt & atsu roen, mtehceh amu Is tmi
|l earned temporal features from each LSTM bran
plays a critical role in synthesi ziancg uirrafterd me

infer how traffic dynamics at mul tiple upstr.

downstream queue formation. For instance, tr af
at Il ntersection 4, wkiechi snbs8quaent 12y iump a enta t
evolution at the target downstream intersectd.i

in congested commuting corridors characteri z:i
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