TU/

Technische Universiteit
Eindhoven
University of Technology

Where innovation starts

Multi -agentdynamic traffic assignment incorporatinGPS
diary andpersonalized supernetwork approach

Author
Graduation candidate
Student number:

Graduation committee
prof.dr. ir. B. (Bauke) de Vries
dr. Q. (Qi) Han

dr. T.(Tao) Feng

ir. A. J. (Joran) Jessurun

Institutional Information
University

Faculty

Program

Chaoyu Li
0926551

Chairman Master Progra@ME, TU/e
First supervisorTU/e

Second supervisor, TU/e
Third supervisg TU/e

Eindhoven University of Technology
Faculty of the Built Environment
Construction Minagement & Engineering



Contents

ENGIISN SUMMAIY.....ccooiiiie e 1
ADSITACT. ...ttt e e e s e e e e e e e e e 3
ACKNOWLEDGEMENT..... ..t e e e e e eeneaaanas 4
O [ 01 10T 8T i o o DT PP UPUPPPPPPPPRPS 5
1.1 Problem defiNitiON..........oeiiiiiiii e e 5
1.2 Research qUESHION........cccoeiiieii e 6
1.3 RESAICH UESIGM. ..ottt e e e e e e e e e e e e e e e e e e e anes 6
1.3.1 Methodological JuStifiCation..........cccoeeeeeeiieiii e 6
I A o (ool =TT S0 [ o | o P OSUOPPPRPRRS 9

1.4 Resarch objectives and lIMItations...............uuveeiiiiiiiiiii e 10
I I @ o TT=Tod 11/ PSPPI 10
1.4.2 LIMITATIONS .. ..eitieiiieeiee ettt e e e e e e e e e e e e e e e e e e e e e e e aanes 11

1.5 EXPECted reSUILS.......ccoeeeiie e ——————— 11
1.6 Rea@ NI A .. T.dZA RS .o 12
2. GlOSSANY. ..ttt a e e e e 13
2.1 Traffic CONGESTIQN. .. ..ottt e e e e e e e neeees 13

2.2 SNAIT MODITY. ..o 13

2.3 Intelligent transportation systems (ITS)........ccooeeeeiiiieieeeeeeee, 13

2.4 Activity-based model (ABM).........uuiiiiiiiieieeee i 14

2.5 Dynamic traffic assignmeNnt (DTA).......eueireieiieeeee s e 14

2.6 Data sources: National travel surveys (NTS) & GPS.diary.......ccccccccevvviinnnnnee. 14

2.7 Macroscopic, mesoscopic and microscopic models...............c.cccce 14

2.8 Bounded ratioNality..............uuuuuuiiuiiiirrree e e e 15

3 LILEIAtUIE FEVIEW.....ciiiiie e i ittt e e e e e e et e e e e e e e e e e e s bbenee s 17
I 0 A [ g1 (oo [¥ ox {0 o F PP PP PPPPPPPPPPPPPPPR 17
3.2 Dynamic traffic @SSIGNMENL.........oooiiiiiiiiiiieeeee e 18
3.3 SIMUIAtIOADASEA DTA ... e 19

3.4 MATsim: Multiagent simulation for ABM.............uueeiiiiiiiiiiiiiiiieeecee e 21



3.5 Supernetwork approach: integrated accessibility...........cccccoeeeiiiiiiiiiiiii 23

3.6 CONCIUSIONL. ..ttt ettt e e e e e e e s e e e e e e e e e e e e aan 24

4 RESEAICH MOUEL.....ccii i 27
v I [ g1 oo [ Tox 1 o] o H OO P PR PPPPPPPPN 27
4.2 Unimodal simulation: BasiC MATSIM PrOCESS........uuuuriiiiiieeiiiiiiiiiiineeeeeeaeeaananns 27
4.3 Bimodal simulation: public transit iNCOrporatian.............ccccceeeevieeireeeieeeeeeeeeeeeennn 30
4.4 Multrmodal representation with supernetwork frame............ccccoooviiiiiiiiiieenneenn. 31
4.4.1 Supernetwork INCOMPOratioN............uuuieiiiiieee e 31
4.4.2 Parameter €SUMALION........uveeiieiiiiiee ettt e e 34

A5 CONCIUSION. ...ttt ettt e e e ettt e e e e e e e e st r e e e e e e e e e e e e e annneees 36

B CASE SHUAY . ..coiiiiiiiieeeeeee e a e e e e e e e e aaaaaaaaaaaas 39
ST A [ g (oo [F od 1 o] o VTP PPPPPPPPPPPPPPPP: 39
5.2 INIHAIEXEIACTION......eeeiiieie ettt e st e e e e nre e e e e nnes 39
5.3 GTFS PrOCESSIAG ....cciiiuueiiteeiitt e e e e e e e e e ettt e et e e e e e e s as bbb et e e e e e e e e s annnnnneeeeeeeeas 41
5.4 Demand generation With GPS di@ry.........cccoeeiiiiiiiiiiiiiei e 45
5.4.1 Data Preparation............cooviiiiiiiiiieeeeeieeeeeeeeeeeaa e 45
5.4.2 Demand geNeratiQnl............oooiuuuiiiiriiieeeeeeesseiniieeeeeee e e e e s sinnnneeeeeeee e e A T

5.5 SINUIALION. .....eeiiiiiiiieie e AO
5.6 RESUIt & BNAIYSIS.......uuiiiiiiiiieii e a e 51
5.6.1 Simulation with default SEttNGS........cccoeiiiiiiiiieiie e, 51
5.6.2 Simulation with supernetwork diSutilites.............ccooeeiiiiiiiiiiiii s 54

5.7 CONCIUSION ...ttt ettt e e e e e e e e e 57
5.7.1 The integrated MethQd.................uuimiiiiii e 57
5.7.2 GPS diary iNCOrPOTaAtION. .......ceeiiiiiiiiiiiieieee e e e e e et e e e e e e e eeeeas 57

6 CONCIUSION & DISCUSSION ... ..uuiiieiiiiiiiie ettt e e ettt e e e s s e s e e e e e annbneeeas 59
6.1 CONCIUSION ...ttt e et r e e e e e e e e e s beeeees 59
6.2 DISCUSSION. ...ttt e ettt e e e e e e e e e e e ssennnrnneeeeeeeeeennnnnee s DL

T BiDHOGrapNY ... e 62

Y 0] 1T T [5G PSSP PPPRTR 6.7



APPENAIX 2.ttt a s s s s s s e e e e e e e e e e e e e e aaeaaaaaeaaaaaaaaaaaeeeaeeeeeeeeeeeeeeeeessnrnnnrnrnnned 68

NS T 0T (eT0 ] § (=1 =) (R 68
ROULEWIITE ... et d O
AV 1o [N L (] TP 72

APPENAIX 3.ttt e e e e e e e e e e e e et e e e e e e e e 74



List of tables & figures

Figure 1. RESEAICN UESION.....uuuiiriiiiiiiiiiiiieer s e s e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaes 9
Figure 4. MATsim process structure by Balnet al (2008).............cccooeeieeeiiinnnnnn. 28
Figure 4. Process of path verification from GTFS fee®byonez and Eth (2010)..31
Figure 4. Personalized supertwork representation by Liao et al (2011).............. 32
FIQUIE 5. ISTUAY AIEa........uveeiiieeeiiiiie e ettt s e e e e e e e e e e e s s e e e e s e s annnnneeaeeas 40
Figure 5. 2ransitVehicle file............oooi i 42
Figure 5. 3ransitSChedule file............ovii e 43
Figure 5. Map-matching process with unrecognized link...................ccceeevcccccvvvvvvnnnnnnn 44
Figure 5. Smulti-modal Network SamMPpPIe..........coiiiiiii e 44
Figure 5. 6 Sample population file...........c.uuriiiie e 49
Figure 5. Btrategy modules famulti-modal simulation...............ccccccciiiiiiiiiiiiieiieeeeeeeeeee, 50
Figure 5. 8odified SCOMNG SELHNG.......coiiiiiiiiiiee e e e 50
Figure 5. 9 Score status of simulation (100 iterations and 500 iterations)...........cc.......... 51
Figure 5. 10 Computation time distribution with default settings.............cccccco s 52
Figure 5. 11 Transport MOd@StHiDULIONS............coiiiiiiiiiieee e 53
Figure 5. 12 Average leg distance with default Settings...........cccccvvvvvvimiiiiiieiieeiieceeeeeeee. K4
Figure 5. 13 Score status of simulation wittegrated accessibility............ccoccvvviviiirnninnnn. 55
Figure 5. 14 Computation time distribution with integrated accessibility.............cccc......... 55

Figure 5.

15 Average leg distance with supernetwork representation...............ccceccuvveeee. 56


file:///C:/Users/Li/Desktop/Revision%20report%20Ver0.7%20student_0926551.docx%23_Toc459802847
file:///C:/Users/Li/Desktop/Revision%20report%20Ver0.7%20student_0926551.docx%23_Toc459802848
file:///C:/Users/Li/Desktop/Revision%20report%20Ver0.7%20student_0926551.docx%23_Toc459802849

Multi-agentDTA incorporatingPS diary anpersonalized supernetwork approach

English summary

Mobility issue is a serious concern in urban arédsugha shiftin transport mode choice

can be seen in recent years from motorized vehicles to slow modes, i.e. cycling and walking,
road congestionstill frequently occur, indicating that a traffic planning system considering
multi-modal transportation is demanding. Resch efforts trying to replace the traditional
four-step traffic planning models have been put into this context. The integrated
activity-based modeling (ABM) and dynamic traffic assignment (DTA), looking at the issues
from demand and supply sides respeety, offer an opportunity to improve the predictions

in a high resolution

However, the cost functions adopted in the assignment are typically-baged or

tour-0 F aSRY GKAOK TFlLAfa Ay NBLNBaSydaiay3a GKS vYyd
activities and trips. In reality, however, individuals make a decision on a sequence of
activities and trips at different time and places. For instance, a shopping location choice may
involves the joint choice with parking places. Considering this issue frmerspective of full
activity-travel programs, the degree of easiness (accessibility) to conduct the multiple
activities in spacéime needs to be taken into account in the assignment. This triggers the
necessity to investigate: to what extent the integedt accessibility can reflect the true
heterogeneity in choice preference and influences the results of dynamic assignment.

Integrated accessibility in spatiene, extended from the spatial and genexast based
accessibility, has been increasingly disedsin recent in transportation and geograp
Relative to the unhodal based accessibilitgdicators the integrated accessibility provides
insights to the evaluation of tours and/or full actiiavel programs in a comprehensive
way. The latest breakthrough of such a concept is the supernetwork representation
proposed by Arentze and Timmermans (2004ndaextended by Liao et al (2011). They
decomposed multmodal transportation network into private vehicle networks (PVN) and
LJdzof AO GNFYALRZNIO ySig2N]la otc¢cbuvs ol aSR 2y
interconrecting PTN or PVN represent omudd travel, and those connecting PVN and PTN
in the same activity stateepresent transport mode change; links between Pifdin
different activity stategshen represent conducted activities. This representation is capable of
capturing the activitytravel patern of heterogeneous individual at a high level of detail,
without adding much computational burden.

The recent work byLiu et al. (2015)proposed an analytical model incorporating this
approach. They formulated the discretime DUE condition as an equivalent pdthsed
variational inequality (VI) problem, and adopted an iterative algorithm in MATLAB to realize
the assignment. The model, Wwever, is quite complicated in the sense that a list of
unrealistic assumptions had to be made to ensure its convergence, e.g. the individual has
complete knowledge of all utility and travel time. Agdrgised simulation should be a better
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choice instead, a@nsidering its high consistency with the supernetwork concept and
capability of capturing behavioral realism. This research, therefore, aims at incorporating
this supernetwork representation with simulatidsased dynamic traffic assignment
approach, furthe exploring the applicability of this model.

In order to incorporate the dynamic accessibility into the DTA, the utility function will be
I R2dza i SR dzaAy3a GKS Ay iS3NI-tdagRprogram2(NIP)Y Fhe 2 F
parameters estimated usingraixed logit model based on a statetioice experimental data,

will be adopted to predict the spad@ne accessibility. The next step is to generptans
(ATP) for eachgent, which was done using GPS data from Eindhoven, in combination with a
data validaion procedure toprepare the data for MATsim us8ased on these diary data,
ATPsare then assigned to eaclagent serving as input for simulation. The simulation
procedures are carried out with a modifiedQsim that is, a queudased timestep
simulationmodule. Simulation of public transport with a given schedsidready enabled in
Qsim and the nemotorized activities are incorporated via adding a muithodal
contribution to each link object and using priority queues to order the agents based on their
scheduled link leave timen other words, teleportation.

