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Abstract

Traffic congestion has increased globally due to rapid urbanization and expedited economic
developments in many countries. Vehicle queues are a governing aspect of traffic congestion,
studied over the past decades. Most of the existing queue estimation approaches are limited to
homogeneous traffic conditions. However, the traffic conditions in many developing countries are
heterogeneous and are heavily influenced by mixed vehicle composition, lane changing, and gap-
filling behaviors. This study aims to estimate the queue length at signalized intersections having
heterogeneous traffic conditions. The methodology employed in this study integrates both
statistical and neural network analyses utilizing a time-series approach. A key innovation in this
research lies in the incorporation of heterogeneity considerations, where Passenger Car Units
(PCU) are assimilated into the measurements of traffic flow and lane-changing movements within
the analyzed road section. The influential factors impacting queue length were examined,
encompassing arrival flow, discharge flow, outbound lane change, inbound lane change, and signal
configuration.

The statistical analysis was undertaken through an econometric approach, representing another
novel contribution to queue estimation studies. Vector Auto Regression (VAR) models were
developed to estimate queue lengths for signalized and unsignalized intersections. The VAR
estimation results demonstrated heightened accuracy in queue estimation and practical
applicability for prediction, capturing the traffic characteristics of the formed vehicle queue.
However, limitations were identified, particularly in terms of lower prediction times, which
impeded the practical utilization of the model for traffic management. Consequently, to address
this limitation, neural network analysis using the Long Short-Term Method (LSTM) was
incorporated to enhance queue predictions over longer time sequences. While the neural network
exhibited promise, challenges in data collection contributed to lower accuracy in predictions.
Notwithstanding the challenges, the methodological development in this thesis presents a
promising direction for queue estimations under heterogeneous conditions. This advancement
brings the scientific and research field one step closer to improved queue estimation methods

within this specific scope.



Table of Contents

DT £ 2 [0 OSSP [
ACKNOWIBAGEMENTS ...t e e e e s re e teere e s be e beeneesseesteeneeaneenneans ii
N 011 = Tod RSP PRPPR ii
TADIE OF CONENTS ...t b e bbbt e bbb bt enbenn e 1\
LSE OF TADIES ... et bbb bbbttt st bbb Vi
LISE OF FIQUIES ...ttt st et et re et e e st e ebe e beentesneenteeneennes vii
ADDIBVIALIONS ... bbb b e bbbttt e bbb viii
R [ 1170 To 11 Tox (o] 4 ISPV PRSPPI 1
11 BACKGIOUNG ...ttt bbbttt 1
1.2 THESIS STALEMENT ..ottt es 3
1.3 RESEAICH QUESTIONS ... ..cviiiii ettt ettt ettt s e st e e s ba e e be e sbeesnbeesbeeeareesaeeennas 4
1.4 RESEAICN ODJECTIVES .....c.uiiiiiiiciicie et 4
15 RESEAICN SCOPE ...ttt et e et e st e et e e sre e reenes 4
1.6 TRESIS LAYOUL.....c.ooiiieiecic ettt ettt e et e s be e ae et e s neesreenneenes 4
2. LITErAtUIE REVIBW .....eiiieiie ettt sttt te e ne et et eeseesbeenteeneesneeneeeneesreeneennes 6
2.1 Chapter INTrOQUCTION .........oiveeie et e e sre e re e re e 6
2.2 Review of Data Collection Methods..........cooviiriiieieniie e 6
2.3 Queue Length Estimation Methods ...........ccoiiiiiiiiiiie e 7
2.3.1  INpuUt OULPUL TECNNIGUES. .. .cveeeieieieite ettt sttt sre e ens 7
2.3.2  Shockwave Based TEChNIQUES..........cuiiiiiieie et 9
2.3.3  Probabilistic MEthOUS .........ccoveiiiieiieie e 10
2.3.4 Kalman Filtering and Marcovian Chains-Based Methods...........c.ccccoccvvveiieieciennnn, 11
2.3.5 Neural Network-Based Methods. ..o 12
2.3.6  StAtiStiCAl MOUEIS........eoieeeceee e nre s 13

