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ABSTRACT

Reliable Origin-Destination (OD) matrices are important for transportation planning and
analyses. However, detailed field data collections by means of extensive questionnaire
surveys or license plate matching are very expensive. On the other hand, mobile phone users
leave footprints of their approximate locations whenever they make a call or send an SMS.
As mobile phones have reached a high penetration rate in both developed and developing
countries, the mobile phone call records can be used to extract the OD patterns of travelers.
This can be scaled up to determine the actual OD matrix of a transport network.

In this thesis, two kinds of data are used for constructing the OD matrices: mobile phone Call
Detail Records (CDR) and traffic counts extracted from video recordings. CDR is collected
from Grameenphone (GP), the largest mobile operator of Bangladesh. The Dhaka city major
road network has been divided into 29 nodes. Each BTS (Base Transceiver Station) is
assigned to a specific node. So if someone makes a phone call, his/her location is represented
in terms of a definite node. If he moves to another node and makes another call then its
position is updated to that node and an entry is recorded in the corresponding OD. The
database management software MySQL and MATLAB are used to process data from
1,397,118 users (one day) to determine the OD pattern (termed as seed OD in this thesis).
Video data is also collected for three selected days of the same month (eight hour each day)
in thirteen important locations of Dhaka city road network. The traffic of Dhaka city is then
simulated using a modified version of the microscopic traffic simulator MITSIMLab. The
mobile phone CDR data are used as seed OD and an optimization based approach is
deployed to determine the scaling factors that minimize the differences between the observed
and simulated traffic counts.

The main outcome of this research is a methodology to calculate OD matrix for microscopic
traffic simulator using mobile phone CDR data and limited traffic video data. This approach
is not only economic but also suitable for easy periodic update of the OD matrix and also
extendable in the context of dynamic traffic simulation. This could be a useful tool for local
transportation agencies for generating their local OD matrices and subsequently using those
in the microscopic simulation software for evaluation and impact assessment of alternative
transport policies. It may be noted that although this research has taken Dhaka network as a

test scenario, this methodology can be used for other city networks also.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Reliable data on usage pattern is an essential pre-requisite for transportation planning
and design. The most commonly used form of data required for planning and design
purposes is traffic flow rates in between the different zones of the design area or
between different nodes of the transportation network. For example, to design a road
connecting Point-A to Point-B, it is vital to know how much traffic (or how many
people) are going to travel through that road. If the flow in between the point is low,
then a single lane or dual lane carriageway may be sufficient. If the flow is greater,
than the number of lanes can be increased according to the traffic needs. If the flow
is not known than the design may be uneconomical (over-designed) or may be
insufficient (under-designed). So for a perfect demand responsive design it is
important to know the point-to-point (or zone-to zone flows in case of more
aggregate level analyses). These zone-to-zone or point-to-point flows are presented
by Origin-Destination (OD) matrices. OD matrix is not only important for
transportation planning and design but also for transportation management purposes.
For these reasons, a reliable and up-to-date OD matrix plays a fundamental role in
successful transportation analysis.

Determination of the OD matrix is not a trivial task. Household survey data, roadside
survey data, video data etc. are the main sources of data for generating OD matrix.
But higher cost, longer time and lower reliability of those data collection has turned
the transportation engineer to seek for different source of data for OD matrix
generation. Modern trend is to use ubiquitous data sources like GPS, Mobile phone
as a good source of data in transportation sector. Using these data, though still mostly
limited to academic research, has already proven its superiority over the other data

sources.

Now a day’s mobile phone has become a part of parcel of everyday life. In

Bangladesh the uses of mobile has been increasing. As mobile is carried everywhere



a person travels so it can be a good source of travelling information for transportation
engineers. But the use of mobile phone data has been mostly limited to some limited
field. Phithakkitnukoon et al. (2010), Phithakkitnukoon et al. (2011) and Reades et
al. (2009) work on visualization. Aggregate level analysis was done by Gonzélez et
al. (2008), Song et al. (2010), Simini et al. (2012), Candia et al. (2008) and Sevtsuk
et al. (2010). Schlaich (2010) works on route choice modeling. Origin-destination
flow estimation has also been done by Friedrich et al. (2010) and Calabrese et al.
(2011) using mobile phone details data. But none of those used CDR data to generate
OD matrix. This thesis has used Mobile Phone CDR data to generate a OD matrix
which is a new addition in this field.