The proposed approacts implemented and validated through thensulation using data
from Eindhoven, The Netherlands, by comparing with the results SiayparNagelcost
functions. The incorporation resultsuggest thatGPS data improves the behavioral realism
MATsim captures in terms of initial plans with highemgbexity andvariety, which might
add some extra computation burden. The tradi is acceptable considering the fact that
large-scale simulation would already take a long period. On the other hand;dh®warison
results indicate that the modified utilitfunction is more suitable for multhodal scenario,

as thediscrepancybetween the initial performance of agent plans and the optimized ones
become smaller, leading to a quicker converger®aperiority of the proposed approadh
thus confirmed from both the methodological and practical aspe®sth the simulation
results, this combined approach proves to be a promising solution for transportation
planning.

However, some further studies are required fiorther validate its applicalitly. A primary
improvement would be incorporating the GPS data with population synthesis, using iterative
proportionalfitting to generate a 20% synthetic population of the study awghich was not
completed due to time and device limitation. Other impenovents include the simulation of
parking activities and joint decision simulation at household lewdlich would involve
largescale household level GPS data collection and extra coding effort within MATsIim
platform. Another attempt can be made to inconate the integrated accessibility concept
with en routeadjustment, which is not applicable at this moment due to the limitation that
such simulation is not enabled yet for iterative procedure.
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Abstract

This thesis aims at incorporating the integrated spatime accessibilityconcept from
supernetwork structuranto the framework of simulatiofbased dynamic traffic assignment
(DTA), trying to explore its effectiveness

A methodology is proposed first, using muttodal simulation taeproduceboth motorized

and nonmotorized trips of realife individual, together with a ongear GPS diary data as
source for tavel demand input, enhancing the resolution of detail this demand can capture.
The simulation ishen conducted using amulti-agentapproach(MATsim) maximizing the
benefits of representing the heterogeneous choice preferences of individuals in
multidimentional activity and travel programs. Based on the estimates of a mixed logit
model, the proposed approacls operationalized viamodifying the utility functions for
evaluation of individu® plan in response to the integrated accessibility concept. The
supernetwork structure is alspartially reproduced with a multlayer network consisting of
private vehiclenetwork and public transit network.

Following the preparations abovehd approach is eventuallymplemented by taking
Eindhoven region as a study area. Results suggest that this integrated approach is a
promising solution for transportation planningand possess high applicability in other
scenarios as no major adjustment is required. Future works include parking activity
simulation and household joirdecision simulation, and incorporation with population
synthesis for large agent population.
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1. Introduction

1.1 Problem definition

Road taffic congestion,resuling from the imbalance betweerthe supply of and the
demand for transportation facilitiedjas beera global concern for urban areas since ancient
times Falcocchio and Levinson, 2016 US only, the estimated economic loss of congestion
reached 12 billion dollars in 2011, and witnessed an increasing trend since Ba2ank et

al, 2012. Reducing congestion occurrence thus is an urgent issue within the context of
transportationplanning and the solution measures mostly fall into two categor&gher by
building new traffic infrastructure to extend the capacity of road systems, or making efficient
use of existing transport networks, the latter of which is more preferred today (lllenberger et
al, 2008). A popular concept rose in recent years@dpiA y 3 & dzOK (G K2dzZaKGX A&
which looks for possible solutions to traffic bottlenecks, from various perspectives such as
traffic management, network desigand mobility management (TNO).

In Netherlandsthe urbantraffic is alsoproblematic due to the increasing road traffic in
major cities such as Amsterdam and Rotterdam. In recent years, a shift can be seen in
transport mode choicefrom personal vehicleand public transport towards bicycland
walking. Such trendhowever,end up causingpicycle congestion in some areasth high
population densityinstead of relieving road pressure as expec(Bikswaterstagt 2015)
which was not predictable with traditional transportatiademand predictionmethods, as
they often focusmerelyon vehicular traffiand ignore the impact oflow-modetrips (Wong
and Sezto, 2012Thisindicatesthat asmarter traffic management system is needed to solve
the mobility issuetoday, considering alpossible aspectsf individuaf transportation mode
choice The solutioncan betwo-folded: An advanced muithodal transportation planning
model with nonrvehicular travel mode choice assignmentrealisticallyevaluateregional
travel performance, makingfficient use of existing road netwofkom a policy viewand a
reattime traffic information provision system thatollects sensor data, analyzes current
network state and predict future flows with accuraoffering travel guidanceto individual
users.

The derelopmentof such smart traffic management systdms become an eager calling in
current Intelligent Transportation Systems (ITS), raggisophisticated models to represent
reaklife traffic networks, and complicated solution procedures that righasily lead to
overwhelming computational effort (Peeta and Ziliaskopoulos, 20@byv to realize such
deployment is a remaing issue and has been widely discussed in various studies
transportation field. The motivational foundation of this researt¢herefore, is to help
finding an answer to thelanning part of thequestion, using a dynamic traffsimulation
approach.


http://www.rijkswaterstaat.nl/

Multi-agentDTA incorporatingPS diary anpersonalized supernetwork approach

Based on these facissted above the problem to be solved here can hather defined as
seeking a solution to realizeraalisticmulti-modaltransportationplanning method.

1.2 Research question
The main research question proposkdre,therefore,can be concluded as

How to improve the methodology omulti-modal transportation planning?
This question can brirther broken down into several suuestions:

1) What is thestate-of-art dynamic traffic assignment approach witiiransportation
planningcontext?

This question requires a thorough review of the currepproach fortransportationdemand
prediction, which ca be found in Chapter 3.

2) Considering the characteristics of the muittbdal representation, what is the
state-of-art practice platform?

To answer this questiotthe involvedtechnique will be briefly introduced in Section 1.3.1 in
order to give an inial definition of the methodology. This will be followed by a detailed
reasoning backed up witigorouslogical binding in Chaptet, after a thoroughliterature
study:.

3) What type of data will be required for the choserethod? How to process the date
needed for the case study?

The data requirement as well as processing procedure will be explained in CHajaired
will be further illustrated in the case study described in Chapter 5.

4) What is the advantage of the proposed methodology?

This question will be answered throughout the following part of the thesithemajority of

this paper is trying talemonstratethe chosen method with practical and technical det&o.

be more specific, Chapter 3 and 4 will address the theoreticalradga of themodel, which

will be implementedin Chapter 5 together with an advanced data source applied in this
thesis.

1.3 Research design

1.3.1 Methodological justification
The current trendin transportation planning has led to a combination of activity based
modeling (ABM) for demand forecasg and dynamic traffic assignment (DTA) toaffic
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simulation (Chiu et al, 2011 Shiftan and Bei\kiva, 201} in replacingthe traditional
four-step mocel.

Unlike conventional trip-based moded which only focus on vehicle movements
activity-based moded believe that travel is derived from the necessity to participate in
activities. Therefore, instead of trips focusing on destination and transport mo&B#/
generates trip chains at an individuat household level, trying to predict the timing and
sequence of activities and associateghsrbased orsomebehavioral principles (Rasouli and
Timmermans, 2014).

No matter with approach is used, the Orighizesitnation (OD) matrix generated serves a
basis for traffic simulation where a traffic assignment module is in general necessary to
assign the traffic demand generated at zone levels into the road networks.

Traditionally, this was done by the -salled static assignment procedure where a user
equilibrium is normally assumed. Basicadhatic traffic assignment, as is applied by default

in the four step model, generatesaffic volume on eacHink directly based onthe O-D
matrix, and calculateshe route traveltime as a sum of link travel times on the route (Chiu
et al, 2011) On the other hand,dynamic traffic assignment is a generalization soich
traditional assignment. The process consists of two main components, naraed} choice

and traffic flow. The former component determines the traffic flow level on each road at
each instant, given network performance represented as tiragying travel times, whereas
the latter component describes how vehicular traffic spreads within a networkjenéing
network performance. The output of thi#gavel choicetherefore becomes the input of the
traffic flow, vice versa. DTA then decides the flow pattern that satisfies the two components
simultaneously, sometimes even targeting at reaching a dynamic egeilibrium (DUE)
established for each departure time (typically ranging from a few seconds to several minutes)
instead of the entire analysis perio€ompared with static assignment, DTA proves to be
superiorin that traffic dynamics are better capturdtVong and Szeto, 2012).

Current DTA models, however, provide limited choices servirgplasion to ABM demand
forecast,as they usually adoptost functionsto find shortest path for traffic optimization,

which are typically tripbased or tousbased,failing in representing the multidimentional

OKIF NI OGSNRAGAOA 27F A yKRchrgohrikl Gtialas ZD13) Coiaskdedingi A S &
this issue from a perspective of full activitavel programs(ATP) the degree of easiness
(accessibility) to condud¢he multiple activities in spaetme needs to be taken into account

in the assignment. This triggers the necessity to investigate: to what extent the integrated
accessibility can reflect the true heterogeneity in choice preference and influences the
resuts of dynamic assignment.
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To this end, prsonalized supernetwork concegeems to bea profoundrepresentation
serving such purpose. Abd latest breakthroughwithin ABM context it formulates the
network asseparatelayers connected by transition linkaccess, egresand parking etc)
and bounded by individu@ limited activitytravel experiencecapturesthe ATP of realife
person at a high level of detailThough this representation is theoretically sound,
reproducing the structure in a larggcak scenario would call for various simplifications,
which will be addressenh this thesis

Therefore, inthis research, the methodologgdopted will concentrate onoperationalizing
the theoretical and process model of the proposed transportation planniggsure The
main will be integrating the personalized supernetwork approach and agbased
simulation. The majorakes therefore are tadentify the suitablemodels andnvestigatethe
way to implement them, addressing the contribution of a practical aagdilyapplicable
solution that better capturesthe heterogeneity ofvariousindividuak. This largelyelieson
the correct choice of a tool package that can both carry out the required representations
and prove the simulation to reach convergence ireeognizable way, restricting the options
available here.Considering the software requirementand functionality, the software
package MATsim (Multi-agent transportation simulation),dedicated to agenbased
modeling is chosen.

Another exploration in this thesis the use ofGPS diary for travel demand forecast
instead of traditional synthetic population derived fronational travel surveg (NTS).The
traditional source data are usually obtained witlationwide questionnairesurveys where
participants are askedto recall their ATRon a specific day, which has been considered
inaccurateand unable to capture datp-day relations Grengset al, 2008) GPS diary, on the
contrary, isadvantageougor being able tacapture detailed ATPof each participanturing a
continuous time period which should be especially meaningful for malgent
representation.However, gnilar attempts are not well applied yet, due to the shortcoming
of the newlydeveloped data source, namely the liatibn of sample size and validation
accuracy, as well as complexity of conversion (Shen and Stopher, Z0&4¢fore, in this
thesis, the applicability of GPS data will be specifically investigateimethodology will be
further illustrated in Chapter /andimplemend with a case studyn Chapter 5

In summary, the main contribution of this thedies in o aspects:Seekng a dynamic
multi-modal traffic assignment solion incorporating supernetwork representation, and
further explore its applicabilitywithin the smart mobility context, specifically for traffic
planning part integrating GPS diary with muéigent DTA approach, testing the applicability
of this new data sourctor largescalemulti-modalscenario.
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1.3.2Processdesign
The design of the research is a straightforward linear process, as is shown in Figure 1.1:

4 )

Literature MATSsim

AV
Coding for <:|| Software
Integration Learning
Data

u / Preparation

———) Implementation
\ Scenario
Analysis

e

Conclusion
& Discussion

Phase 1

Phase 2

Parameter
Validation

Phase 3

Phase4

Figure 11 Research design

The process is composed by fonajor phases:

Phasel:Conducting a literature study related to DTA and MATsim implementation, settling
the theoretical foundation of this research. This has been mostly finished following the
completion of research proposaland gradually updated during the learning process.
Chapter 3 will present the outcome of this procedure.