2.4 Queue Length Prediction Methods ..........cc.coviiiiiiie e 14
2.5 Lane Changing Behaviour of VENICIES ............ccvoiiiiiieic e, 15
2.6 TIME SEIIES ANAIYSIS .c.ueiiiiiieieie ettt bbb 17
2.7 RESEAICH GAPS. .. ecviiitii ettt sttt e et e s b e e e e s be e et e e sae e e beearaeeree e 18
2.8 Chapter CONCIUSION........coiiiiece e 19
T Y/ [ 1 g0 o (o] (o]0 V2T P TP PR PR 21
3.1 Chapter INtrOQUCTION ......c.vi it 21
3.2 Data CONECLION ....coueiieiie ettt nreas 21
3.2.1  SLIT Pedestrian Crossing (LOCALION 1) .....c.cceviiiiiiriiniiniiieiee et 22
3.2.2  Armour-Street JUNCEION (LOCALION 2) ......ceiieiiiiiiieiiiiiesiisieee e 23
3.2.3  Welivita Junction (LOCAtION 3) .....ccviiiiiiiciie e 24



3.2.4  Thalawathugoda Junction (LOCAtION 4) ........cccueveeiieiieriieieseese e 25

3.2.5 Kiribathgoda Junction — Kandy End (LOCatioN 5).........cccveiveieienincninisieieeee 26
3.2.6  Kiribathgoda Junction — Colombo End (LOCALION 6)........cceceeriiiieiierieniesieenieenie e 27
3.2.7  Kiribathgoda Junction — Makola End (LOCAtioN 7) .......cccceiveieiiieiieie e 28

3.3 Data EXIFACTION ...eoviiiiieciiee ettt ste et beebeeneenreas 28
3.3 1 QUEUE LENGLN ... 29
3.3.2  Arrival Flow and Discharge FIOW..........cccoceiieiiiiciiece e 30
3.3.3 Inbound Lane Changing and Outbound Lane Changing ..........cccccceevenininiinieniieinenne. 31
3.3 4 Traffic CONMIOL ...t nre s 32

3.4 DatA ANAIYSIS ...ttt et e re e ra e reaneenreas 33
341 StAtiStICAl ANAIYSIS.....eiieiiiieieectee b 33
3.4.2 Theoretical Background of Time-Series ANalySiS.........ccooveieiininienenisieieeeeen 34
3.4.3  Neural NetWOork ANAIYSIS........cciveiiiieiicie et sre s 36

3.5 Chapter CONCIUSTON.......coiiiiieie bbbt 39
4. RESUILS QNG DISCUSSION ....uvievieiiieiiesiestiesieeiesteesteetesseesteeaeeseeste e teaseesseesseeseesseeseaneesseesreeneennes 41
4.1 Chapter INtrOQUCTION .........oivieiece et sre e ens 41
4.2 SEALSTICAI ANAIYSIS ...t 41
4.2.1  Generalized VAR MOUGEI ........ooiiiiiieiieitee e 41
4.2.2 Time Series Plots for Initial Visual ObServations.............ccccceverenenieieniniisiseiennn 42
4.2.3  RESUIS OF ADF TSt .ccuiiiiiieieiteite sttt st 43
4.2.4 Results of Granger Causality TS ........cccoiieiiriiiiirierieeee e 44
4.2.5 Results of Johansen Cointegration TESt..........cccveiiiieiieie e 45
4.2.6 Results of Model SIgnifiCanCe ........ccooviiiiieiicce e 46
4.2.7 VAR Model for Signalized INterseCtions...........ccocvviriiiriiriiiieie e 51
4.2.8 Time Series Plots for Initial Visual ObServations.............cccccevereieiieieninieieeenn 52
4.2.9  RESUIS OF ADF TESt....cuiiiiieiiiteitt sttt sttt 54
4.2.10  Results of Granger CauSality TEST .......ccoeieriririiiiiriee s 55
4.2.11  Johansen Cointegration TEST.......cccciviiiiiiie i 55
4.2.12  Results of Model SignifiCanCe...........cooveieiiiii i 56

