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ABSTRACT

GIS-BASED STOCHASTIC MODELING OF PHYSICAL ACCESSIBILITY BY
USING FLOATING CAR DATA AND MONTE CARLO SIMULATIONS

Ertuj ay, Kevan-

PhD., Gealetic and Geographic Information Technologies

Supervisor : Prof. DH.k e bnem D¢ zg¢én

SeptembeR011, 153 pages

The term physical accessibility hasdely been used by geographers, economists
and urban planners and basically reflects the relative dasmessd/from several
urbarrural services by consideringarioustravelling costsNumerous accessibility
measures, ranging from simple to sophisticated, can be found in the GIS based
accessibility modeling literaturédowever,whether simple or sophisated, one of

the fundamental shortcomings of the current-8éSed accessibility measures is that
they are generally calculated from fixed catchment area boundalbased on
constant traveling costs such as Euclidiatbird-flight) distance costs or
trarsportation networbasedaverage speecbsts(e.g. 50 km/h for main streets and

30 km/h for local streets, etc Although suchdeterministicapproachesre widely

used in GlSbased accessibility modeling literature, they are not realistic, especially
dueto highly variable speeds in road segments and uncertiairite accuracy and
reliability of the accessibility measureBherefore, thiddissertationprovidesa new
stochastic methodology for Gisased accessibility modeling procéssusing GPS

based flating car data and Monte Carlo Simulation (MQ8at could handle
variations in traveling costs and consider all possdatchment area boundess,
instead of one average or maximuired catchment area boundarThe main
contribution of the researchis that; the proposedphysical accessibilitymodelng

could handle uncertainties in transportation costs, create significant improvement on

accuracy and reliability of accessibility measures in terms of catchment area

iv



boundaries andupportdecisionmakerswho are supposed to deal with accessibility,
location/allocation and service/catchment area related issues. The proposed
stochastic methodology isnplemented toa case study on medical emergency
service accessibility, in Eskisehir, Turkey and the resultth@fdeterministic and
stochastic accessibility models are compared.ri&im focusof the casestudy is not

to evaluate a specific accessibility condition in a detailed manner but to provide a
methodological discussion and comparison between the deteimams stochastic
accessibility modeling procesdélith the implementation to a castudy,it is shown

that the results of the proposed methodology are more realistic than the conventional

deterministic approaches.

Keywords: Physical Accessibility, Gagraphical Information Systems (GIS), Global
Positioning Systems (GPS), Stochastic/Probabilistic Accessibility Modeling,
Floating car data, Monte Carlo simulation, Service/Catchment Area,

Location/Allocation, Supply/Demand.
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HAREKETLK ARA¢ VERKSK VE MONTE CARLO
KULLANARAK FKZKKSEL ERKKEBKLKRLASTKKK CBSo
MODEL L EMESK

Ertuj ay, Kevan-
Doktora Jeodezi ve Cojrafi Bil gi Tekn

TezYoneticisi:Prof.DrrH-k e bnem D¢ zgé¢n

Eylul 2011, 153 sayfa
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CHAPTER 1

INTRODUCTION

1.1. Introduction

The term physical accessibility has long been u$sd geographers,
economists and urban plannarglreflects the relative ease of access to/from several
urban/rural services by considering several travelling cddtddén et al. 2000,
Makri 2002, McGrail and Humphreys 2009hysical acessibility measeas are
generallyconcerned with equity and a better distributiosedvicesn aterritory and
help to evaluate the proximity/availability of several services like health, education,
recreation, emergency or trade etc. by considerargpustransportatia types such
as pedestrian, bicyglear or public transport etc.

Theaccessibilitymeasureselp decision makers to

1 identify regions that have inadequateegcessiveservice
1 select appropriate sites for newrelocatedservices
1 test and improvéheperformance of the transportation system

That is why, accessibility measures can be accepted as key variables for
supporting supply/demand, location/allocation and service/catchment area related
planning policies and strategies at national, regional,lecal levels (Makri 2002,
Juliao 1999Kuntay 1990, Halden et al. 200Radke and Mu 2000

Numerous accessibility measures, ranging from simple to sophisticated, can
be found in the accessibility literatureWhile simple measures only consider
proximity in terms of time and distancegphisticated ones consider both proximity
and availability including the size of supply and demand. Some of the most widely
used accessibility measures in the literature are;

a) Travel time/distance measures, service/catohraeeas (travel time or

distance to nearest supply/demand calculated from Euclidian/Nebasedcosts)
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(seeGhio et al 2007,Josephet al 2006, Fortney et ak000, Sylvie 2007 Brabyn
2002 O'Sullivan et al200Q Charreireaand Combids 2008 Juliao1999 Ebener et
al. 2009,

b) Cumulative opportunity measures (consider the total amount of
demand/supply inside the catchment ar¢ssg¢Chapelet and Lefebvre 200Boulos
et d. 2001, Nadine et al2006 Black et al. 2004Goulias 200y,

c) Population to provider ratio measures (supply to demand ratios, calculated
inside the catchment aredsgeLuo 2004 Scott et al2006 Bagheri et al. 2006

d) Kernel density measuréssethe Gaussian kernel approach to calculate the
density value of each dendsupply) (seeYang et al.2006 Gibin et al. 2007
McGrail and Humphreys 2009

e) Gravitybased measures (a combined indicator of accessibility and
availability by considering the attractiveness of supply/demésel Kwan 1998
Chen 2000Guagliardo 208),

f) Two-step floating catchment area measusCA) (repeat the process of
catchment area calculation for both supply and demand parictsonsideboth of
the overlay areagseeMitchel et al. 2008Luo and Wang 2003,uo 2004 Yang et
al. 2006 Scot et al 2009

Since accessibility measures describe the charaaterigtia locationand
need organization of huge and complex spatial datasmtessibility modelingften
lends itself to Geographical Information Systems (GIS) for analysis and {@&sen
GIS haveunique capabilitiesto present spatially referenced information invay,
which aids decisioamaking and provides a powerful interfactor handling,
organizing, analyzing and presentinghuge and complex spatial data sefor
example;datastorage, management and manipulation capabilities fordragphical
and attribute data, core data analyses capabilities such as buffer, overlay, proximity,
shortest path, raster ceditance etc., programming capabilities to handle current
models or crate new models and mapping and visualization capabilities to evaluate
the results of the analyséBlack et al. 2004, Chen and Weng 1999, Chéa02
Peters and Hall 1999)

In a morespecific way, GIS can handle important steps accessibility

modelinglike;



9 storing road networks and origin/destinatimessed geographical
datalases,

9 calculating costs between origins and destinations on transportation
networks,

1 building regulations of streets such as-@ey streets, closed streets,
overpasses and undessas,
considering the delays in intersections, and
presentingresults fora definedtime or distancehreshold(e.g < 10
minutes or 10 kilometersyith severakechniques such aone, raster
or isochronal technique with opportunity of different scaleand
variows visualization alternativestc.(MacFarlane2005)

In spite of mportant contribution of GIS technology for physical accessibility
measurement and evaluatigMakri 2002), there are stillopen research areas
associated with the improvement thle current Gl$hasedaccessibility modeling.
Current GlSbasedtools aregenerictools and have some bassbortcomingsin
providing more realistic decision support for decision makers in accessibility
measurement and evaluation (Kwan et al. 2003, NCQ&981 Ebener et al. 2005,
Boulos et al. 2001).