Phase2:Familiarizing with MATsim functions withe help of givenexamplesand coding
modules for the generation and integration of data from various soyredsch would call
for intensive programminggffort. This is a vital precondition to Phase &d the original
integration codes are attached in Appendix 2.
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Phase3:Carrying out a case study located in Eindhoven reg®otheimplementationof the
proposed method Parameter validation is done viadepting establishedresult from
previous studies and modifying it the current scenaripwhich will be explained in Chapter

4. Data preparation steproves to be the toughest part of the researdince itinvolves
processingaw real data that requiresomplicated conversion procedures before any actual
use aml will very easily cause errofhiswill be presented in detalfrom Chapter 5.2 to 5.4
Following the completion of preparation, a scenario analysis is conducted comparing the
simulation resultsbetween the scenarios with and without the supernetwork disutility
integration, providingan evidence for thevalidation of results of the proposed methpds

can be seen from Chapter®to 5.7.

Phase4:Concluding the research with a fully composed reépand giving some advices on
future studies as well, as more contents will be found out during the research that requires
extensions to the current methodology.

1.4 Research objectives and limitations

1.4.1 Objectives

Initiative: Improving currentsimulationbasedDTA method with advanced concepts. The
integrated spacdime accessibility concept depicted from supernetwork representation
complements the theoretical shortcoming of curreDTA models capable of solving ABM
formulations, since it capt@s highresolution behavioralreality without adding significant
burden to computational effort, as has been proven in latest study with an analytical
solution. This advanced concept, however, has ngét been incorporated with
simulationbased approachethat are more promising due to higheompatibility with ITS
deployment. The ultimatgoal of this thesis, therefore, is to find/develop a simulation DTA
approach capable of implementing the integrated accessibility concept within supernetwork
frame.

Application: Developing an integrated method that is highly applicabWhile the
supernetwork representation involves multidimentionathoice of trips and activities, a
complete reproduction of the structure does not prove to be viable in simulation models,
thus simplification is required regardless of the model used here. Aggsed simulation is

the most suitable platform for such integration, especially the rradent representation

from MATsim, which has most potential to reproduce the structure duetgandividual
agent resolution and capability of simulating bounded rationality. Thus a secondary goal of
this study is to search a practical measure to implement the integration of methodologies.

Exploration Testing the incorporation of advanced data sou@BS dataBeing able to

capture high resolution detail of participafizsdaily schedule, GPS diary seems to &e
promising sourcefor transportation planning studies as a replacementti@vel survey.

10
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Variows studies have examined the validation measures to convert the raw GPS points into
schedule records, but the incorporation of such outcomes with simuldised approaches

is not well addressed yet. Consequently, another goal of this thesis is to overitmme
challenge of GPS data pgstocessing and incorporation with DTA, as an input for demand
generation from a large geographical scale.

1.4.2 Limitations

The activitytravel program generated in this research is a typical-dag trip chain, while in

fact individua@@ ATP is usually influenced by his/her weekly schedule (Schlich and Axhausen,
2003).Therefore in this project, it is also possible to consider rudi scenarios, serving as

an optional goglhowever, this is disabled due to the limited galmsize of GPS diary data.

Due to the fact thatesearch effort has@been put into integration of ABM and agebased
measures Dubernetand Axhausen 2015), andseveral simplifications have to be made to
reduce system complexity and computational bemnd the following limitations are
produced

Inreaf ATS Ol 4S4X AYRAQGARdZ tQa !¢t Aa yz2a 2yf
influenced by the schedule of his/her family members; for example, the activity of shopping

can be done by an individual that represents the whole family, thus shmiltde present in
20KSNJ YSYOSNRA aOKSRdzZ S F2NJ I LISNA2R 2F (AY
phenomenons (Gliebe and Koppelman, 2005However, such effort will add extra
complexityto the simulation processalso requiring more detailed data th#& not easy to

obtain from a large scalelhis household levedcenariotherefore will not be taken into
consideration, reducing the reality of the simulation to some extent.

The second limitation is related ttié en routeadjustment That is, realife individuals can
sometimes adjust their plan halfway, resulting in an ATP different from assigned schedule,
which was studied in the works dfounce and Caref2011).For complexity reason, this will

be excluded as well.

Another phenorenon that frequently occw in daily life is multperson joint travel,
explored byLiao et al2013). Similar to the reasons mentioned above, scenario of this level
will not be considered.

1.5 Expected results

This simulation can generate various outoss for further analysis:

1. If the time step of thaVIATsim modeils set to onesecond a dynamic assignment result
can be visualizedffering a straightforwardview.

11



Multi-agentDTA incorporatingPS diary anpersonalized supernetwork approach

2. A comparison can be conducted between the first iteration result and the final result,
checking the effectiveness of this assignmerdcedure.

3. Ascenario analysis can also be conducted, compariagstmulationresult applied with
supernetwork approacland one obtained videfault settingsproving the superiority of
the method.

1.6 Reader & guide
The content distribution of the following chapters of this thesis will be presented as follow:

To guarantee explicitlustrations Chapter 2 will first give brief definitions of the concepts
most relevant to problem formulation and research question. Chapter 3t conduct a
thorough literature study regarding the proposed methodolpgsich will be followed by a
detailed explaation of the research model in Chapter 4. The model wilinhpglemented in
Chapter 5 with a case study, and the results will be discussed in Chapter 6, concluding the
whole thesis. Reference and appendixes will be attached at the end tfidises
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2. Glossary

This chapter provides brief definitions of the concepts mentioned in the research question
and problem formulation segmentassisting the reader to clearly comprehend the purpose
of the thesis The other concepts relevant to methodology will be eimd in details in
Chapter 3.

2.1 Traffic congestion

Road taffic congestion,resuling from the imbalance betweerthe supply of and the
demand for transportation facilitiess a global concern for urban aredbis phenomenon
disruptstraveler/driverQ daily schedule of business and family activities, reducing their job
opportunities or productivity Cambridge Systematics, 1994nd causes physical and mental
stress as wellWiesenthal and Hennessy, 199%xternal costs that usually do not affect
people directly should also be taken into consideration, such as air pollution emissions, noise,
space consumption, fuel consumption, vehicle maintenance,Bitga¢zi and Figliozzi, 2013
One initiative ofthis thesisis to use a more advanced transportatigranning approach to
help solving it instead of enhancing the capacity of existing road network, which normally
would demand large amount of investment and a long period of time to finish, and bring
inconvenience to the residents in the neighboring areas.

2.2 Smart mobility

This concept, proposed by TNO, emphasizes the efficient and sustainable transport of people
and goods, featuring smart organization of traffic and smart use of advanced technology to
assist it. It has raised interest of variobasiness companies and research agencies, and
supported bythe Ministry of Infrastructure and the Environment the Netherland,
gradually becoming a core transportation research and application concept within Dutch
context. It provides a universal solutiodirection for various transportation researches
related to mobility issue.

2.3 Intelligent transportation systems (ITS)

According to the definition in EU Directivintelligent transportation systes (ITS) are
advanced applications that incorporateformation and communication technologi€such

as sensors, cameras as data collection tools) with transport engineering, aiming at
constructing safe, coordinated andsmar€ road networks with highefficiency and
environmental performance. Its incorpoiah with DTA mainly lies in the collection and
process of reatime traffic data for flow information provision. In this research, GPS devices
were mainly involved to collect diary data for transportation planning purpose.
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2.4 Activity -based model (ABM)

Activty-based models ard¢raveldemand forecast modelfounded on the argument that
transportation routes do not exist for their own sake, lpubvide peoplewith access tdaheir
desired activitiesln contrast to tripbased models, ABMork at a disaggregateersonlevel
rather than aggregate zorlevel andare advantageous for thegxplicit representation of
spacetime constraints andcapability of capturinginkages among activities and trayel
therefore would reproduceamore realistictravel choie preference of reallife individual or
household(Castiglionest al, 2015)

2.5 Dynamic traffic assignment (DTA)

Dynamic traffic assignmeris atraffic assignmenprocedurethat takes time-variant traffic
flow into consideration, as generalization of static traffic assignment. DigAgenerally
considereddifficult due to hugenumber of routesinvolved andchangingroute set chaces.
Despite itsdifficulty, DTAis of practical importancebecause it can be appliddr offline
transpotation planning and policy evaluatioms well asreattime traffic management
which are believed to be the eager demand of current(BZ&to and Wong, 2012)

2.6 Data sources: National travel survey s(NTS) & GPS diary

Nation travel surveys are typical Dhta@ata source for transportatiomesearches They
collect the activity and travel schedules of around 3% of the total population of a specific day
with questionnairefonline surveys. Thaccuracy of this source is often doubtalilecause

the data largelyelies on the memory of participants.

GPS diary is an advanced traffic data collection method that makes use of mobile GPS
devices. The longitude and latitude of the participants will be recorded automatically,
therefore can capture periodic scheduleintlividual. However, the GPS records have to be
validated into meaningful travel data before further usage, which might cause error. Despite
this shortcoming, GPS diary is still believed to be promising for transportation applications.

2.7 Macroscopic, mesoscopic and microscopic models

Three types of simulation model differ in the resolution detail of simulated objects.
Macroscopic simulatestraffic flow, represented by vehicle speedsaffic density and flow
rates, being the simplesepresentation that stl possessepopularity due to simplified flow
propagation.

Mesoscopicsimulatesboth vehicle speeds and individual vehigleiciently evaluate route
choice decisions, since it follows the traffic flow properties of macroscopic models without
detailedexamination of vehicle interactions.

Microscopic carfollowing models for individual vehiclesllows simulation of lane switch
anden routeadjustment, better for evaluation of traffic with some geometric configurations
(Kachrooand Shlayan2013)
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2.8 Bounded rationality

The assumptiothat travelers tend 6 maximize theiindividualutility, but not ne@ssarily to

an absolute maximunievel due to their limitedknowledge of the network states and
alternative route information.This is one of the core concepts which supernetwork
representation is based on, and also the melraracteristioof MATsim agent.
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3 Literature review

3.1 Introduction

Traditional transportation planningpproachthat is widely adopted around the world for
investment decisions of largecale scenarigss based on a fotstep model(Potts and Oliver,
1972):

Trip Generationestimate the number of trips generateat origin zones and/or attracted to
destination zones basednadata such as household incomdemographics, landise plan,
etc.

Trip Distribution Use mathematicaklgorithms to generate an origigdestination (@D)
matrix, with each cell entry indicatg the number of trips from one origin tamne
destination.

Modal Split Attach each value ofo¢D matrix to various alternaitve travel modes This can
usually be accomplished usinliscrete choice analysigesultsfrom survey data(BenAkiva
and Lerman, 1985).

Traffic AssignmentAssigns each €D flow value onto varioualternate paths from that @D
node, until the whole system reachésl NR NP L-@Quilibrided($8)that is, the travel
times of all used routes between the sar®eD pair are minimal (Wardrop, 1952).

This traditional four-step process cannot satisfy current ITS needs any longer, due to several
fundamental limitations:

Lack of consistency with subodels For exampletravel times from the assignment model
are not necessarily consistent witimes used for thg@rediction of tripdestinations

Failure to capture the dependency among trips in the same chlie model cannot predict
secondary effects andcomplex behavioral adaptation patternsaused by external
manipulation as a resuylt

Sgnificant aggregation biag\s the model ibased on theassunption that the proportion of
trips in eaclperiod is constantandall households in a zone are identical

Lack of behavioral realismThe model is not based on the realistic assumption that
individuals and households wish to realizeitireeeds but subject to constraints such asdim
budget, car availability, et@Rasouli and Timmermans, 2014).

As has been illustrated in Chapter 1.3dfforts have been put into developing new
measures to overcomsuchshortcomings. Currently, on thdemand side (travel demand
forecast), the dominant approach to replace thpsed method is activity based modeling
(ABM) (Shiftan and Befkiva, 2011); on the supply side (traffic assignment), dynamic traffic
assignment (DTA) proves to be a behavioraliynsl alternative to the classic static
assignment (Chiu et al, 2011)

This chapter will provide hrief explorationof the previous studies that has contributed to
the solution of the replacement approacBhapter 3.%tarts with areviewof dynamic trafic
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assignmentapproachesfollowed by a detailecevaluationof state-of-art simulation based
approachesin Chapter 3.3To better capture behavioral realism, microscopialti-agent
simulation is chosenin this study the reasoning of which is explained @hapter 3.4
Supernetwork concept was then introduceith Chapter 3.5 complementary to the
theoretical soundnessf the multi-agentsimulation This literature study is then concluded
in Chapter 3.6, with aombined approach proposed and further explainedChapter 4, also
labeled as the main contribution of this study.

3.2 Dynamic traffic assignment

Since the initial work of Merchant and Nemhauser (197t considered discrete
time-varying GD flows instead of static mat;bDTA approaches hawatnessed significant
evolution, brewing two mainstreams: Analytical solutions and simulatiased measures
both of whichusuallysharesimilarmathematical extraction for problem formulation, but try
to solve it from different perspectives.