4.3 Neural NetWOrK ANAIYSIS.......cuoiiiiiiiiiiieeee e 61
4.4 Chapter CONCIUSION........coiiiiece e 63
5. Conclusion and RECOMMENUALIONS ........coviiiriieiiiie et 64
5.1 (@ T T PR 64
5.2 SUMMArY Of the TRESIS ......oiiiie e s 64
5.3 Recommendations and Future Research DIreCtions ...........cccevveriiiniienenieneenese e 67
T L] (=] € o0 PSSR 68
AANINEXUIES ...tttk ettt b ekt e ke ekt et e e e h e £ ekt e e Re e ekt e e he e e a b e e abe e e ab e e ehe e e mb e e ebeeenneenbeeanbeennnean 76



List of Tables

Table 2.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.

1 Time-Series Analysis Past Research StUdIES.........cccvvveeviiiiiicie e 17
1 Classification of Queue Length Transformations...........cccooeveeveniniinneeie e, 30
2 PCU Factors for Considered Vehicle Categories ..........cocovvereiiveieeiesreseese e, 30
3 Lane Changing Movements of a Three-Laned Road Section............cccccovcveveneriinnnenn, 32
4 Traffic Control ClasSifICatION ............cuiiiiiiiieie et 33
5 Considerations in Statistical ANAIYSIS...........cciiiiiiiieee e 33
1 ADF Test Results for Intercept only and Trend and Intercept Conditions................... 43
2 Optimum Lad Length Selection Test RESUIES ... 44
3 Granger Causality TeSt RESUILS.........cceciuiiieiieeiie st 44
A TrACE TESE RESUILS.....viiveeieeie et sre e nteene e areenne e 45
5 Maximum Eigen Value Test RESUIS ..........ccveiiiiiiice e 45
6 VAR Model SIGNITICANCE. ......coiiiiiieiie et 46
7 DF Test Results for Intercept only and Trend and Intercept Conditions...................... 54
8 Granger Causality TeSt RESUILS. ........cooiiiiiiiiiece e 55
O TrACE TESE RESUILS.....eeiiieiciiciieeee ettt 55
10 Maximum Eigen Value TeSt RESUILS ........ccoiiiiiiiiiiiiceeeee e 56
11 VAR Model SignifiCaNCE. ......c.ccviieie et 56

Vi



List of Figures

Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.