Whether simple or sophisticated, one of the fundameémtatations of the
current GlSbasedaccessibility measures is that they are generally calculated from a
constantdeterministiccatchment area boundafaverage or maximuntatchment
area bound®) based on unconstrained Euclidian distances or constrained
transportation networkosts.Euclidiandistancebasedcatchment areboundariesare
simple boundarieand generallyalculated fronmbird-flight distarcessuch as buffer,

Voronoi/Thiessen polygorstc (Figurel.l).
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Figure 1.1. Euclidian distance based catchment area boundéRadke and Mu
2000

Transportation netork basedcatchment aredoundariesare more complex
and generallycalculated from average or maximum speeds on classified road

segments such as 120 km/h for highways, 50 km/h for main streets and 30 km/h for
local streets, et(Figurel.2).

Transportation network based service/catchment areas

Nefwork

Service/catchment area
boundaries
%  Supply/demand locations

Figurel.2. Transportation networkased catchment area boundaries

Although Eucledian and #nsportation networkbased catchment area
boundariesare widely used in GHdasedaccessibility modling literature (e.g.
Emelinda et al. 1995, Juliao 1999, Ritsema van Eck and de Jong 1999, O'Sullivan et
al. 2000, Fortney et al. 2000, Brabyn 2002, Makri 2002, Luo and Wang 2003, Luo
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2004, Bixby 2004, Messina et al. 2006, Saital.2006, Nadineet al.2006, Sylvie

2007, Goulas 2007, Charreirea and Combierb 2008, Mitchel et al. 2008, McGralil
and Humphreys 2009, Lotfi and Koohsari 2009,hMaia et al. 2009),such
deterministicapproachesre not realistic, especialjue tohighly variable speeds in

road segments and uncertainty the accuracy and reliability of the accessibility
measures.Stochastic approaches, integrated with detatiadfic-data collection
methods can be a solution for more accurate and reliable accessibility modeling,
where speedvariations of transportations costs can be taken into account in a
probabilistic manner.

Although there are severtaibffic-datacollection methods such as stationary
traffic sensors (induction loops, optical systems), space and airborne techniques
(obsevation from planes, satellites) and GP&sed floating car data (GPS probe
vehicle data), GP®ased floating car data, is one of the most suitabific-data
collectionmethods n t erms of i tds fast iAGIIThe heap |
GPSbaseal floating car datas obtained byrecording position and speed from
vehicle(s) moving in the traffic. The GPSbased floating car data, when integrated
with GIS, can providespeedvariations in transportation costdoreover, such data
collection is relavely fast and cheap as well as providing accurate position and
speed with availability to be integratec
1999, Mintsis et al. 2004, Quiroga 2000aylor et al. 2000, Zito et al. 1995,
Derekenaris et al. 200Yutaka et al. 2000Guillaume 2008, DAAD 2003

Once the speedariations in the road network ambtained,it can be
incorporated into thehysicalaccessibilitymodelingby using simulationThe word
simulation refers to analyr the effect of varying inpuison outputs of the modeled
system. A simulation involves hundreds or thousarefdization of the model
outputsfor all possible inputs and gives a probabilistic measure of the outputs.
Monte Carlo Simulation (MCS) method is a wiefliown method to creatéhe
random realizations of a deterministic model (Metropolis and Ulam 1949, Hoffman
1998). By integrating MCS method into Glfased accessibility modeling process,
possible random transportation cost values can be used instead of constant
deterministic cos. Hence, the probability of an accessibility outcome can be
obtained in terms of all possibleatchment area boundss. By this way,
accessibility can be expressed in terms of probability of having a certain accessibility
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measure instead of stating ateteninistic accessibility measur@&@he probabilistic
accessibility measures can take the uncertainties of transportation costs into account
and enhance decisianaking processes due to consideration of variability involved

in the transportation cost parateies.

In the light of the abowvenentioned factsthe aim of this researcks to
develop anew stochastic methodology for Gisased accessibility modeling process
by using GPSased floating car data and MCS technique that could handle
variations in travehig costs and consider all possildatchment area boundes,
instead of one average or maximaaichment area boungaihe maincontribution
of the proposed stochastic methodolagythat; it provides additional information
related with the accuracy aritle reliability of thecatchment area boundss in
accessibility modeling, which means better decision support for the decision makers
who are supposed to deal with accessibility, location/allocation and
service/catchment area related issues. The propssechastic model allows
systematic treatment of uncertainties related withciitehment area boundes and
the crisp catchment area boundes in the deterministic model turns into
probabilistic catchment area boundes providing decision makers to opte
different levels of uncertainty in modeling of accessibility.

The proposed stochastic methodologyirgplemented toa case study on
medical emergency service accessibility, and the results of the deterministic and
stochastic accessibility models areompared. Although the case study is
implemented on medical emergency service accessilthigymain focus of the case
study is not to evaluate a specific accessibility condition in a detailed manner but to
provide a methodological discussion and comparisetween the deterministic and
stochastic accessibility modeling process.

The proposed stochastic methodolaan be implemented on modeling of
any kind of accessibility measure, ranging from simple travel time measures to more
sophisticated cumulative@pportunity, gravity, twestep floating catchment area
measures, etc. Moreover, the proposed stochastic methodology can easily be adapted
to other kinds of accessibility related studies such as central business district
accessibility, job accessibility, ceeational accessibility, trade center accessibility or
educational accessibility etc. by considering other several transportation modes such

as pedestrian, bicycle, car or public transport etc.



1.2. Organization of theresearch

The dissertationis organizedin five parts.Chapter1l covers a detailed
introduction including the motivation of the researche primary aim of the
researchthe contributionbenefits of the research.

Chapter 2 provides an overview of theeoreticalframeworkand relevant
backgroun about physical accessibilitmodelingin order to clarify thenature of
GIS-basedphysical accessibility modelingt includes a detailed review of the
literature about definitionsf accessibility usage areasf accessibility components
of accessibilly, accessibilityneasuresiIS-basedaccessibility modeling techniques
the role of GIS in accessibility modeling

In the light of the theoretical framework about ysical accessibility
modeling coveredin Chapter 2 Chapter3 introducesa new GlS-basedstochastic
accessibility modeby integratingGPSbasedfloating cardata collectiorand Monte
Carlo simulationstechniquento physical accessibility modeling proce#isincludes
detaied methodological flowchartof the proposed approactwhich are data
cdlection, data preparatioriylonte Carlo simulatiorand model validation

Chapter4 describes th@anplementationof the proposed model with a case
study on medical emergency service accessibilitiEskisehir Turkey. It includes
detailedexplanatiorabou the aim of the case stugdgasestudy area, data collection,
implementatiorstepsof the proposed accessibilityodel,the resultof the proposed
accessibility modelthe validation of the model and effect of results on accessibility
measuresvith methalological discussion and comparison between the deterministic
and stochastic accessibility modeling process.

Finally, Chapter 5concludes the research by giving detailed explanation

about theébenefits broader impactandlimitations of the research



CHAPTER 2

THEORETICAL FRAMEWOR K

2.1.Introduction

This chapter of thedissertation providesan overview of the theoretical
framework and relevant background about physical accessibility modeling in order to
clarify the nature of Gl$®asedohysical accssibility modeling.