The formerones areusually based on extensions of the Lighghhitham¢Richards (LWR)
model (Lighthill and Whitham, 1955; Richards, 19&6)acroscopic ondimensionatraffic
model thatuses traffic density and traffic speddr traffic flow propagation They tenl to
seeka profound mathematical formulation of traffic network dynamics, giving numerical
solutions for different scenario®One latest example is a multibuffer model proposed by
Garavelloand Piccoli(2013), trying to describe the intersections via using buffer for each
outgoing road, so that a junction will not be blocked if merely one exit is full. Though this
model helps represent redife drivei@ preference under such scenario and complement
LWRroad network, extraordinary mathematical complexisyadded as a side effect

Another research directions to incorporate models that improvéWRflow propagation
Earlier efforts within this contexsuch agottleneck models and exit flow models, Ifeshort
of capturing the spatial effect of queues, which was the major factor contributing telifeal
congestion(Peeta and Ziliaskopoulo2001) A typicalinstanceof analytical solutiorthat has
better performanceis cell-based dynamic equilibriunapproaches, which incorporatthe
cell transmission model (CTMito DTA frameworkThe CTM, purposed dyaganzq1994)
divides highwayinto homogeneous sections (cellg)hose lengths are determined ke
distance traveled by freflow traffic in discretizedtime intervak, andseeksapproximate
results under LWRconditions These approacheghough being able to capture realistic
traffic dynamics such as queue formulation, queue dissipagioth queue spillbagkpossess
an undesired property nameds traffic holdingback, and usually lead teery high
computational burden due to the complexity of the representat{&@zetq 2013)

As a conclusion,he analyticalmethods similar to the examples given abovae often
theoretically sound, capable of proving that the network has reached an UE state; however,
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due to the iltbehaved system properties caused by traffic realism and human behavior, a
universal solution for general networks has not been found yetdéring their deployment
in real life (Szeto and Lo, 2005).

Compared to the analytical solutions mentioned above, simulabased approach appesr

to be a more practical measure. They seek ckoseptimal solutions, trading off theoretical
soundness Vth practicality to some extent. They usually conduct several iterations to obtain
userequilibrium, followed by a field dathasedimplementationprocess. Once successful,
the simulation software will be prepared for various studies of the chosen casér@ita&
Shlayan, 2013). Due to their utility, simulation approaches can be applied for all three levels
of scenarios, including macroscopic, mesoscopic and microscopic.

3.3 Simulation -based DTA

There also exist two research directions for simulati@sed models, namelyreattime
deploymentand transportation planning improvement. Though the former branch focuses
on reatime flow propagation while the latter relies on iteration to optimize network
mobility, the objective to capture raffic reality doesnot differ; therefore, a model with
reaktime data processing capability is usually bound with an offline planning version that
share the same theoretical frame.

There existseveral software package dedicated to simulation baseddynamic traffic
assignmeh (DTA) implementation. Mesoscopic toolsfocus on traffic flow, including
DYNABIART, DynaMIT and CONTRAM, #&i@roscopic packagegeproduce each single
vehicle,includingSimTraffic, CorSim, VisSim, Paramics, AMSUNNG, MITSMNSIMSetc.

A comparisoramong these software packages can be found in the work of Jeihani (2007),
which is beyond the scope of this thesis, only several most vital models will be discussed
here.

The first known simulationbased approach that followsealistic behavioral ruless
DYNASMART (Dgmic Network AssignmentSimulation Model for Advanced Road
Telematics)a descriptive analysis todeveloped byJayakrishnan et al (1994).generates
vehicles from a direct translation of zome-zone O-D demandwith fixed departure time
during each time stepand allocates them randomly among selected linds moving
vehicleswithin a linkthen share thesame speedesultingfrom the densityat the end of the
previous time stepDriver response simulation is performed at each node, wherepidih
selection decisionvill be made With such representations, this modilcapable ofstudying
the effectiveness ogiventraffic informatior/ control system configurationsserving as the
foundation of later simulation modeldts planning versiorDYNASMARF, recognizes four
vehicle typegpassenger cars, trucks, higitcupancy vehicles and bugeallowing for mode
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and route choice assignment with fixed departure time. This modelstidinsee usage in
recent works such asts deployment in TaiwascenarioHuandLiaqg 2011)

The functionality and utility ofsimulation method was further improved with DynaMIT
(DynamicNetwork Assignment for the Magement of Information toTravelery, a DTA
model intended for reatime travel guidance provisioproposed byBenAkivaet al (1997).
Givenhistorical GD records and redime data from traffic sensors, this model able to
provide descriptive guidance abouatirrent network condions in terms of GD flows, link
travel speed, traffic densities and queue characteristics, with the helpne$oscopic
simulationfrom the beginning of the previous timstep to the current period. Using the
above estimation as inpugn iterative simution procelure can be carried out to predict
future network states. Together with aen route driver behavior model, prescriptive
guidance will be gnerated as a resylincluding suggestions of departure time, travel mode
and route choice.Being the firs simulation model with guidance provision capability,
DynaMIT clarified solution direction for later studiedts offline version, DynaMiP, is
capable of modelingday-to-day traffic evolution of shortterm planning projects with
route/mode/destinationchoice assignment corresponding to the information provisiome
applicabilityof DynaMITP has been provemvenin highly congested areaBénAkivaet al,
2015.

For models dedicated to planning purposetesmdency to incorporate compleretwork
formulations or demand forecastthat analytical measures struggle to solve has been
witnessed, since simulation solutions trade accuracyapplicability in largescale scenarios.
RouteSIM developed byee(1996), is an example of simulation solution towards G&M
Two major enhancements were present in this modsétstly adjustable cell lengthsvere
adopted instead of homogeneousones, with bigger cells representing section of long
highway segments ansimallcellsfor intersections,so that computationatequirementand

flexibility of CTM was improved consequently; another contribution was to simulate traffic

signal control on road intersections, capturing traffic reality to a higher léad. model was
later embeddedinto a prototype internetbased GIS system developedljaskopoulosnd
Waller(2000)for various transportation applications

The aforementioned approacheare typically trip-based models thasimulate vehicular
traffic on road network, whichwas reasonabldéased on the assumption thaehiclesmade
up the majority of traffic flow in urban areas. Suafsumption however, might not bertie
at this moment, as was explained in Chapted, lwith the increasg preference of
non-vehicular trips For this reason activity based modelprove to besuperior for more
realistic travel demand prediction, despite the mathematical complexfitepresentations

Among the simulation ethods available for ABM, two opespurcesoftware packagedave
frequent appearancein recent studies, namelffRANSIM$Transportation Analysis and
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Simulation Systemsand MATsim Though both adophg agent representation that
simulates individuals instead of vehicles, these two differ in several aspdd@ANSIMS
proves to be advantageous for being the only tewhbeddedwith demand estimation
module, and produces more realistic traffic flows obeyigcroscopidlow characteristics
(Jeihani, 200¥ MATsim, on the other hand, has three traits thaappear to be more
satisfying forthis research. For one thing, MATsim agesdspletely contain their individual
attributes throughout modeling processresulting in detailed information provision to
personal or household levelyhile TRANSIMSplits them amongst modules and files
Secondly, MATSIM utilizes XML for dptacessing, andequires only one document type
definition (DTD or stema) for all agerst, therefore possesses higher data consisten&part
from that, MATsim is also unique in itsulti-agent design,allowingtravelerto be resolved
individually capable ofstoring multiple planswhich better reproduces bounded rationality
of reallife people(Balmer et al, 20056 Considering the fact thabehavioralrealism is the
major concern of this stly instead of flow propagation, the muligent representation was
chosen consequently.

3.4 MATsim: Multi -agent simulation for ABM

MATsim developed by ETH Zuridls, an activitybased multiagent simulation framework
implemented with Java, and is especially designed for-ame simulation of largescale
scenarios (MATsim, 2015). The simulation is based on genetic algorithms, which keeps
several instances of possbdaily activity chains in the memory of each member of the
population, and uses #tness function to evaluate their performance in the form of a
numerical score. The members are allowed to modify their activity chains via mutation and
crossover, which siulates the behavior of real people. Aterative process will be
conducteduntil the average population score stabilizes, which can be partially viewed as
converging into an UE (Horni et al, 2015).

Thefundamentalversion developed by Charypar and Na@&lo5)wascapable of simulating
individual® daily activity and travel schedule, a trait that is inherited in all later versions and
remain the core function of MATsimthe simulation, though being able to make full use of
demand prediction from ABM metlis, could not reproduce public transport system as
TRANSIMS8oes, resulting in aignificantloss in terms of traffic realityThis problem was
eventually solved byrieser(2010), who proposed a complete theoretical model fiavel
mode choiceincludingnon-car plan generationscoring, replanning andvent handling as
well as strategy modules that allow trip mode switch for each agemis model was further
complementedwith simulationof public transit vehicleswhich was embedded in MATsIim
using a smi-automatic public transit route mamatching tool developed b®rdonezand
Erath (2011).Another step forward was the simulation of naehicle trips such as cycling
and walking, carried out viaseparatemodule that calculates the movement speed of age
from its demographiccharacteristics(age, gender) and teleports the agent after the
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corresponding travel time is taken (Dobler et al, 2012). This module, however, did not
integrate well with the existing bimodal simulation (car and public transit) daesome
coding conflict. Extra effort will be called for to form a complete multimodal simulation
approach, which is one major contribution the author is trying to address.

Apart from the evolution of mode choice aspects)other major enhancement made to
MATsim was a more specified within day replanning function developdtiempergeret al
(2008), where a onshot simulation instead of iterative processas appliedas a
replacement of the iterative processStoring historical travel times of theagents and
analyzing reactive travel times within current network, this approach is capable of providing
predictive travel times, therefore simulatesn route adjustment of each agentunder
different types of information provisio, similar to DynaMIT. This method extended the
functionality of MATsim to a different level, igniting sparks for sevit@r studies.This
method, however, did not serve the purpose of transportation planning, as it is not practical
to optimize trafficflow with a singletime of simulation thus is beyond discussion in this
thesis.

When it comes to raffic flow simulation MATsIim also sawarious expansios. Flow
propagation in the earlywersionsrelied on QueueSimluationan implementation ofthe
time-step based queue model proposed Bglmer(2007),where the simulatedtime period
was split up into equal pieces with a given duratiotine time step sizeandthe state of the
queueswould be calculatedwithin each time step.A remake of the original oneore
simulation, together with several extension modules including traffic signal control and
public transit simulation, made up the majority QSim the most usednobsimtoday.As an
alternative eventbasedapproachfor MAT$m was developed by harypariet al (2007)and
later adapted to Javanamely JDEQSimwhere calculationsare done for eachoccurring
event during simulation so that its computationaburden only scales with the number of
agentsand the complexity of their plandn this thesis, howeveiQSimremain the choice,
regardless of the potential computation time reduction frodDEQSimconsidering the
re-usabilityof the establishedscenario for further analysis and the extraordinagmplexity
caused by GPS diary incorporation, as is explained in Chapter 5.4.1.

One latest breakthrough within MATsim context that needs to be mentioned is the
implementation ofhouseholdchoice modelsconsidering the challenge brought by vehicle
allocatian. In their researchDubernetand Axhausen(2015) made a successful attempt to
simulate the joint decisions of household level with the help of a game theoretic model and
social network integration. This effort pointed out a new future research directam,
household level data is also a commonly used data source for demand generation within
transportation planning fieldln the same article, they also revealed a list of choice models
that have research potential for integration with mu#tgent represerdtion, among which

the supernetwork frame proves to be most suitable, due to several common features they
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share, such as bounded rationality and actitigvel chain modification The author,
therefore, made an initial attempt in this thesis to merge teds/o models with simplified
representations, trying to develop a DTA method witklatively sound theoretical
underpinning and high applicability.