1 Methodology FrameWOIK .........c.ccviiieieiie et 21
2 SLIIT Pedestrian Crossing (LOCATION 1).......cceiiiiiiiriieiesiesieeie e 22
3 Study Area 0f LOCALION 1 ......cviiiieiecie et nne s 22
4 Armour-Street JUNCLioN (LOCALION 2) ......ooviiieiiieiiiiie et snees 23
5 Study Area 0f LOCALION 2 ......coeeiiiiciieie et 23
6 Welivita JUNCtion (LOCATION 3) ....civiiiieiiiiesiieiesie et 24
7 Study Area 0f LOCALION 3 .....coiiiiiicceece et 24
8 Thalawathugoda Junction (LOCATION 4) ......ccceeiiiiiiieiiee e 25
9 Study Area 0f LOCALION 4 ........ooviiieiiece ettt nne s 25
10 Kiribathgoda Junction - Kandy End (LOCatioN 5) .......cccccveviiiiiieniiie e, 26
11 Study Area Of LOCALION 5 .....ooviiiiciicie st ne e 26
12 Kiribathgoda Junction - Colombo End (LOCAtION 6).........ccceeveerrerieneriiisisieieienes 27
13 Study Area 0f LOCALION B .......cccveiieeieiie et nne e 27
14 Kiribathgoda Junction — Makola End (LOCAtION 7) .....ccvviiieieieieicneseseseeeeeees 28
15 Study Area 0f LOCALION 7 ......coveiuieiieciecie sttt nne e 28
16 STOPPEA QUEUE......c. ittt bbbttt b bbbttt n e 29
17 Partially MOVING QUEUE .......coviiiieiiieie ettt ettt ste e raenne e 29
18 MOVING QUEUE ...ttt bbbt bbb 30
19 Inbound Lane Changing MOVEMENLS ..........ccceevviieeiieiie et 31
20 Outbound Lane Changing MOVEMENTS. .........cceririiiiiininieeeieeee e 32
1 Time Series Plot of Queue LeNgth .........ccooviii i 42
2 Time Series PIot Of Arrival FIOW ........cocooiiiiiiiic e 42
3 Time Series Plot of Discharge FIOW............ccooviiiiiiiiccccce e 43
4 Generalized VAR MOUEI Fit .......oooiiieiiecece e 48
5 Generalized VAR Model Application to Location 5-Lane 1 .........cccccceevvevveieiienen, 49
6 Generalized VAR Model Application to Location 5-Lane 2 .........cccoccvvvevvereseennnn, 49
7 Generalized VAR Model Application to Location 5-Lane 3 .........cccccceevvevveiiecienen, 50
8 Generalized VAR Model Application to LOCAtion 6...........cccoevvereiienenciiniseecene 50
9 Generalized VAR Model Application to LOCAtioN 7............ccovevveiieiieie e, 51
10 Time Series Plot of QuUeue Length ..........cooeiiiiiiiiiieeeee e 52
11 Time Series Plot of Arrival FIOW .........ccooiiiiiiiieiee e 53
12 Time Series Plot of Discharge FIOW...........cccooiiiiiii i, 53
13 Time Series Plot of Signal Control............cccooeiiiiiiiiiiiece e 54
14 Signalized VAR MOdel Fit.........c.ooiiiiiiieiiie e 58
15 Signalized VAR Model Application to Location 2 - Lane 1.........ccccccvvevevveieeieennnnn, 59
16 Signalized VAR Model Application to Location 2 - Lane 3.........cccccceeveveeieireennenn, 59
17 Signalized VAR Model Application to Location 4 - Lane 1.........ccccccevvvevveiieieennnnn, 60
18 Signalized VAR Model Application to Location 4 - Lane 2........cccccceevveiveeiiesnnnnn, 60
19 Signalized VAR Model Application to Location 4 - Lane 3.........ccccccevvvevveiveieennnn, 61
20 Time-Series Forecast of Facebook Prophet Algorithm ...........ccccooveiiiiiiiecie e, 62
21 Trend Forecast of Facebook Prophet AlQorithm ..o 63

vii



Abbreviations

ACF
ADF
AR
ARIMA
FIFO
HGV
KF
LGV
LIFO
LR
LSTM
LWR
MAE
MAPE
MGV
MSE
PACF
PFIPFO
ROW
RMSE
SLIT
TIM
VAR

Auto Correlation Function
Augmented Dickey Fuller

Auto Regression

Auto Regressive Integrated Moving Average
First-In-First-Out

Heavy Goods Vehicle

Kalman Filter

Light Goods Vehicle
Last-In-First-Out

Likelihood Ratio

Long Short-Term Method
Lighthill-Whitham-Richards

Mean Absolute Error

Mean Absolute Percentage Error
Medium Goods Vehicle

Mean Squared Error

Partial Auto Correlation Function
Probably-First-In-Probably-First-Out
Right of Way

Root Mean Squared Error

Sri Lanka Institute of Information Technology
Tail Interval-based Method

Vector Auto Regression

viii