The chapter includes a detailed review of the literature about definitions of
accessibility, usage areas of accessibility, components of accesgaulityity and
cost elemers), place accessibility measure¢Travel time/distance, Cuulative
opportunity, Population to provider ratio, Kernel density, Gravity measumes; T
step floating catchment aneandividual accessibility measuresp@cetime), GIS-
basedaccessibility modeling techniqugzonebased technique, isochrebased
rader-based), the role of GIS in accessibility modelingcontribution of GIS
technology into accessibility modeling, Glfasedaccessibility modeling examples,

andshortages of current Glisasedaccessibility modeling

2.2. Definitions of accessibility

The term accessibility is used by various disciplines and madiferent
aspectand definitionsof accessibility can be found in the literature.
Some of theedifferent aspectare;
1 Physical accessibilitywhich isbeing able to reach servicefacility in
spiteof physicalimpedances
1 Mental accessibilitywhich is understanding and being able to use a
given area and its facilities



1 Social accessibilitywhich is having friends and a job and being able
to get to and from work, meet friends andrtiggpate in social
activities

1 Organizational accessibilitywhich is having access to travel
opportunities, informatioand service regarding a journey

1 Financial accessibilityvhich is being able to afford available publi
or private means of transport

1 Virtual accessibilitywhich is being able to access information and
people without moving from a certain pladey using electronic
facilities (Kwan 1998 Makri 2002)

The accessibility concept in thigesearchis physical accessibilitySeveral
definitions related with physica accessibility can be foundin the accessibility
literature.Kuntay (1976b) defines physical accessibility as the ability to reach from
one place to another securely and comfortably by shortest way, simple route,
appropriate speed, and ability to reach ittended location for a specific aiong
et al. (1998) definephysical accessibilitasthe ease and convenience of access to
spatially distributed oppaunhities with a choice of traveloly (1999) defines the
physical accessibility as a geographicahcept in transpaation planning and as a
capacity term to reach customers, or a service for evaluation of projects. Chen (2000)
defines physical accessibility as a significant index that reflects the ease for travelers
to achieve daered movements inrban areasAlthough there are several definitions
about physical accessibility in the literature, they mostly point out a common
direction. Physical accessibility is a term that reflects the relative ease of access
to/from several services by considersgyeralkosts of travelling.

Kwan (1998) also emphasizes that physical accessibility can be handled
either for people (individual accessibility) or for places (place accessibility)
according to the aim of the study. This means that physical accessthttitige
handled as a property of people defining how easily an individual can reach activity
locations, orcan be handleds an attribute of locations indicating how easily certain
places can be reached by the people or serditdisis regard,his researe focuson
places rather thanindividuals and handle accessibility aglace accessibility aan

attribute of locations indicating how easily urbglacescan be reached bgeveral



urban servicesuch asmedical emergency servicésee chapter 2.5 for deldl
explanation about place and mdual accessibility measures)

2.3. Application areasof accessibility

The physical accessibity measureshave long been used by geographers,
economists and urban planners aheectly or indirectly always been an importan
part of urban analyse8.ccessibilitymeasures areoncerned with equity and a better
distribution ofservicesin the territoryandcan be accepted as key varialbiesthe
decision makers to test the accessibility levedeferalurban services and gwital
clues fordecision makers talefine planning strategies. That is why accessibility
measureswhether simple or sophisticatedare important variable that decision
makersmust consider in the early stagestbér planning efforts (Makri, 2001,
Makri and Folkesson, 1999; Juliao, 1999; Emelinda and Shashi, 1995).

Accessibility measuresre widely used to check the benefits of urban plans as
a plannng control tool. They help tevaluate proximity and availability afeveral
urban/ruralserviceslike health, education, recreation, emergency or tradebstc.
considering several transportation tyfige pedestrian, bicycle, car, public transport
etc. for a defined threshold of timer distancele.g. 1 km, 5 minutes etc(Kuntay
1976ab, Kuntay 1990, H&¢n et al. 2000)

By the help of the accessibility measumscision makersan;

1 identify regions thabhave inadequate @xcessiveservice
1 select appropriate sites for new oileeated services,
1 evaluatehe performance of the transportation sysem

That is why, accessibility measures can be accepted as key variabiles for
decision makers to support theisupply/demand, location/allocation and
service/catchment area related planning policies and strategies at national, regional,
and localscalesin different levels (Makri 2002, Juliao 1999, Halden et al. 2000,
Radke and Mu 2000).

When medical emergency service accessibility is considerptysical
accessibilitymeasures ef | ect the emergency organi zat
an emergency in aoordinated, timely and effective manner and hegrision
makers, who arenedical emergency service providers determine the extero

which acity is ready for any medical emergen&pr example, pysical accessibility
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of medical emergency servicesn be measuredo check if urbaffural areas are
highly accessible by medical emergency vehi¢gabulancesyvithin five minutes
of critical time thresholdThe physical accessibility easures related with medical
emergency servicesould directly help medtal emergency service providets
identify critical urban/ruralareas that havimadequate or overlapped serviselect
appropriate sites for new or-lecated serviceand toevaluate the current state of the
transportation network performancéds a few seconds of delay by medical
emergency response units can directly mean loss of human life, medical emergency
service accessibilitgan be considered astal from planning policy andstrategy
developmenpoint of viewat national, regional, and local lds€¢Badri et al.1996
Peters and Hall 199€melinda et al. 1995

2.4. Componentsof accessibility

There are twofundementalcomponents of accessibility in tHeerature,
whichare
1 Activity element and
1 Cost element
The activity elemenof the accessibily usually includes thetype of the
travelerand distribution of variousurban/ruralservices All accessibility measures
include representation of the activity and cost element, which need to be defined at a
level of detail, according to the needs of plagticular situation about accessibility.
The cost element of accessibility includes eithercanstrained Euclidian
distancebased costs (birdflight distancebased costs) such as Buffer,
Voronoi/Thiessen polygons etc. or constrained transportation rietvasedcosts
such as travel distance/travel tifag considering transportation network and several
transportation types (pedestrian, bicycle, car, public transport (elalfien et al.
2000, Makri2001).

2.4.1. Activity element

The activityelement of the aessibility generallyconsists of two elements,
which are;

1 Urban/rural servicétacilities (supply pointswvhich are intereste@nd

11



1 Type of thepersontraveler(demand points)

Depending on the issue at hamdgfivity elementin accessibilityanalysess
basd onvariousurban/ruralserviceswhich are interesteguch as educatianéining
facilities (like schools, colleges, universities, training centers), emergency facilities
(like health centers, hospitals, polistations fire brigade$, or shoppindéisure
facilities (like $ops/shopping centers, cinentasAtres, sports centers, outdoo
activity opportunities, pubslubs) etc.

Type of persorfaveler in accessibilitgnalysesncludesseveralfactorssuch
asemployment status of the traveler (unempbthyestired, economically active etc.)
or age of the traveler (adult, children etar)physicalhealth of the travelehgalthy
disabled etc.)(Makri and Folkesson 1999; Halden et all. 200B)r example,
economically active people and shopping centenscreatethe activity elements of
an accessibilityesearchin which accessibility level of economically active people

to shopping centere investigated
2.4.2. Cost element

The cost elemenbf accessibility usuallycomprisestwo basic elements,
which are;
1 Unconstrained Euclidian distant@ased/ bird-flight costs éuch as
Buffer, Voronoi/Thiessen polygons etand
1 Constrainedransportation networkasedcosts(such asdistance or
time)
In representation of cost element in accessibility analy$ese fare also
severalfactors that must beonsidered in detail, which are;
1 Time of the travel (rush hour, normal hour, etc.),
1 Type of the travel (pedestrian, bicycle, car, public transport, etc.),
91 Day of thetravel (Sunday, Monday, etc.),
1 Season of the travelinter, summer, etc.),
1 Characteristics of the travefj@ality and capacity of the roads, the
economy, comfort, cost and safety considerajions

1 Type of the travellefadult, children, normal, disabled etc.) or

12



1 Mobility of the tavelled (Kuntay, 1976h, Halden et al
2000).
For example, a-Bninute accessibility of a bicycle vehicle is different from a
car vehicle. Similarly, a #ninutes accessibility of a car in rush hour time traffic

conditions will be different from the normal time traffic conditions.