3.5 Supernetwork approach : integrated accessibility

Supernetwork is a concept originated from compuserence, referring to a concatenation of
networks interconnected by transfer links (Sheffi, 1985). In the sense of traffic engineering,
its definition was further extended to a network connecting different networks for transport
modes and the locations factivities (Arentze and Timmermans, 2004). In the paper of Liao
et al (2013b), a supernetwork was decomposed into private vehicle networks (PVN, including
car and bike) and public transport networks (PTN, including public transport and walking),
based oni KS 20 &aSNBIFGA2y GKIFIG +y AYRAGARIzZ f Qa
proportion of destination nodes and transport system. Timks interconnecting PTN and
PVN represent uanodal travel, and those connecting PVN and PTN represent transport
mode clange, such as parking or picking private vehicles; links between PTN then
represent conducted activities. In this way, the whdly activitytravel program was
captured precisely. This representation can reduce the computational burden indasaie
scenarios without significant loss of theoretical soundness, thus can be a potential solution
for the integrated approach (Liao et al, 2011).

In the research work of Huang et al (2015), an analytical measure named dynamic
activity-travel assignment (DATA)as been proposed to incorporate the supernetwork
representation mentioned above. They formulated the discriiee DUE condition as an
equivalent pathbased variational inequality (VI) problem (Friesz et al, 1,9893d proposed

an iterative algorithm irMATLAB to solve iEor each traveler, the inflows of neminimum
disutility time-dependent ATP are swapped to the minimum disutility paths, until the
stopping criterion is met.

This DATA method, however, has several drawbacks. fhiestraffic assignrant algorithms
proposed was not efficient enough to handle large scale scenarios, given the quantity of
feasible ATP generated. Second, the model falls short of a general treatment on activity
duration choice. Also, this solution is based on the unrealagsumption that travelers have
complete information about activityravel time and disutility, which is critical in case of
behavioral realism.

Considering the characteristics of personalized supernetwibrl, multi-agent simulation
specifially from MATsimshould be a better solution here. For one reason, it fits the core
concept of ABM well, and is capable of describing microscopic scenarios, given detailed
geographical, functional, and temporal data (Bazzan and Klugl, 2013). If we model each

23



Multi-agentDTA incorporatingPS diary anpersonalized supernetwork approach

individual as anagent and each part of his/her activityavel program as arvent, the
theoretical underpinning of this solution method then becomes immediately obvious. For
another, the main advantage ahulti-agent simulation method lies in its capability to
represent thelearningprocess. Only part of the agents will realize that their current ATP are
not of highestutility, and modify it in response in the next iteration, while this modification
will still be limited to theplansthey are assigned with. Thisocess captures the reality that
individual hasbounded rationality therefore better represents the heterogeneity of real
human.

The agent representation in MATsimresolved at individual level, therefore exactly fits the
concept in supernetwork frame, and the ability to store multiple plans for each agent would
reproduce the bounded rationality of individual to some extent. Also, thanks to the effort of
its devebpers, the simulation of cycling and walking has been enabled recently, which
accounts for another main reason to choose the package, despite its beginfregndliness

due to the nature of opersource software. The current simulation process, howevarpis
fully integrated as an entity for multhodal simulation, but split among various modules.
Developing a mukmodal DTA approach from these modules require extra effort
considering datacompatibilityand coding conflict, which is one of the challerige author
managed to overcome.

3.6 Conclusion

In this literature study, the traditional foestep traffic planning model is first introduced,
with its shortcomings listed, namelgdk of consistency with sefmodels failure to capture

the dependency amamtrips in the same chaijrignificant aggregation biaand worst of all,
lack of behavioral realismDue to these flaws, the model no longer satisfies current ITS
requirements. Recent research effort focuses on seeking a replacement to tHessbidned
model, and one promising trend is tocwrporate activity based modeling (ABM) and
dynamic traffic assignment (DT Afe latter of which is the focus of this thesis.

A thorough review of DTA is provided here, from two solution directions. Analyticdels

aim at finding an accurate formulation of road network, and seek convergence of the
mathematical model as the solution to traffic optimizatiofypical instances include
extensions of LWR model, and CTM incorporation models. However, a formulation of
gereral network is not found yet, hindering these models framversaldeployment in ITS,

and the complexity of the formulation and solution process is also considered inefficient for
reaktime use, despite their theoretical soundness and solution accuracy. Simulz&ed
models, on the other hand, is more promising fropphcation perspective. They usually use
iterative process to obtain a partially released travel demand, trading solution accuracy for
efficiencyand applicability.Some tripbased approaches made remarkable contribution to
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the evolution of simulation mods, includingDYNABIART, DynaMIBnd RouteSIM. For
incorporation purpose, however, agebised simulation is more suitable for ABM frames.

There exist several platforms for agdmsed simulations, among them TRANSIMS and
MATsim are most developed and duently adopted in studies. TRANSIMS is more advanced
in terms of embeddeddemand estimation functions and high quality flow propagation
similar to macroscopimodel output while MATsIim is more promisirdue to higher data
consistency and unique muklligent representation.

Since its appearance in 2005, MATsim has witnessed several major improvements, namely
within day replanning enhancement fen routeadjustment,public transport incorporation

for bimodal simulation, and household joint decision siniola attempt. Unfortunately, the
multi-modal simulation function, as an eager calling from latest transportation planning
needs, remainsimmature in MATsim modelwhich is the challenge the author is trying to
overcome. The integrated accessibility concelgrived from personalized supernetwork
frame is adopted here in order to complete the final piece for realistic ragi@nt
simulation, and these two methods in fact complement each other, as the individual
resolution of agent from MATsIm reproduces pearabzed activitytravel choice preference
from supernetwork approach, and simulates bounded rationality as well in the form of
multiple alternative plan for each agent

This chapter igesa review of methodologies related to the effort of this thesis, mehile
providing reasoning for the integrated approach from a historical perspective. The details of
the research model of the given approach will be presented in Chapter 4, as the theoretical
foundation of this study.
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4 Research model

4.1 Introduction

As has beedemonstratedin Chapter 3.4 and 3.5, current MATsim model is not fully capable
of multi-modal simulation.In the latest published branch (0.7.0), pubtiansits has been
embedded into the core segment of Qsim, whilee simulationof walking and cycling
remainsseparatemodule and adopts within day replanning simulation instead of iterative
process, causing consistency issues. The major problem, however, lies in the fattethat
CharypatNagelfitness function is not capable of abstically evaluating the outcome of
different travel mode choices and unable to simulate ##al individua3 preference under
multi-modal scenario as a result. A fitness function with validation results is called for, giving
more realistic evaluatiorof given agent plans, and some extra effort is required for the
generation and integration of data needed, both of which challenged the author during the
research process.

This chapter will give a detailed description of the research model, and address the main
contribution of this thesis. Chapter 4.2 introduces the very basic MATsivmodal
simulation model and itprocess model considering vehicular flow propagationwalf as

the CharypaiNagelfunction for its genetic algorithms, which MATsim model relies on for
plan improvement. Chapter 4.3 then briefly describes the incorporation of public transport
system necessary for later development of matibdel simulation, whre the author has to
spend a large portion of effort for scenario establishment and data integration. Chapter 4.4
discusses the integrated accessibility and supernetwork concepts in detail, integrating them
into multi-modal simulation process in the forof a validated and modified fithess function
that takes different transport mode choice into consideration, which can be labeled as the
main contribution of this thesis.

4.2 Unimodal simulation: Basic MATsim process

The very basic implementation of MATssimulation only considers vehicular trafficthout
recognizing vehicle type®llowing thesteps shown in Figure 4. The files marked iarange
are either generated or modified by the author
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Network data Network.xml
Landuse data :> Fusion :> Facilities.xml
Population data Population.xml

Network.xml
Demand :,‘>
Facilities.xml ':> generation Plan.xml

Population.xml
Network Relaxed
Plan.xml |:"> |:">
|Oad|ng SCOI’II’]g demand

Network.xml
Facilities.xml &
Replanning

Figure 41 MATsim process structure by Balmer et al (2008)

Fusion: A preparation process where the data files necessary for basic Maifraitation

will be created from various local data sources. The output of this step estafblished

scenario consisting of three categories of data:

1. Network file: A GIS layer of the study area, reproducing the geographic picture from
nodes and links;

2. Populationfile: The initial plan of each agent, recording its activity location, start time,
end time and main mode of travel (haméeg);

3. Facility file: The location of facilities for various types of activities, with their opening
hours recorded.

Demand generation: The process where an initial demand would be derived from the study
area populatio® daily activity chains. Plafactivity-travel programin terms ofpopulation

file) will then be generated, describing the activity chain of each agent meant for
representing the travel behavior ai study area and can be derived from various data
sources.A conventionabne is nationaltravel survey where participants are asked to fill in
paper or online questionnaires, recalling their actimitgtvel schedule of a specific day. These
L I yas dzadzffte gAGK | f1NBS alyYLftsS aiis:s
Oneto-one translation of these plans proves to be viable for simulating the whole nation, as
the survey normally covers around8 of total population; however, for a specific area, the
sample size might shrink to a large extent. A commonly used solution for such situation is
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population synthesis, which recreates the whole population using an iterative proportional
fitting (IPF) pocedure based on the demographics of the local area, such as gender and age
distribution at a household level (Arentze and Timmermans, 2001).

Network loading:The simulationprocess ofMATsim Using the above input, the synthetic
populationwill be generated amongst the given network, and conduct their daily schedules
in pre-defined facilities.After first iteration, each plan from the initial demand will be
associated with a utility score, which will be-eealuatedwhen iteration terminates based

on the plarf@ performanceThe traffic flow propagation relies onmmobsimmodule named
QSim a queuebased timestep model with extensions of within day replanning,
publictransit simulation and traffic signal controls is mentioned in Chapter.43 The
duration ofits iteration increases proportional to the number of linkend is independent of

the agentpopulation, resulting in a stable simulation time for each studied network, suitable
for largescale scenarios (Dobler, 2010).

Replanning The transition between two iterationsduring whichpart of the agents will be
allowed to generate new plans from the initial ones. For each agent, the plan with highest
score will be carried ouduring iteration, and whenever an agent possesses excessarepl

the plan with lowest score will be removed from its memory, before the next iteration starts.
The available replanning modules, based on whether they modify the plan randomly, can be
categorized as Random Mutation module and Best Response madlitiethe former one

used for time allocatiormodification of individua® schedule given mutation rangBalmer

et al, 2009) while the latter optimizing theoute choice of agents/iaa Router Modulehat
seeksthe route with the least negative utilityas the best routethe Best Response modulke
aLandmarksA* implementation of the Dijkstra algorithrfiLefebvreand Balmer, 2007)

Since MATsim uses genetic algorithms for traffic optimizatiditnass functionis required
for evaluation of the plan @rformance during network loading and replanning stagBse
default functiondeveloped by Charypar and Nagel (208&)s the utility of all activities and
disutilites of traveling behavior:

F:é'anm,/Jfé.U

trav
/=1 /=2

(loc, ., loc,) (1)

Where U, ; refers to the utility of activity location, and U, (/oc;_,, loc;) is the
disutility of traveling from locatiom1 to i.

The utility of traveling is represented as:

sz‘rav = bl‘fal/ 3 tlme (2)
Where b,,, is the marginal utility of travelling, in the form of a monetary value, normally

settled to-6€ K K &
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The utility of each activity is a little more complicated:

U, = + U, +U + U + U

actl ,i aur,i warit,i ate .ar,/ early .dp,i Short.dur,i (3)
Where U depicts the utility of the following variables of each activity: activityrdtion,
waitingtime, penalty forcoming too late or leavingpo early, and penalty for performing an
activity for too short time They arecalculated as follow:

Upr = by, ® time 4
Upaic = By ® time (5)
Uste ar = Diate ar 2 ( stane=Ejasest ar) 1 L stare™ Lintest ar » €15€ =0; (6)
YUsriy.ap = Beary.ap ® (¢ cariiest a5t end) 1T & on™ ¥ oariost ap» else =0; (7)

Ljshort.dur = bshort.dur 3 ([ short.a’ur_([eno’ - [ start )) if l‘end <l‘shon‘.a’ur’ else =0. (8)

Where 6 is the marginal utility of each variabld, start and fend is the starting time
and end time of the activity respectivel)lf Jatest .ar and t earliest .dp 1S the latest

starting time and earliest end time of such type of activity respectivelyyo:qur is the
shortest duration of this activity. Among them, the most frequently used parameters,

namely b, and b, ., are usually settled to 6 kad-18¢€ Kré&spectively.

After definedtimes of iteration, the demand dataill be relaxed, with the average trip travel
time of each simulated agent minimized and stabilizes.

4.3 Bimodal simulation: p ublic transit incorporation

A major evolution of MATsim in recent years is marked by the contributidtiesfer (2010)

Ordonez and Erath (2011), who added public transit toMATsim assignmentenabling

bimodal simulationTwo extrainput documentswill be required asisted below

4. Transit schedule file: The schedule of public transport system, describing the route and
time table d each single bus or tram;

5. Transit vehicle file: The list of public transit vehicles in the study area and the parameters
of each type of vehicle including length, width and capacity.