2.5. Accessibility measures

In general accessibilitymeasurescan behandledeither for places(place

accessibilitymeasuresor for people (individual accessibilitmeasures

2.5.1. Place accessibility measures

Place accessibility measures handle accessibilitynasttebute of locations
indicating how easily certain places can be reached by the people or sévites.
simplest level, qualitative descriptions can be used to defingdbeaccessibility of
a location. Terms such as good accessibility, averageessibility or poor
accessibility can be used as simple qualitative accessibility measures for describing
the accessibility level of a locatiomhese qualitative measures ¢tabased on

1 average time and distanbetween locations

1 accessed populatioor facilities within a defined time/distance
threshold or

1 amount, frequency or cost etof transporation supply (number of
stationshumber ofbus lines, the variety qfublic transportatiorge.g.
rail/bus/light rail etc.), the frequency of public nsportation, €.9.1
bus for every 15 minutes etctdtal length of motorways)Halden et
al. 2000).

The simple indicators of accessibilitgre useful indicators ankdave been

widely used by providing a general approadlowever,decision makers, who are

1 Mobility is a critical component of accessibility. The term mobility refers to the potential for movement. A
number of factors affect mobility including the availability and cost of transportation infrastructure. For example, if
two people have the same residential location, but one person has a car and the other does not, each person's

access to employment and shopping activities may be very different (Transportation Statistics Annual Report, 1997).
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supposed to deal with accessibility, location/allocation and service/catchment area
related issuesjsually need anorecomparativeandqualitativeapproactratherthan
guantitativeaccessibility measures in order sapport their planning policies and
strategies at national, regional, and local levBlamerousqualitative accessibility
measuresangng from simple to sophisticatezhn be observed in the accessibility
modelingliterature. While the simplaccessibilityneasuresnly consider proximity

in terms of time and distancwithout considering the transportation network
sophisticatedaccessibility measuresould consider both proximity and availability
consideringhe size of the supply and demaanatl the transportation networome

of the most wilely observe@ccessibility measures the literature are

1 Travel time/distancaneasures(travel time or distance to nearest
supply/demand calculated from Euclidian/Netwbdsecdcosts),

1 Cumulative opportunity measures (consider the total amount of
demauml/supply inside the catchment areas),

1 Supply to demand rationeasures population to provider ratios,
calculated inside theatchment area boundges),

1 Kernel density measures (uses the Gaussian kernel approach to
calculate the density value of each dedfaupply),

1 Gravity-basedmeasures (a combined indicator of accessibility and
availability by considering the attractiveness of the supply/demand)
and

1 Two-step floating catchment area measures (FCA) (repeat the process
of catchment area calculation twider both supply and demand
points), etc. (Luo and Wang 200B|cGrail and Humphreys 2009
Guagliardo 2004Bagheri et al. 2006,).

Although there are various accessibility measugeging from simple to
sophisticatedthere is no best approach to measwaessibility. Different aims and
situations can demand different measures and approddhks 2002.

25.1.1. Travel time and distance measures

The travel time anddistance measures aresimple and commonly used
measure of accessibility. Thekielp accessibility related decision makerso

understandthe minimum, maximum or average travel cost between several
14



opportunities (supply and demand poings)d to determine thecatchment/service
area bound@s The travel time and distance measuege widely usedin the
accessibilitymodelingliteratureandcan be considered as thendamental elemesit
of all kind of accessibility measures, ranging from simple to sophisti¢dedri
2002, Makri and Folkesson 1999)
Thetraveltime/distancecostscan be measured asveal ways such as

1 averagdravel time/distance to opportunities

1 minimumtraveltime/distance$o opportunities

1 average travel time/distance to nearest opportamnity

1 minimum travel time/distance to nearest opportueity

The shorterthe travel time/distancemeanthe higher the accessibility. The

estimation of theseneasuresxan be performed itwo differentways One is the
simple Euclidian costs (known as straightline costs bird-flight costs or
unconstrained costsnd theotheris more complicatd transportation networkased
costs ¢onstrained costs)While the Euclidian costare calculated fromBuffer,
Voronoi/Thiessen polygons etthe transportationetworkbasedcostsaregenerally
calculated from average speeds on road segrsantsas 12 km/h for highways50
km/h for main streets and 30 km/h for local streets, @ee several examples;
Ritsema van Eck and de Jong 1999, Makri 2002, Luo and Wang BD®¥, 2004,
Lotfi and Koohsari 2009yicGrail and Humphreys 200%¥ahidnia et al. 2009)

2.5.1.2. Cumulative-opportunity measures

Cumulativeopportunity measures are evaluations of accessibility in terms of
number or proportion of available opportunities within certaatchment area
bounday (athreshold of travel distance or tijndhesemeasureprovide an idea of
the range of various choices available to supply/demand points in urban/rural
environment.

The cumulative opportunity measures usually calculated from major facilities
or centers of population such as cities, distric&tral busines districtsor several
public services such as hospitals, schools, recreation, emergency serviddgetc.
cumulative opportunities can be the total number of,jdlosr spaces, people or
employeesetc. wthin a defined servicetatchment area boundgathreshold of

distance or timeFor example, he total number of schools within 500 meters of
15



districts, thetotal number of customers within 30 minutes of shopping centers or the
total number of people within 15 minutes of city center are good examplessof thi
kind of accessibility measures. (Makri and Folkesson 18&8den et al. 20Q0
Kwan 1998.

The basic formulation for cumulative opportunity mea$‘4r9 is that

A=a0o
t (1)

in which # is thecatchmenthreshold and O, is the cumulative opportunity that
can be reached within threshald

As, all potential opportunitieswhether closer or furthewithin the defined
deterministicthresholdare weighted equallgnd all potentiabpportunties beyond
the defineddeterministicthreshold are not taken into consideration, defining a
threshold is a critical factor in the calculation of cumulative opportunity measures
and directly affect the resultsf the cumulative opportunity measur@dakri 2002,
Makri and Folkesson 199®akri 2001).

2.5.1.3. Supply to demandratio measures

Supply to demandatios, alsoknown as providerto pgoulation ratios, are
another type ofaccessibility measurgsvhich are calculatedwithin the bordered
zones orgeographicalunits such as states, countries, metropolitan statistical areas,
districts, neighbourhoos or catchment/service ardamundaris. As adwanced GIS
tools and expertisis not neededb calculateand required data sources awdatively
easier to obtainhey arewidely observedn the accessibility modelindjteratureas
simpleaccessibilitymeasure

The supply to demand ratios basically need two types of data source which
are supply and demand sourcesie Bupply sources argenerally some service
providerrelated indicatorssuch as number afchools jobs, hospital bed®r doctors
and he demand sourceare generallythe populationrelated indicatorssuch as
number ofchildren employes, economically activpeople etg.andmosty obtained

from the censudiles.
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Although supply to demandratios are useful for making comparisons
betweerseverakzonesasindicators of availabilitytheyhaveseveralimitationssuch
as
1 they do not account fany measures of distance or travel impedance,
1 resultsare blind b accessibilitywariationswithin borderezones
1 results and interpretatiorbtainedfrom deterministicborderedzones
can vary greatlydepending on the sizef the zone which is also well-
known to geographerand spatial analysts as the modifiable hreat
problem(Guagliardo 2004)

2.5.1.4. Kernel density measures

Kernel density measures are based cells named pixels in raster
environment The value of each cell irepresented by the help opee-defined kernel
function which isgenerally a Gaussidternd foundin theGlS-basedSpatial Analyst
modules. The radius of the kernel reflects tliatchment area boundaof the
supply/demand locations.

Thereare mainly two types of datmeededin the calculation of the kernel
density measures, which are the ldica, and capacityof the demand and supply
points After the data is obtainethe densityof the supply and demanslcalculated
separatelhaccording to thelefineddeterministic distanebasedkernelsize, which is
a type of serviceathmentareaboundry. This calculation is performeéh such a
way that the cells near the kernel center receives higher values of supply or demand,
and those near the kernel periphery receive lower values of supply or demand. A
cell's value is inverselgffected from itgdlistancetot he ker nkmthémseofent er .
kernels overlap, either partially or fully, cells in these overlapgimgesreceive a
higherscore that is the sum of contributions from all overlykegnels That is why
the summedkernelscan be quite peakl.

After the density calculation osupply and demandhe supply to demand
ratio is computedin orderto represent accessibilitfhe higheraccessibilityvalues
represent higer supply and lowr demandzonesand lower accessibility values
representower supply and higer demandzonesin thefinal map(Guagliardo 2004)

Although the kernel density measuregive useful information about

accessibility level to services, one of the biggest shortages of the measure is the
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usage of an unconstrained Euclididistanceébasedkernel in determination of the
catchment area boundawithout considering the transportation network.

2.5.1.5. Gravity -basedmeasures

Gravity-basedmeasures represeatcessibilityof any location by weighting
the supply opportunities within a reasonableservicetatchmentarea boundary
according totheir attraction (size, service capacity etcgnd evaluating each
opportunityaccording toa measure ofravel impedance (time or distanggwan
1998, Makri 2001, Guagliardo 2004).

Basic formuationfor gravity model is that

I ©)

in which S; represents the attraction factifrthe suppliegservice size ocapacity)

8
a represents the impedan¢#me or distance (Guagliardo2004). Although the

simplegravity base measufermulations do not consider the size of the demand, the

more sophisticated ones also take the den’’ridto consideratiorin such a way
that

S
d

Ai=g
j

<

J ©)

and

P

— k

Vj - a db

k Kj
4)
P . . . . . d’
where “ & is population size at point (the centroid of a censuisact or block) "

is the distance between tdemandpoint k and supplylocation j. Thedemand on
provider location j is obtained by summing the gradigcounteddemandnfluence
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of all population points within aeasonableatchment area boundafGuagliardo
2004)

Although te gravitybased measurasan be considered asore realistic in
terms of consideringattraction of the opportunities (supplyrovide), demand
(population) andtransportation characteristjahiey have still limitations in terms of
using deterministicatchment area boundes

2.5.1.6. Two-step floating catchment areg2SFCA) measures

The two-stepfloating catchment are2 8CA) measures, which are recently
developed accessibility measures, sn@roved version oSupply to demand ratio
measure. Thae aretwo key difference betweensupply to demandatio measures
and the2SFCA measuresFirstly, 2SFCA measuregse time and distancbased
catchment area boundes rather thanadministrativezonessuch asdistricts or
neighbourhoosl. Secondly, 2SFCA measures could consider accessibility differences
in intersection zones by suming the populatiotio-provider ratios in the study area
2SFCA measuresonsider the idethatthe populationsonly use services within their
catchmenarea The size of theatchment area boundas generally calculated from
average or maximurtraveing costsof time or distancewhere all services within
that boundaryare considered accessible, aldother service®ut of the boundary
areconsideredot accessiblé the population

The first stepof calculating2SFCA s to define a catchment area boday
for a defined time or distance threshaldd determinethe total demand thdalls
within the servicetatchmentarea boundary for each of the service providers
(supply) The division of the total potentiglopulatiors (demandwithin the defined
cachment area boundarto the supply of the eaclservice providers gives the
servicetatchment arehased populationto-provider ratie. The second step of
calculating2SFCA is to determineall available servicegsupply) for each of the
populationgdemand}hat are within theatchment area boungdior a defined time
or distance thresholdThe final step of calculating 2SFCA is sum all of the
populationto-provider ratios calculated in thesecond stepfor each of theoverlay
areas

2SFCA measures pduce more realistic accessibility measuretien
compared with theupply to demand ratiop@pulationto-provider ratioy, however
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they are still unrealisticn terms of using deterministicatchment area boundes
(McGrail and Humphreys 2009

2.5.2. Individual accessibility measures

Unlike place accessibility measures which handle accessibility as an attribute
of locations,individual accessibilitymeasurefiandlesaccessibilityas a property of
people defining how easily mindividual can reach locatiom®nsideringthe spatic
temporalconstraints of the peopkndactivitiessuch as schedule, mobility, budget,
time constraintsetc Individual accessibility measurese more sensitive to personal
traveling abilities to reach activity locationsonsidering spce and timansteadof
assuming that all individuals in onglace have the same level of accessibility
(Hagerstrand 1970, Lenntorp 19#6wan 1998, Pirie 1979, Makri and Folkesson
1999).

The most widely usedhdividual accessibility measuraés the literdure are
known as spaecBme measuresAll types of spacéime measuresre developed
basedupon Higer st r an d 6 sgeogrdpBic/ Hamewdrkwhice can be
considered as an effective tool for understanding individual movementach
serviceand activiy locationsin the environmentWhen compared with theesearch
on place accessibilityneasuresthe research ondividual accessibility measurégas
slowly growed, mainhbecause athe lack ofstronggeocomputationgblatformsand
georeferenced individildevel traveing data. Only from 1990s, GlS-based
researcheand technologieseprovide popularity in the fieldandseveral researchers
have worked on individual accessibililyeasuregNeutenset al. 2007, Donget al.
2006, Kwan 1998, Miller 2003, Kwar024).

2.5.2.1. Spacetime measures

The theory ofindividual spacetime measures was first introduced by
Hagerstrand (1970). Spatime measuresnodel the accessibilityof individuak by
using thevolume and projected are&thespacetime prism as indicators ghysical
accessibility. Hagerstrand (1970) defines three types of constraints, which could
shape of an FHimaprismi dual 6s space

9 Capability constraints

1 Coupling constraints
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1 Authority or steeringconstraints

Capability constraintdimit the activitiesof individuals through their own
biological necessities such as eating or sleeping and physical capabilities such as the
resources they can comman8or example,individuals eating and sleeping
characteristics can be different from each otheriraividuals with private
automobiles can generally travel faster through space than individuals who walk or
rely on public transportatiorCoupling constraintselate towhere, when, and for
how long individuals have to join other peop$grvice andactivity locatonsin
space and timeAuthority or steering constraints rédato the institutional context
and refer to laws andegulations, whichdefines thatspecific locationsare only
accessible at specific times for specific peomad for specific activities
(Hagerstrand 1970, Neuters al.2007, Kwan 1998Miller 2003.