The network for MATsim simulationis usually converted from local extion of
OpenStreetMap (OSM) data. This extraction, however, is not sufficient for-maodtal
simulation, as the original data do not contain the information related to transport modes
available for each link; in other words, the extraction isrelga pirvate vehicle networkTo
construct the public transport network, a complex procedure is needed. The route of each
single public transit vehicle has to be marked on the existing network, so that the links
where bus or tram travels can be picked out and ified into multtmodal links, which,
together with the nodes they connect, become the component of the new PTN.
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Unfortunately, there does not exist an open data source that hold storage of public transit
route information that can be directly convertedtinxml format; that means, every path of
each public transit vehicle has to be verified by the author himself. Currently, this has been
proven practical via reproducing the path from transit data, anwidely used open data
source for such purpose is GeakTransit Feed Specification (GTFS).

Following thegeneration of intial transit schedule, path verification is the vital step of this
process. The solution is an seautomatic tool developed b@rdonez and Eratf2011) that
incorporates a shortestpath map-matching algorithm, which has become part of
gtfs2matsimtransitschedulenodule. Each of the path is automatically calculated based on
the instructions from Shape files and shortgstth principle, and then visualized in an user
interface,where manual checking and editting is enabled. New nodes and links can be added
if needed, and the path will then be4@lculated. Figure 2 briefly introduces the work flow.

This procedure could gurantee very high accuracy if intensive effort woulchdze. The
outcome of this step is the link sequence of each route at each departure time, as well as a
multi-modal network that integrats PVN and PTN.

. oL Basic Network

Visualization ] L
.« Network Run algorithm modification
Sel i Verification * Add nodes
orton . AddLinks

Solution modification
« Path
+ Stop-Linkrelationships

Selection
« Pathlinks
* Stops

Figure 42 Process of path verification from GTFS fee®bgonez anderath(2010)

4.4 Multi -modal representation with supernetwork frame

4.4.1Supernetwork incorporation

To run a multmodal simulationthat involves bike and walkhe module has to béurther
adjusted. The approach used here te incorporate the module wtten by Dobler et al

(2012), who added a muithodal contribution to each link object in mobsim, using a priority

gueue to order the agents based on their scheduled link leave,tsunehat the agents are
GGSEtSLINISRE FTNRY (K the tanltimeiTyiis pioeessRiSsaribhek yias,i A 2 v
however, carried out by aeparatesimulation involving within day replanning, thus was not

fully integrated with existing methods to form a compatible approach. An initial attempt of
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the author was to composa module that convert the output plan from bimodal simulation
into the input for cycling & walking simulation, which, however, did not prove to be
necessary as the latest branch of MATsilreadyenabled multimodal simulation shortly
after this thesis stded, with the teleport speed of nowehicle modes defined in
configuration.

For traditional transportation simulation that focuses on vehicular traffic flow innuodal

network, the CharypaNagel function would be enough, whidmowever, is not the cse for
supernetwork approach. In a general supernetwork, each node denotes a location in real life,
while eachlink NE LINS & Sy G & | (i NI, 3US ¢hSobidy & rodtds)Snalagdus © | OG A
choosingan activity location, duration, time of participahaand travel rout§Ramaduraand

Ukkusurj 2010).Toaccurately simulate such structure, transport modes other than personal
vehicle should also be taken into consideration, as well as the impact of transaction between
different network layers such as wiaig, access and egresequiring more complicated
activity-travel (dis) utilityfunctions, which is the key of this research model.

Figure 43 Personalized supernetworkpresentationby Liao et al (2011)
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As is mentionedn literature review,personalizedsupernetwork wascomposed ofprivate
vehicle networks (PVN, including car and bike) and public transport networks (PTN, including
public transport and walking Links interconnecting PTN or PVN are travel links; links
between PVN and PTN in the same activity state are transition links, and links between PTNs
from different activity states are transaction linksigure4.3 gives a sample representation

In this figure, H represents home location, where indivi@idkily schedule usually starts

and ends; the wholelay plan conducted consists of a chosen sepaliygons involving

three types of personalized network illustrated at thettom of the figure where P1, P2, P3

and P4 represents parking locations for @ard bike respectively, serving as connection
between PVN and PTN, with the other points of the polygons referring to activity locations
interconnecting PVN or PTN, except for A2, which is the alighting location of PTN. This figure
presents all possible ue choices, with the bold lines describing a chosen rotikes person

starts from homeon bicycle then parls it near the bus stop antravels to the first activity
location by bus; fter the first activity is performed, he/she picks the bus back to ehibe

bicycle is parked, anlavels to the second activity location on bilka finishing the second
activity, he/she then picks the bike and go home.

Corresponding to thepersonalizedsupernetwork representation mentioned above ofir
transport modes areonsideredn this thesis Car, bicycle for PVN and bus, walking for PTN.
The intercity public transportation will not be taken into consideration t dsaves the study

area and canot be followed in microscopic simulations. As for taxi, though can beehed
similar to bus with a higher cost parameter, it is not valuable enough to be included here, as
the choice between bus and taxi, as well as the one between car and taxi, will add
unnecessary complexity without signifitgnimproving the model realm; also, the data
availability of such mode is another concern, as conventional travel diary data usually don
distinguish between personal vehicle and taxi.

The (dis)utility functions proposed by Liao et al (204i¢ also applied in this research
depicting the concept of integrated accessibilitye functiors for each link type and activity
type are listed below:

Travel link costs:
L/isW/ - b/'sWt time wi + e/'sW/

Walking: 9)
Bike: Usgr = Digge 2 iMe g, + € (10
car: Uscr = Disee ® iMe gy + b, 3 COSt, + 12
Public transport: Uspri = Dipr ® M@ oy + Bigpr® COSpry + €y 12)

Transition link costs:
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Parking: Userr = Bispr® )gsPKvp * Gspry (13)
Picking up: Uspuwp = Bspue® eTimesPUv,z (14)
Boarding: Ussor = Bisep® Xssoe t Eseor (15)
Alighting: Usare = b/’5AT63 eTimE}sAn (16)

Transaction link costs:

ACtiVityZ ('//sC‘A/'k = b/'sCA/' 3 )(/'SC‘A//( + e/sCAjk (17)

Where U depicts disutility of the link, represents various weight vectors,refers to an
error item; eTime is short for egress time, and X denotes waiting time and location
attractiveness.

In this research, the error itemg)(can be ignored, due to its extra complexity in case of
simulation implementation, so theé values need to be validated according ttee local
scenario.Fortunately,a prior research had conductednultinomial logit (MNL)processfor

this purpose using the data from a natiewide online questionnaire in Netherlands Wit
high convincingness (Arentze and Molin, 2QX%Bgrefore, the author decided to advance
from theseestablishedesults, to incorporate them witimulti-agentsimulation.

In their paper, two multimodal scenarios were studied, one focusing on trips within
kilometers, the other collects data for a longer distance (20 kilometers). Based on their
research, as the trip distancengthens passengers tend to care less about access and
egresgime; therefore a scale parametern has to bemultiplied to the utility function, that

is:

U = mb 3 time + & (18)

/

Thus for trip distance longer than 5 kilometers, the scale parameter of 0.887 is also applied
in this researchThe marginal utilities cabe further defined as:

b/' — brrav 3 f/-

(19)
is the marginal utility

rav

Where r, is thefactor determined by transport mode choser,
of travelling settled tc6€ K K ®

4.4.2 Parameter estimation
The estimation results are shown in Table 4.1. In this table, t_ refers to time (distinguishing
from the monetary cost functions), _access and _egress represents the boarding and
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alighting stage of each trip respectively, _main refers to the main mode of travel of a specific
trip; t-Value is not directly used, but defines the possible range of estimated parameters.

To incorporate these parameters with MATsim simulation, a further transformation is
required. Considering the fact that the default setting is meant for cars, the author decided

to settle t_main_car value to 1.0 and-seale the remaining values accordnglhe r,
estimation results can be found in Table 4.2.

The integration of the disutility functions can be achieved in various ways. Adjusting the core
coding of MATsim replanningnd compose a new module would be the mostdapth
method which, absolutely, will take intensive effort and demand highkliled programming.

A simplified solution is applied instead, by overriding the Charxael function, as is
shown in Appendi8.

Parameter Value(<5km) [t-Value Value(<20km) |t-Value

t access_walk -0.11 -36.6 -0.11 -36.6
t access hike -0.095 -13.5 -0.095 -13.5
t access pt -0.084 -10.2 -0.084 -10.2
t wait_access -0.073 -8.6) -0.073 -8.6
t _main_hike -0.076 -9.04 -0.076 -9.04
t main_car_short -0.043 -9.41] -0.079 -12.9
t main_pt_short -0.059 -16.771 -0.074 -18.5
t main_transfer -0.097 -22.1) -0.097 -22.7)
t park car -0.079 -11.7 -0.079 -11.7
t wait_egress -0.112 -16.2 -0.112 -16.2
t egress_walk -0.101 -37.4 -0.101 -37.4
t egress_ptbike -0.13 -24.9 -0.13 -24.9
t egress pt -0.069 -10.2 -0.069 -10.2

Table 41 b estimation results by Arentze and Molin (2013)
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Parameter Value(<5km) (r-Value Value(<20km)|r-Value

t access walk -0.11 2.558 -0.11 1.392
t access bike -0.095 2.209 -0.095 1.203
t access_pt -0.084 1.953 -0.084 1.063
t wait_access -0.073 1.698 -0.073 0.924
t main_bike -0.076 1.767 -0.074 0.962
t main_car_short -0.043 1.000 -0.079 1.000
t _main_pt short -0.058 1.349 -0.074 0.937
t main_transfer -0.097 2.256 -0.097 1.228
t park car -0.079 1.837 -0.079 1.000
t wait_egress -0.112 2.605 -0.112 1.418
t egress_walk -0.101% 2.349 -0.101% 1.278
t egress_ptbike -0.13 3.023 -0.13 1.646
t egress_pt -0.069 1.605 -0.069 0.873

4.5 Conclusion

In this chapter, the research metbbased on MATSsins presented, which has gone through
a threephase evolutionOne thing that remais static is he multragent representation,
which simulates onaday schedule of each individual of given populationaast of every
single vehicle within a road network as conventional -bbgsed microscopic model daes
Such representation brings extra complexity to the traffic flow optimizagoal as the
activity chain of each agent have to be taken into consideratioaddition toits travel
choices resulting in a multidimensional simulation procesensisting of three steps:

Table 42 b, estimation results

demand generation, network loading and replanning. Demand generation is a mathematical

procedure to produce agent plans, which is out of thepsr of this chapter, and will be
discussed in Chapter 5he flow propagatin (network loading)relies on a queudased
time-step model,with route assignment arried outby a shortestpath implementation of
Dijkstra algorithns; meanwhile the activity choices are optimized usargiterative process
based on genetic algorithms, with the overall performance of agentspdamaluated via a

fitness function(replanning) This simulation process has withessed major changes in terms
of configurations and choice options, which in turn significantly enhanced the simulation

capacity of MATsim.

The initial versions a unmodal simulation process that merefjeneratesvehicular traffic
flows regardless of vehicle typeand adopts aCharypa-Nagelfitness function to score
agent plan, which sums up thdilities of conducting activities and dislities of traveling,
with penalty items regarding late arrival, early departure and short activity duration. An
improved version enables bimodahsilation involving public transport vehicleswith the
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help of transit schedule deprived from GTFS feeds and transit route validated by a
map-matching algorithm. The inclusion of a new choice dimension not only lifted the traffic
reality MATsim captures ta higher level, but also established the fundamental structure for
the implementation of PVN and PTN concepts from supernetwork fr&daeked up by these
preconditions, the author tried to purpose a muiftiodal simulation approach, integrating
existing malules thatseparatelyreproduce vehicular traffic modes and slow modes, binding
them together with a new criterion in place dCharypasNagel function, considering
integrated spacdime accessibility derived from personalized supernetwork framethis
new function, the travel digtilities of different transport modes as well as transition actions
(boarding, alighting and waiting) are taken into consideration, capturing the aetiaigl
program and choice preference of re@he individual ata high level of detail, with the
correspondingparameters extracted and converted from previous experiment results.

This chapter introduce the default MATsimmodel and the integrated multmodal
simulationapproachproposed by the authorespectively, tle latter of which is labeled as

the major contribution of ths thesis.The methodology will bémplemenied in Chapter 5

with a case study of Eindhoven region, where the second contribution (GPS diary
incorporation as data source for demand generation) belladdressed.
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5 Case study

5.1 Introduction

In this project,the Metropoolregio EindhoveifMRE)was chosen ashe study areaWith a
population of around753,426 serving as the rail transport hub of the NoeBdabant
province, and possessing the second busiest airport in the Netherlands, this sagisites

the condition of high dense population and traffRijkswatertaat, 2015) being a good field

lab for smart mobility studyAlso, the extensive network of bicycle paths in this region
suggests that cycling would be one of the major transport modes for the inhabitants, which
would provide a good sample for muftiodal simulation. The data availability makes up
another reason fothe choice, as this area is where some famous research and development
agencies such as TNO, TU/e, Philips, etc., are located, proabimglantlocalized data
sources with expertise. The conditions altogether would guarantee the viability of this case
study, asimplementationof the proposed method.

This chapter would present thenplementationprocess of the purposed method explained
in Chapter 4 in termsf a case studyln Chapter 5.2,ite geographic boundary of the study
area and the network extraed within will be briefly introduced. This is followed by a
detailed explanation of GTFS processing, the crucial step to construct axmodiil network
structurein Chapter 5.3Chapter 5.4, ashie majority of ths chapter, will focus on demand
generatio, asit hasto be localized considering the availability acfthracteristicof travel
diary data, and involves complex coding for its implementatidiso, themeasure applied
for the incorporation of GPS diary data is presentedthis segment marked & the
secondary major contribution of this researc@hapter 5.5 will briefly present the simulation
configurations and introduce several simplifications applied in this stlithe. simulation
results, together with analysis, witle presented inChapter5.6, coming to a conclusion in
Chapter 5.7.

5.2 Initial extraction

The network used in this research is an OSM extraction downloaded from
http://download.bbbike.org/osm/bbbike/Eindhovenihich covers a large part of the MRE
including the followingmunicipalities: Asten, Best, Deurne, Eersel, Eindhoven, Helmond,
Nuenen, Oirschgt Someren Son en Breugel Valkenswaard Veldhoven Waalre
GemertBake] Heezeleende Laarbeekand GeldropMierlo, as can be seen in Figure 5.1.
The boundary of the study area ranges fr&h.33 N to 51.58 N and 5.26 E to 5.78 E,
shaping a road network consisting of three motorways (A2, A50 and A67)pifouincial
roads (N279, N69, N397 and part of N266) and roads of lower levels.
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Figure 51 Study area

The original extraction, stored in osm.pbf format, was converted with the help of Osmosis
module a java library specialized at messing OSM data. The following keywords were
chosen to extract the road information, based on the definition from Osmosis wiki

-rb file=l | €
--tf acceptways
highway=motorway,motorway_link,trunk,trunk_link,primary,primary_link,secq
dary,secondary_link,tertiary,tertiary_link
-wx ||

(http://wiki.openstreetmap.org/wiki/Osmosis/Detéed _Usage 0.4%

In this case, the railway links were excluded, due to the fact that the sheptghtalgorithm
always failed to successfully recognized some paths around the Eindhoven centrum station
when railway was involved; in other words, the path would always bieseto the rail road

since it is the shortest ones even for buses, which is not true in real life. Also, the percentage
of train travelersin both data sets that satisfy the boundary constraints were small enough
to be ignorable, as thenunicipalitieswithin the study area are mostly accessible with buses,
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and would cost much less, which made up for another reason to exclude the train modes for
a better simulation reality.

The simulation of MATsim mainly usEsiclidean distancéor calculation, which requires
Cartesian coordinatefor all the input data, therefore this network was also converted from
WGS84 coordinate to the local coamdte system of EPSG:25831, with the helgedmetry
java library. A total of 35213 nodes and 83@@#respondindinks were gathered as a result.

5.3 GTFS processing

A typical GTFS feed is mainly composed of following elements:
1. Agency: agencies that provide the data;

2. Stops: GPS record of the location of each stop;

3. Routes: the official name of each public transit lines;

4. Trips: the sequence of the stops of each route;

5. Stop_times: time table of each route;

6. Calendar: thavailability of public transit service;

7. Shapes: rules for drawing lines that represent routes;

Based the information above, a basic transit schedule file can be obtained with the help of

GTFS2MATSimodule. This intial output consists of two parts:

1. transitStops: Describing the id, name and location of each stop, as well as the link
assigned to it in OSM system;

2. transitRoutes: Describing the stop references and sequences of each route at each
departure time;

The next step is to generate a transit vehicle file. Since no open data sources records the
schedule of each vehicle, rggorous solution is to estimate the vehicle id based on the
official time table of each routegiven the departure time at each origdestinationstation

and timespan for a whole tripA sampleestimationresultis shown in Tabl&.1, illustrating

the vehicle id of the one departs at a specific time fribra origin station of route_id 1762.

1762 0 (1762 1 (1762 2 |1762 3 |1762 4
5:38.00 6:08:00 6:41.09 7:.01:.00 7:21:0C
6:00.00 6:30:0Q 7:.07:.0Q 7:27:.0q 7:47:0C
6:26:00 6:51:.00 7:31.00 7:51:.0Q 8:11:00
6:49:00 7:17.0Q 7:57:0Q 8:17:.0Q 8:37:00
7:11:00 7:41.0Q 8:21.0Q 8:41:.00 9:01:00
7:.37.00 8:07:.00 8:47:.00 9:07:.09 9:27:0¢
8:01:00 8:31:.00 9:11:.0Q 9:31:00 9:51:00

Table 51 Sample of vehicle estimation
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However, asimplified proceduraisingrandomvehicle_idgenerationis applied in this thesjs
as thisvenhiclefile does not prove to affect tharaulation reality significantly.

With all theinformation given, the finale comes with the completion of the transit schedule
file. The link sequence obtained in previous step has to be written into the initial schedule
file, so it is with the vehicle references. The outputsitan be found in Figer5.2 and 5.3
respectively

The GTFS feed used in this research was retrieved from an open source data site
http://gtfs.ovapi.nl/, containing the transit information of whole Netherland. This source is
effective fromMarch 4" till August 7' 2016 which, unfortunately, does not fully match the

time period of diary data collected for analysis. This discrepancy can be considered ignorable,
because no major changecurredin public transit routes recent years in the study area.

<vehicleDefinitions
<vehicleType id="">
<capacity>
<seats persons=7>
<standingRoom persons%/>
</capacity>
<length meer=""/>
<width meter=""/>
<accessTime secondsPerPersoli=
<egressTime secondsPerPersofi="
<doorOperation mode="/>
<passengerCarEquivalents pcés'
</vehicleType>
</ vehicleDefinitions>

Figure 52 transitVehicle file

Before any further processing, this GTFS feed has to be simplified to the local level, as test
result revealed that reading in the whole data set would take more than an hour. The routes
that depart from or arrive at Eindhoven were first picked out fronuteotxt file as the
foundation of simplification the records that match route_id were then extracted from
trips.txt file, resulting in localized trip_id and shape_id , which in &ene as extraction
reference for stop_times.txt and shapes.txt respeeljv Eventually stops.txt was check
against stop_id in stop_times.txt, finalizing the simplification procedure. All the files
mentioned above were also adjusted to match the parsing sequence of
gtfs2matsimtransitschedule module.
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<transitSchedule>
<transitStops>
<stopFacility id=" x=""y="" linkRefld="" name="" isBlocking=ttue "/>
</transitStops>
<transitLine id=">
<transitRoute id=">
<transportModebus</transportMode>
<routeProfile>
<stop refld=
</routeProfile>
<route>
<link refld=""/>
</route>

arrivalOffset="" departureOffset=""awaitDeparture="/>

<departures>
<departure id="" departureTime=" vehicleRefld="/>
</departures>
</transitRoute>
</transitLine>
</transitSchedule>

Figure 53 transitSchedule file

Following the parsing of GTFS feed is the matching procedure, which draws the public transit
path on the given network. The shortegsath solution, as is mentioned in Chapter 4, was no

as effective as expected. A typical failure can be found in Figure 5.4, as the algorithm failed
to find the real shortest path from the stop marked in green toward the Eindhoven centrum
station (up in north). This was because the link between the masked and its next one

was defined as oneway in OSM data base; that means, the bus cannot travel back on the
same path as the information from shape.txt suggests. Though the Ul enables manually
adding nodes and links, the coordinates of the added nodes weteorrect, which did not

help solving this issue.

A solution the author found that partially compensate this shortage was to manually

re-editing the output network file,oy merging the lines with wrong coordinates into a single
link of this path. The manual editing process was repeated until no errors remain.
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Figure 54 Map-matching process with unrecognized link

In total, 47 public transit lines wenalidatedafter GTFS processing, excluding 4 rotites

had more than 20% of their stops out of the study area: 103, 150, 149 and 121 (route name).
As a result6701 multi-modal links were added including the stop links, forming the PTN
layer together with corresponding node&. sample output file is displayed below in Figure
55

<network>
<nodes>
XX XX
</nodes>
<links capperiod=" effectivecellsize=" effectivelanewidth="">
<link id="" capacity="" freespeed="" from=
modes="bugar" oneway="1" origid="/>
</links>
</network>

permlanes= to="" length=

Figure 55 multi-modal network sample
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5.4 Demand generation with GPS diary

5.4.1 Data preparation

For this researclGPS diargataare used insteadf traditional travel surveyCompared with
the survey data, GPS diary offer several importhtantagesStoring travel information for
a longer periods of time; not relyng on the memoryof respondent; provithg linkages
among complex trips, tours, and daily travel pattermsost importantly,addresng the
dynamic properties of travel behavioeven foren route adjustment, that is, adjusting
destination and route choice if unexpected situation occurs (Grengs et al,.2008)

The raw GPS data are merely massive pothiss a complex convert procedurie needed to
identify the route choice of each individual

1. Trip/segment identification (TI/SI): Identify the enmede trip of each journey between
different activity locations, usually with the help of red@sed algorithms;

2. Travel mode detection: Detect the travel mode of each trip identified, based on several
criteria such agravel speed, acceleration/deceleration, and the informatimom the GIS
database The accuracy of this step is usually over 90%;

3. Trip purposemputation: Detect the trip purpose of each journey. Unfortunately, only a
few unconvincing approaches are available at this moment, with an accuracy rate from 60%
to 75% (Shen ahStopher, 2014);

The GPS diary after processing is still not ready for use. A step prior to demand generation is
to exclude erroneous part from the diary record, improving the accuracy of the output plans;
this step varies from each data set, considetimg variables of participants, sample size and
method of preparation (translation or population synthesis). In this research, translation was
adopted as a simplified procedure due to limited sample size that could not capture the
travel pattern of the whte population

The GPS diary used for this study was collected from 2012 to 2013 in the study area, where
the participants were given a Gl@8vice that automatically recorded their locations. 84643
records were collected among 327 participants within 2rge which was a good fit for the
purpose of studying personalized supernetwork. As is mentioned in Chapter 4, the
theoreticalmodel was based on the fact that each person can choose among limited number
of possible activitytravel schedules to execute Hier plan of the day, therefore a mulday

diary would better represent this characteristic than some travel patterns derived from
national survey. A typical ordgay record can be found in Table25including the most
valuable variables for this researalser id, activity/travel location, start time and end time,
duration, travel distance and travel mode, which recorded multiple trips within a journey,
representing the route choice at a high level of detail.
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user [start end type distance(m)activityType [duration(min){lon lat

5045 5:00:00 6:28:04ACTIVITY home 88| 5.708544 51.53852
5045 6:28:04 7:05:45CAR 48966.8 37

5045 7:05:45 7:18:47WALKING  1341.39 13

5045 7:18:47 16:54:00ACTIVITY  4587.61 paidwork 575 5.865834 51.8459]
5045 16:54:00 16:58:31WALKING 99.96 4

5045 16:58:31 17:56:13CAR 44813.71 57

5043 17:56:13 5:00:00ACTIVITY 544.81home 663 5.708544 51.53857

Table 52 GPS diary sample

This GPS diary, though validated in advance, still possesses the shortage of low overall
accuracy (less than 70%). The main reason for such issue lies in the fact that thevieBS
would lose signal in some area and gave incorrect location information, which could hardly
be found out through algorithAbased validation, as the inconsistency between two
activities/trips would not hinder its functionality. A further validationopess is demanded

for this data source:

1. Coordinate validation: The records where the coordinates were invalid could first be
filtered out, as they either gave negative values or 0/90. They were usually causeghlay

loss, and can be checked against the neighboring activities/trips and corrected.