The basic conceptudlem in the spacetime framework is the spadane
path, which traces the movement of an individual in space and time. In addition to
tracing movement in geographic spacent location to location, it also traces
simultaneous movemefrom timeto time(Figure2.1). The path is vertical when the
individual is stationary in space (but always moving in time) #mal path is
horizontalwhen theindividual is movingin space and in timeThe slope inthe path
indicateshow fastindividual is movingby using a potential transportation mode such
as pedestrian, bicycle, car or public transport(ldegerstrand 1970, Lenntorp 1976,
Miller 2003)

Time

Geographical
space

Figure2.1. The pacetime path(Miller 2003
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A spacetime prism (STP) is an extension of the spawe path thatlefines
a potentialaccessibilityspaceconsidering individual constain{&igure 2.2). In this
regard, a person must be at a given location (e.g. work) until time t1 and then must
return to work again at time t2. If an average travel velocity is assigned for the
i ndi vidual 6s betwesetl and t2e pdientidlgpath space (PPS)
showing all locations in space and time that the person can occupy can be calculated.
If the person wants to visit an activity location in his or her free time budget, its
spacetime path must intersegtith the pdential path space. Projecting the PPS to
the twadimensional geographic plaf@msthe potential path area (PPAhis area
definesthe set of geographic locatis that the person can occupy.

T: Time Budget
v: Travel Velocity

Geographical
space
Potential path area

Figure 2.2. The spacetime prism (Miller 2003 reproduced from Wuand Miller
2002)

Ha ger st r ageodrépbic ftamewerk has inspired a great deal of
researchers in their studissich asLenntorp 1976, Lenntorp 1999, Kwan 1998,
Miller 2003, Kwan 2004, Donget al. 2006, Neutenset al. 2007. Although the
framework provides as an effective infrastructure for understanding individual
movement to reach service and activity locations,mhajorproblem with spacéime
measures ighat they depend on large amountsimdividual information about
completed trip@ndactivities, whichmakes itdifficult to use spacéime measures in
large scale projectgPirie 1979, Kwarl998).
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2.6. GIS-basedaccessibilitymodeling techniques

The literature orGIS-basedaccessibility modeling témiquescan generally
be divided intahree, whichare
Zonebased technique
Isochronalisochronebased technique
Rasterbasedtechnique (Makri and Folkessorll999 Juliao 1999,
Chen 200D
The techniques arslightly different from each otheand they have similar
runningsteps, whictare
i data acquisition and integration phase
1 traveling ostcalculation phase and
1 visualizationphase
Data acquisitin and integration phase contgineparation of geographical
information, which are mainly sociceconomic¢ transportation and land use
information. Traveling cost calculation phase contains calculation of cell crossing
time in raster environment or calculation of the Eucledian/transportation network
basedimpedancesn vector environment. Mgualization phases the last stepn
accessibility modelingand contains presentation of thealculated accessibility

measures

2.6.1. Zone-based technique

In zonebasedtechnique calculatedaccessibilitymeasures areepresented
inside the definedborderedzonessuch as stage countries, metropolitan areas,
districts, neighbourhoos or any catchment/service areBgterminationof the size
of theborderedzones is generally determined by threm, theobtaineddata and the
detail needs of the study. While a national or redi®tale accessibility study
generally requires a coarse zone representation such as state, country or district
boundaries, a local scale accessibility study can requineatierzone representation
such asneighbourhoodor parcel boundariesdowever,it must also be taken into
consideation that the data is more difficult to obtain for the smaller zosegh as
parcels ancheighbourhoosl when compared to coarse zones such as districts and
countrieg(Halden et al. 2000).
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In zonebasedaccessibility modelingechnique travelling cost calculation
betweensupply anddemand points are usually based on zbeecentroids, which
are geometric center of zonda. GIS environment, zonatentroids aregenerally
used as representatives of therderedzones(Figure 2.3) and help tocalculate
traveling costdbetweensupply anddemand pointsAlthough zonebasedtechnique
has an advantage of easier comparison of accessibility scores between the bordered
zones,two main disadvarages of the techniqueare that the wholearea inside the
zones are represented with the same accessibiMijue and a constantcatchment
area boundyr (average or maximumcatchment area boundgar based on
deterministic traveling costs such as Euclidiarstatice costs or constant

transportation networkasedcosts are used to model accessihility

Boundary of accessibility calculation
Zone

Centroid of the zone (used i traveling cost
calculations)

Figure2.3. Centroidof azone

Chen ( 200 0 neat thesekamplegf the nebasedtechnique for
modelng of accessibility by GIS By using thedata of shopping opportunities
(number of retail employment in eaaeighbourhoodind travel timedatabetween
neighbourhoos (Figure 2.4), Chen (20000 s  sntodetsloppihng accessibilityof
Dallas/Fort Worth regiofoy car and public transduring offpeak hoursThe retail
employment distribution boundaries are used as zone elements and different
accessibility measures such as travel time and distéfigare 2.5), cumulative

opportunity(Figure2.6) and gravity(Figure2.7) are measurednd compared.

24



Retail employment
) Low
| |

=
P

origin zone |destination zone travel time distance

i 3 28.08 18.15
1 5 16.48 9.82
1 3 19.08 13.07
1 7 2433 16.33
1 g 2361 15.34
1 3 1857 11.25
1 10 16.83 3997
1 11 11.94 6.87

Figure2.4. Retail employment distribution in Dallas/Fort Worth aseal travel time
between zone&Chen 2000)

Accessibility

Low

Figure 25. Zonebased technique representations of accessibility (travel
time/distance mesaure)
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Accessibility

Low

High

Figure 2.6. Zonebased technique representationt accessibility (cumulative
opportunity measurglChen 2000)

Accessibility

Figure 2.7. Zonebased technique repm@ntations of accessibility (gravity measure)
(Chen 2000)
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The shopping accessibility as travel distance/time measure is calculated with
the following equation

A=a t;
J (5)

wheretij is the ninimum total travel time between the centroids of zones i and j by
auto and by transit in off peakours. The calculated minimum travel cost values are
used to model accessibility as a travel time distance measure irbasee
technique.

The shopping aessibility as cumulative opportunity measure is calculated
with the following equation

A=aR

t..
ij<T (6)
wherei is the origin zongj is the destination zomﬁi is the retail employments in

destination zoneFij is the travel time between zones i and js the time threshold
which is set as 30 minutes for auto and 45 minutes for transit in the SJtady.
cumulative retail employments, with traveling time less than the time threshold of 30
and 45 minutes,is used torepresent shopping accessibility for each zone as
cumulative opportunity measure
The shopping accessibility agavity-basedmeasure is calculated with the
following equation
€1, logR o
Al=é-Qq )

— U
éj j=1 Iog Hij [] (7)

where i is the retail employment in zoneJ is the total number of zones in the

area v is the transportation impedance element. The cumulative retail
employments divided by the transportation imgance without @y defined
threshotl, is used tarepresenshopping accessibility for each zonegaavity-based

measure.
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Kwan (1998§s studyfor Franklin County, Ohias another example @IS
basedaccessibilitynodelingin zonebasedechniqueinKwan (19 9 8jnes st u
basedaccessillity is modeled as a cumulative opportunagd gravitymeasure for
20, 30, and 40 minutes of time thresholds by usliggtal transportationnetwork
data of Franklin Countyand parcel boundariesdata including various kinds of
shopping and retail facilés such as restaurants, personal business establishments,
banks, entertainment, outdoor attes, educational institutions amdfice buildings

In calculation of travel timeand distances between land parcels, gaecel
boundaries are converténto point-basedcentroids and all poirib-point distances
between land parcels are measured in termshoftesttravel time (minuteg by
considering the Frankli€ounty transportation network. Seven road classes in the
digital street network are classifiedtonthreemajor categories in ater to simplify
the computational process the study. Travel impedarceare assignedto the
transporationnetworkasconstantiverage travetg speedsuchas;

1 55 miles per hour for controlled access freeways,

1 25 miles @r hour for state highways and municipal arterials without
access control and

1 15 miles @r hour for other city streets

The travel time is further adjusted upward 25 percent to tia&edelays at
traffic lights and turnento account.

In calculation of tle weighted sum of shopping opportunities in a particular
parcelfor the gravity measureeach of theparcel areas multiplied by a building
height factor.The building height factor is set to 1 except that; a value of 0.5 is
assigned tomulti-storey retdi structures,a value of 2 is assigned to walk up
commercial buildings with three or more stories and elevator commercial buildings
with three or more storiea value of 4 is assigned to non downtown locations and a

value of 10 is assigned to downtotagcations.

2.6.2. Isochronal (isochronebased) technique

In isochronal technique, accessibility measures are representedns of
isochroral polygons which arealso known as the catchment or service gaggon
boundaries. Isochronglolygon boundariesconnectequal travel timeor distance

pointsaway from one or more reference psi@.g.supply or demand)
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Isochronebasedaccessibilitypolygon boundariesare calculatedfrom either
constant averagegansportation networkasedtraveling costssuch as 120 krh/for
highways, 50 km/h for main streets and 30 km/h for local streets, etc. or
unconstrained Euclediandistance based costs (straightline/bird-flight based
distancey such asbuffer, voronoi (thiessenpolygons without considering the
transportation netark.

Whenan origin isdefined asa reference poinsuch asa demand or supply
locaion, isochronalpolygonboundariexcan be drawty connectingall points in all

directionsfor an equalhreshold of time odistance figure2.8).

unconstrair}?q isochrones transportation network constrained isochrones
(17—~ Startfpoints‘ \‘\ 1\ /] /
((®))NU®) S
buffer L
\ |
N &)
\ ¥ I
P\ &
7"3" v%?// & ] & v ‘
YA L+ @ , S 3
. f}’ e < & ) Source: http:fwwny gisdbusiness.co ukfproductDetail aspx?PID=4
* Y @ &b 3
|
) e ¥ Startireference points
YOronoi {supply or demand locations)

Figure2.8. The isochronal representation of accessibility

The buffer and voronebasedsochrononapolygonboundarieshaveregular
shapebecause of their unconstrained structud®wever, transportation network
basedisochronalpolygon boundariesre constrained by the transportation network
and can haveirregular shapeasthe costs in a transportation network can provide
traveling faster in some directions and traveling slower in rottieections
(Transportation Statistics Annual Report, 1997).

Isochronaltechnique can beused in calculation of several accessibility
measures ranginfrom simple to sophisticateBor example,

1 10 minutes catchment argaolygon boundary of supply/demand

pointscan be calculated as a travel time/distance type of measure
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1 Total number of cumulatesupply/demand pointaithin 10 minutes
catchment area boungarcan be calculated as acumulative
opportunitytype of measure or

1 Total number of weighted sulydemand points within 10 minutes
catchment area boundarcan be calculated as a gravity type of
measure etc.

Dodge and White( 1 9 9 Stu)dy ®m is anexample of isochronbased
representation of accessibility for public services. Shely calcultes isotironal
accessibility in terms of an unconstrained/bird fligigtance measure and tries
understand hoviar people hee to travel to reach a healthcare service in Wales. For
this reason5 km buffer is createds a catchment area boundargund everygply
points of healthcare servicesd critical zonesare found where accessibility to the

clinics could be a problematid-igure2.9)

5 KM Buffer Around GPs
With Asthma Clinics

Mertin Dodgo - May 1995 M [ &M BUFFER 20NE
e, & nagenel Pl organ + ED CENTROID

Figure 2.9. The simple repesentation of isochronal accessibil{fyodge and White
1995)

Mur ad (2004) 6s study al so i nvestigat
medical center in Makkah City, Saudi Arabia in isochronal techniByeusing a
road network that shows all types of roadghe study area and a medical center
location in point format, a transportation netwtksedservice/catchment area is
defined in ArcGIS Network analyst software environment and supply/demand

opportunities inside the service/catchment area are anglygpde2.10). Then the
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outputs are used to define the priorities in health care plans, shortages in actual

catchment area and the need for additional healthcare resources.

Figure 2.10. Catchment area of a medical centre in Makkah City, Saudi Arabia
(Murad2004)

Although isochronabasedechniques widely used in accessibility modeling
literature one of theweaknesses of the isochrortachniqueis that accesiility
measures are highly sensitivettaveing time/distance basedostsanduserdefined
thresholds Slight change in travelingcoss and userdefinedthresholdscan create
significant changes isatchment area polygon boundaries aedcedirectly dfect
the amount of supplyand demandopportunities.Consideringseveral costs and
thresholdscan provide more realistic decision support for decision makers who are
supposed to deal with accessibility, location/allocation and service/catchment area

relatal issues

2.6.3. Raster-based technique

Pixel, which isalso calledcell, can be defined as the smallest unit in raster
environment.In rasterbased techniqueaccessibility measures are represented by
rasterbasedpixels instead ofvectorbasedpolylines or paygons The supply and
demand locations anithe transportation network are the main inputs of rdsieed
technique By considering traveling costs in the transportation netywex&h pixel in
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raster environmengenerally gets an accessibilitgcore, whib is based on its
proximity to nearest supply or demang@portunity
There arethreemain phasein rasterbasedmodelingof accessibility, which
are
1 data acquisition anisitegration
1 cost surfacgreparation

1 accessibilitynodeling andrisualization

Dataacquisition andntegration phase includes preparatiordafain which
supplydemand locationand transportation netwodataare obtainedand converted
into a commorrasterformat Cost surface preparation phase includegermination
of traveling cost for each of the individual pixel on the transportation netwari
calculaton of cell crossing costginally, accessibility modeling andisualization
phasancludesmeasurement and representatio@afessibilityscoredn rasterbased
environment by considering, supplydemand locationstraveling costs and cell

crossng time(Figure2.11).
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Figure 2.11. The rasterbased representation of accessibi[ESRI Ugr Manuel

2010)

Rasterbased technique is generally prefered in regional studies, which does

not necessitate high spatial accura8gcause of pixebased structure of the raster

based technique,avking in raster environment reduces the geometrical acywé

accessibilitymeasuresHowever,it enables continuous representation of accessibility

scoresand opens a wide range of neasteranalysis capabilities.

Juliao (1999 s study i s

a n-based aepresénttiono df

accessibility. The study calculates accessibilityscores of municipality towns,

highway nodes and city centre in Portugal and giaedetailed explanation of

covered stepm terms ofrasterbased representation of accessihility

In the dataacquisition andntegration phasethe basic data of supply and

demand points and the transportation networkadireonverted into raster format.