2. Recordfiltering: Given the boundary of the study area, the records that were out of the
range were excluded, considering the fact that MATsim simulation cannot s€388%zone

to includethe agents that is out of the network. Though there might be a chance that some
of the excluded records were usable if is not due to GPS device defect, the author did not
find a good solution to distinguish them, and manual checkionglé/take too much effort
without significant improvement of simulation reality; thus exclusion would be a-tiise
choice.

3. Mode correction: Even though mode detection is believed to have the highest accuracy
among GPS validation procedure, the sangaéa still contains somerroneousrecords, for
example, a long distance trip with mode defined as walking or cycling, and-lzouge
movement recognized as trimt cetera A set of rules corresponding to the experiments
carried out byArentzeand Molin (2013) was adopted to correct the modes:

For walking trips, if the travel distance is longer than 2 kilometers, the mode would be reset
to public transit (pt), which is also the case for cycling trips longer than 5 kilometers;

For car and ptrips, if the traveldistanceis less than 200 meters and this is not en route (at
the middle of a journey), the modes would be reset to walking.

At the end of the process, a total of 9145 records gathered from 177 participants were
selected for furtheistudy.
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5.4.2 Demand generation

Theoretically, the mostigoroususe of the diary data is to categorize the records according
to day of the week, and carry out multiple simulations for eaaekegory which, however,
would be meaningless due to the very limited sample size. Apart from that, lack of
demographic information of the participants stopped the author from generating a synthetic
population out of the diary record. Fortunatelfpr the persondized supernetwork approach,
representingthe travel pattern of the whole study area is not the major concern; instead,
reproducing the selection among multiple plans available for a single agent is the main
target. Solutions for such scenario were not faliin previous examples of MATsIim yet, so
the author decided tamplifythe sample size via merging the data. Two assumptions were
made for this purpose:

1. The plans from the data sources were assumed to be carried out at the sameyday b
different members of the population;

2. Themergedpopulation satisfies the demographic characteristics of the study;area

With the above assumptions, though it is not possible to assign multiple initial plans to each
agent as is supposed to theoretilyalthe possible alternatives are included in the simulated
population that partially share the same home or work locations, which can be viewed as
simulating the limited number of daily plan choices for each participant involved.

The demand generationfahis project was inspired by the work ¢forni and Balmer
(Chapter 42 oNageland Axhausen 2015), who made use @witzerlandcensus data and
national travel survey for simulation, with the help of GPS records. The censusotlatded

the demographicinformation and home/work location of each participant that took the
travel survey, as well as the coordinate information of locations for different actiatesss

the nation. From this data source, a facility file that collected the coordinates nitsgcind

home locations was generated. On the other hand, the original plans derived from thé trave
survey were translated into amtermediate population, mainly recording the activity type
and duration, which were thershuffled and assigned to the agents. For each simulated
agent, the home and work location was settled as the same as that in the census file, while
the plan it executed was a random choice from all the alternatives, with the activity location
randomly picked fromnthe facility file within a radius of current position. The radius would
double if no facility was found, until the activity was successfully placed. Such simulated
population can be assumed as a lageroussynthetic one of the study area.

For this progct, a similar method was adopted, but with personalized activity facilities
instead of a collection of facility locations from points of interest (POI) data, based on the
assumptiorthat limited number of activity type and location will be chosen in aspaealized
supernetwork. Several files were prepared for this purpose:
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Census.txt: Records the id of each participant, the zone id of his/her working locations and
home coordinates. If the participant has no job, the zone id is set;to

Business_censust: Records the coordinate of each facilities and the type of activity it holds.
This was derived directly from the GPS diary, with 8 categorized activity types: work, unpaid
work, shopping, recreation, service (see the doctor, buy the ticket, deal sstres in city

hall, etc.), bring/pickup people, education asdcialcommunication.

Municipalities.txt The whole study area waeparatedinto small squargyolygonswith a
length of 8000 meters. Each polygon was given a zone id, which was recordasd fiteth
together with the coordinates of the center of the zone.

Travelsurvey persons.txRecords the id of each participant and the day he/she received the
survey in a year.

Travelsurveytrips.txt The most important file for demand generation. Itgighle mainly
includes person id, coordinates of origin and destination of the travel, travel mode and the
type and duration of the next activity. Each event in the original diary was integrated into a
single line for the sake of efficient input, which artfinately disabled the possibility to
reproduce multitrip (multi-leg) journeys.

Given the data files mentioned aboven antermediate population of 2726 agents was
generated The activities in thantermediate plans were then renamed according to its
duration, for instance, if an activity typed aworké lasts for 2 hours, it will be renamed into
aw2¢. This step would further define each activity in a more precise pattern, so that the
accuracy of the activity score will improve, as the related time g (activity start time,

end time, typical duration) would be customized to include exceptions that are normally not
present in simple plans. For example, if an agent works from 19:00 to 21:00 after a dinner
break, traditional agent simulation would eghignore it or give a negative score since the
activity start time is later than normal daily work (usually starts from 9:00 to 17:00), which is
not the case in real life, as such activity usually means extra wage; while in this scenario, this
type of actvity is also simulated with a positive score since it is part of the plan, so long as
the activity typedw2g is correctly defined. Consequently, the behavioral reality of real life
person will be better captured.

The redefinedintermediate population was then assigned to the population, generating the
initial demand as the input for simulation. A sample of the plan can be found in Figure 5.
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<population>
<person id="1082_362" age="53" employed="yes">
<plan selected="yes">
<act type="h8" facility="3119" x="682806.5018" y="5702608.303" end_time="08:26:02
<leg mode="bike" dep_time="08:26:02">
</leg>
<act type="w3" facility="3105" x="669845.8245" y="5695325.474" max_dur="03:28:00
end_time="11:54:29" />
<leg mode="bike" dep_time="11:54:29">
</leg>
</plan>
</persor>
</populatior>

Figure 56 Sample population file

5.5 Simulation

The simulation procedure, also known as network loading, is carried out by MATsim core
module that implements a timstep model with queudased approach (Dobler, 2010), as
has been explained in Chapter 4. Customized configuration is necessary for théerwbea
functional, mainly involves the input and output path of related files, the choicaaiisim

the start and end time of simulation, the replanning strategies and most importantly, the
definition of activity and scoring.

For the scenario ofEindhoven region, mulinodal simulation has to be taken into
consideration, which was enabled with strategy modules defined in Figute18% of
agents were allowed to modify their plans after each iteration, either by mutate the time of
activities, chage the route of trips/journeys, or change the mode of travel. The rmdtdal
contribution of bike and walk travel modes, as is mentioned in Chapter 4, was realized via
adding a description of teleported modes iseparatemodule.

Apart from the configuations that implement supernetwork structure, the disutility
functions that serve as binding pieces for this approach were also integrated. A first step is
to construct a class that overrides tlgharyparNagelfunction and calls the controller to
continue simulation process, which was also reflected in the configuration files, since the
marginal utility values has to be adjusted, as is shown in Fig8reAStest scenario with
default scoring settings was simulated as well, checking the impact of tharmiperk
approach integration. For each scenario, results of 100 iterations and 500 iterations were
obtained respectively, which would signal whether convergence was rea8iade large
quantity of datawould be obtained after each simulation attempt, mbi including the
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improved plans for each agef(wutput_plans) the evens that took place at each time step
duration the simulated time period (output_events), the count of transport mode adopted
at each time stepl¢gHistogran), and three figures that tlicate the average score status,
the computation time distribution per iteration and average travel distance per leg
respectively. Theesults will be displayed and analyzed later in this Chaterthey give a
straightforward implication of the solutioaffectiveness.

<module name="strategy">
<param name="maxAgentPlanMemorySizelue="5" />
<param name="ModuleProbability_1" value="0.7" />
<param name=Module_1" value="BestScore" />
<param name="ModuleProbability 2" value="0.1" />
<param nam="Module_2" value="ReRoute" />
<param name="ModuleProbability 3" value="0.1" />
<param name="Module_3"alue="TimeAllocationMutator" />
<param name="Mod@Probability 4" value="0.1" />
<param name="Module_4" value="ChangeTripMode" />
</module>
<module name="changeLegMode">
<param name="modes" value="car,pt,bike,walk" />
</module>
<module name="planscalcroute">
<param name="beelineDistanceFactogdlue="1.3" />
<param name="teleportedModeFreespeedFactor_pt" value="2.0" />
<param name="teleportedModeSpeed_bike" value="6.01" />
<param name="teleportedModeSpeed_" value="13.88888888888889" />
<param name="teleportedModeSpeed_walk" value="1.84"
</module>

Figure 57 Strategy modules for multnodal simulation

<module name="planCalcScore">
<param name="learningRate" value="1.0" />
<param name="BrainExpBeta" value="2.0" />
<param name="performing" value="+6"/>
<param name="lateArrival" value18.0"/>
<param name="traveling" value6" />
<param name="waitingPt" value8" />
<param name="utilityOfLineSwitch" value$:4"/>
</module>

Figure 58 Modified scoring setting
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5.6 Result & analysis

5.6.1 Simulation with default settings
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Figure 59 Score status of simulation (100 iterations and 500 iterations
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Figure 59 offers a direct perspective for understanding the gradual uprising procedure of
average score per plan, as the total count of iteratamtus up. Though the scoring curve still
does not gohorizontal even after 500 iterations, the four curves have been stabilized to
some extent, therefore we have enough evidence to assume that dt&@fiion result has
reached convergence and UE is achieVier the agents simulated here. On the contrary,
100-iteration results would prove to be less meaningful, and will not be mentioned further
unlessfor test scenarios

The computation time spent in this scenariopiesentedin Figure 5.0. As can be seen in

the graph, a single iteration would cost an average of 50 to 55 seammdslaptop with 8G
RAM except for the ones where an output plan is required, leadinggseconds extra. This
proves to be the expense of adopting GPS diary data, since it caphaeketailed ATP of

real individualand possesses extreme complexity due to that. The corredipgnplans
generated also inherithe complexity and thushouldconsumemore computational effort,
which, however, is not very provable as no comparable cases @kistpossibletrade-off
between computational efficiency antbehavioral realism is accepible though, as in
scenarios where tens of thousands of agents would be simulated, computational time is
already measured in weeBalmer et al, 2009)

Computation time distribution per iteration
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Figure 510 Computation time distribution with defaultettings
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Figure 511 Transport modedistributions

Figure 5.1 illustrates the travel pattern of the total populatiosimulated. The outcome is

not as promising as expected, since the most typical travel pattern, namely rush hours, are
not apparent here. This would indicate that even though an amplification wasdautit for
demand generation, the limited sample size of the adopted GPS diary data still hinder it from
reproducing the travel pattern of the whole study area. This might affect the accuracy of the
simulation result, since the congestion at evening rushrs was not reproduced. However,
considering the fact that the studymphasizesthe representation of personalized
supernetwork, such negative factors will not deny the value of the data used here, as well as
the results generated.

Another meaningful radt obtained here is the line chart that visualizes the continuous
change of average travel distance per trip at each time step of simulation, as can be viewed
in Figure 5.13. The corresponding average trip duration had been reducedficith:23to
00:0939, meaning thatthe travel time was largely optimized after iteration. The final trip
duration, however, should not be considered as a stable value, as the graph strictly follows a
fluctuation pattern due to the randomature of mutation strategy applied here.
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Leg Travel Distance Statistics
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Figure 512 Average leg distance with default settings

5.6.2 Simulation with supernetwork disutilites
Figure 5.8 Score status of simulation with supernetwork representation

Viaadopting the new disutility functions, the scoring did appear to have some trouble giving

correct values which was the reason for no graduation displayed on vertical axis.
Fortunately, this phenomenon has been proven not to influence the plan selectiongdu
replanning process, therefore would not affect the optimization results.

The main advantage of applying the new disutility functions was found in the results

displayed in Figure 5.14. In comparison with the results in Figure &ri@verage of 5
se02 Yy Ra Q 02 Y LldzisavédAnZegch itedatiors which dould possibly become more

significant in a more complicated scenario where huge quantities of agents would be

involved.
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Figure 513 Score status of simulation withtegrated accessibility

Figure 514 Computation time distribution with integrated accessibility
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