First, ransportation network igassified according ttheroadtypes, which are Main

highway (IP), Main lane (P2), Complementary highwa{lC), Complementary lane

(IC2), National Road, Regional Road, Municipal Road &twen, all of the data are

converted into rastdormatwith a pixel dimension of 100 metgfSigure2.12).
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Head of Munmicipality

Road Network
N/ P Highway
N 1P 2-lane
SSETEA IC Highway
IC 2-dane
MNacional Road
- Regional Rood

Figure2.12. Road network data in raster fornfatiliao1999)

In the mst surfacgreperatiorphase, celtrossingtime for eachof the pixel

is calculatedy using the following equation

P*60

TS*1000 ©

where CCT is thesell crossingtime in minutes P is thepixel size andTS is the
averagetraveling speedin kilometers per houtkm/h) according to classified road
segments in the transportation netwdtkr examplaf a vehicleis travelling inroad

typeMain Lane (IR), cell-crossingtime (CCT)is calculated as belowequation

* %
_ P*60 _ 100*60 2220.0750
TS*1000 80*1000 80

9)
With the samdogic, entire cell crossing times according to average speeds
are calculatedby considering different road categoriesthe transportation network

(Table2.1).
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Table2.1. Cell crossing time according to average spéédso 1999)

Road Cat ) Average Speed | Cell Crossing Time
oac Laleory (lam/h) (minutes)
IP highway 110 0.0545

IP 2 lane g0 0.075
IC highway 110 0.0545
IC 2 lane 70 0.0857

National Road 60 0.1

Regional Road 35 0.1091

Municipal Road
Hicipa hoa 50 0.12

(former national)
Municipal Road 50 0,12

To fill the gaps between road infrastructures embaveaccessibility scoe
for the whole territory,an average walking speeaf 6 Kmh is used as an average
pedestrian speeanlitsideof thetransportatiometwork

In the accessibility modeling and visualizatighase supplydemand
locationsand cell crossing timare usedo calculate several accessibility maps
Portugal for different time thresholds. These aweccessibility map of the
municipality towns Figure 2.13), accessibilitymap of the highway nodesFgure
2.14) and accessibilitynapof the city centre LisborHgure2.15).
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Figure 2.13. Accessibility of municipality towrs in Portugal in rastebased
techniqugJuliao1999)
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Figure 2.14. Accessibilityof highway nodesn Portugal in rastebased technique
(Juliao1999)
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Figure 2.15. Accessibility of Lisbon in Portugal in rastebased techniquéJuliao
1999)

Ebeneret a. ( 2005) 6s study 1 s anotkased r ese:
techniquethat models healthcare accessibility foedestrians. According to the
study, most of the accessibility modeling research involve vector approach, which
relies on high quality road network and supply/demand information. However, an
advantage of rastdrased technique is that they do not restrateling by physical
road network and provide a continuous accessibility environment with a free travel
across the terrainF{gure 2.16). With this in mind, healthcare accessibility for
pedestrians is analysed f@BO minutes of threshold time by using two different
types of traveling costs, which are called isotropic (do not consider effect of slope
and landcover in calculation of traveling costs) and anisotropic (consider the effect of
slope and landcover in calation of traveling costs). In isotropic approach, a fixed
average travelling speed is used. In anisotropic approach several average travelling
speeds considering different landuse and slope type are assigned and the accessibility

map results are compar@eigure2.17).
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Figure2.16. Extension of the catchment area in ratt@sed techniqug@Ebeneret al.
2005)
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Figure2.17. Healthcare accessibility for pedestrians by using résteed technique
(A-digital elevation model, Banduse types <@ccessibility results{Ebeneret al.
2005)

2.7.The role of GIS in physical accessibility modeling
2.7.1. The contribution of GIS into physical accessibility modeling

Sincephysicalaccessibility measures describe the spatial characteristics of a
locationand needarge amount of computation awdganisation between huge and
complex spatial data sew¢cessibilitymodelingoften and unavoidaly lends itself
to Geographical Information Systems technologiasterms of datacollection,

manipulation progranming, topology,analysisand presentatiorelated issues
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As GIS have unique capabilities handlespatialdata andperationgelated
to positions on the Earth's surfacevith an integrated database of basic
transpotation, landuse andsocioeconomial datg GIS could provide a powerful
interface andnfrastructurefor the decision makers who are supposed to deal with
accessibility, locatin/allocation and service/catchment area related issfies
accessibility measures such as transportation, landuse and/cesonamical data,
accessibility modeling needs a GIS environment.

The generalsupport of GIS inaccessibilitymodelingcan be sunmarized as
below,

9 Data collection relatedsuppors (GIS have capabilities to capture
store integrate an@onvet spatial and attribute dgtd&or example,

o GIS can support stoling complex transportation network,
supply/demandor origin/destination relatel datasetsin a
commonraster or vectoenvironment

1 Data manipulation related supm(GIS have capabilities to select
guery, calculate update classify spatial and attribute dataFor
example,

0 GIS cansupportclassificationof transportation networklata
according to road type or roadpacityand classification of
supply/demand or origin/destination locatiomata according
to their weight,importanceetc)

0 GIS can support calculation of new information from
classified datasetsy usingattribute téle data(e.g.calculaton
of traveling timeon main roadsegmentdy using road length
andaveragespeeddatg

1 Spatial aalysis related support&(S have capabilities to operatital
raster and vector based spatial analysigctionssud as proximity
(buffer, voronoj density etc.), spatial overlay (union, intersect, zonal
statistics etc.) andetwork analysigshortest pathservice areacost
distancegtc) For example;

o GIS can support calculating proximity between
origin/destination location®r peforming network analyses,

(e.g. creating 1 kilometers Eucledian distance buffar
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creating5 minutes transportation netvk based service area
boundary
1 Topology relatedsupports GIS can handleaccessibility related
topologicalrelationships between nogl@rcs polygons centroids etc.
and help to understand how transportation networgupply/demand
segments connect and relate to each btRer example;

0 GIS cansupportbuilding traffic regulations of streets such as
oneway streets, closed street®verpasses, underpasses,
delays in intersections

o0 GIS cansupportdetecting cumulative number of opportunities
insidecatchment area boundes

1 Programmingrelatedsupports(GIS have capabilitiego create, edit,
and managecurrent models or create newmodels by providing a
specific programmingnvironmenk For example,

o0 GIS cansupportdevelopinga newtoolbox / usetinterfacethat
handles stochastic modeling of accessihility

1 Mapping and presentatiorrelated supportsGIS have capabilities to
present accessibility maps with opportunity of different scale
(1/1000, 1/5000 etc.), differerttata classificationmethod (hatural
breaks, quantile, equal interval, standard deviation), ediifferent
dimension (in 2D or 3D dimension, various color choices (red
yellow etc.) and various figure choices (square, circle etEgQy
example

0 An accessibility map can be presented0, 15, 20 minutes of
accessibility of fire brigades in 3D with different colors)

(Black et al. 2004, Peters and Hall 1999, MacFarlad@e5, Ebener et al.
2005)

2.7.2. GIS-based accessibility modeling examples

As physicalaccessibilitymodelingunavoidablylends itself to &IS platform,
many GlS-basedaccessibility modelingesearchcan beobserved in the literature,

especially in the last dades. This partof the researcekummarizesome of theanain
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and widely observeds|S-basedaccessibility modelingesearchexamplesin the
literature.

Boulos et al. (2001)Ghio et al. (2007) Chapelet and Lefebvre (200&ipd
Black et al. (2004are someof the GIS-basedexampleghat model accessibility as
Euclediandistance based travel distancemeasureand cumulative opportunity
measure.

Boulos et al. (200D s  scalauldtgghealthcare accessibility fodacational
facilities in London, as Euclediastistance based travel distance and cumulative
opportunity measuréy using isochronal techniqué00, 200 and 300 meters of
constantdeterministicEucledianbased buffersre created around each educational
facility as atraveldistance measum@ndnumberof health services inside each of the
buffer area iscalculatedas a cumulative opportunity measure ArcView GIS

softwareenvironmen{Figure2.18).

Figure 2.18 100, 200 and 300 meters of constant deterministic Eucleosed
buffers around each educational facility in London, (B§ulos et al2001)

Ghioet al.(2007) s sig anathgr example that meashesalthcareservice
accessibilityas Euclediasdistarce based travel distance and cumulative opportunity
measure by using isochronal technigmeorder to find outhe average distance to a
healthcare facility from a populated amadthe critical areas that should be targeted

for a new facility (a mobilelinic), a GlSbasedouffer analysis is performed and-un
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