1.2 Research Objective

The main objective of this study is to generate an OD matrix (for the input of a
microscopic traffic simulator) using the mobile phone CDR along with limited
aggregate traffic counts (extracted from video data) collected from Dhaka city. The

specific objectives of this thesis are as follows:

e Collecting mobile phone CDR and video data

e Create seed OD matrix using mobile phone CDR

e Determine the scaling factor by incorporating an optimization algorithm in
conjunction with a microscopic traffic simulator

e Determine the actual OD matrix

The main outcome of this research will be development of the framework for
calculating the OD matrix using mobile phone CDR and limited traffic count data
and demonstrating it for the context of Dhaka city, Bangladesh. This approach is not
only economic but also suitable for easy periodic update of the OD matrix and also
extendable for dynamic traffic simulation. It may be noted that although this research
will use Dhaka city as a test scenario but this methodology can be used to other
networks also. This method would be very effective for generating complex OD
matrix where land use pattern is heterogeneous and asymmetry in travelling pattern

prevails.



1.3 Thesis Organization

Chapter 2 presents a review of available literature about various methods of OD
estimation theories as well as of the new trends to use ubiquitous data in

transportation engineering.

Chapter 3 describes the methodology employed in this study to achieve the stated
objectives and the data collection techniques for this purpose.

Chapter 4 describes the details data collection procedures and description of the data

for the case study.

Chapter 5 deals with different aspects of data analysis and development of models on

a step by step basis.

Chapter 6 presents the conclusions of the entire study and suggests recommendations

for future research.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Many methodologies have been developed to estimate the Origin-Destination(OD)
matrix. All those attempt to make the OD matrix more reliable with low cost and
efforts. The traditional way of determining OD matrix is to use extensive surveys,
license plate matching and/or link counts. The availability of ubiquitous data sources
(like GPS data, mobile data etc.) has lead the transportation engineer to use those
data in OD matrix estimation. In this chapter the details literature review of OD
estimation is described. Some modern trends of mobile data uses in transportation are

also discussed here.
2.2 Origin-Destination Matrix Estimation Models

There are many models for Origin Destination Matrix estimation. Lots of review has
also been done on those models. Among those Abrahamsson (1998) gave a good
review on existing literature on estimation of Origin-Destination Matrices using

traffic count. The main part of it which is related to this thesis is presented below.
2.2.1 Problem specification

The region is divided into a number of zones represented by centroids. A set of
directed links A connect a set of nodes N and the centroids makes up a subset of
these nodes. For a subset, A of the links and for a specific time period (e.g. peak
hour, average day), traffic count data are assumed to be available. The estimation
problem is equivalent to finding a reasonable OD matrix g which, when assigned to
the transportation network, reproduces the observed traffic count data. In a practical
application the reproduction might not be exactly achieved for all traffic counts. This
may be explained by internal inconsistencies in the traffic counts due to traffic flow
collection at different times or the aggregated transportation network representation.
The static OD matrix estimation problem treated here is referring to observed traffic



counts for one single time period.

A crucial point in the estimation of an OD matrix using traffic counts is the
assignment technique used: what route(s) in the transport network do trips from zone

i to zone j take. The matrix P with elements pf; represents of the proportion of trips

between zone i and zone j that uses link a,

0<pj<1

For a given link a, the sum of all g; (OD-flows from i to j) traversing this link is the

link volume, V,. The car occupancy factor R (assumed to be 1:25) is included in this

fundamental equation relating the link volumes and the OD-flows:

1
V,= ;21-,-193- gij a€A (2.1)

Where, A is the set of links in the transportation network. The matrix with elements

pi; is often denoted the assignment matrix P. Depending on the treatment of

congestion exogenous or endogenous determination of the assignment matrix is

postulated:

I.  Proportional assignment: In this case we assume independence

between the traffic volumes and traffic proportions pj;. The link

volumes (v,) are proportional to the OD-flows (gij). The proportion of
travelers choosing a route will not depend on congestion in the
network but only on traveler and route characteristics. The values of

pi; can be determined before the estimation of the OD matrix is done

and taken as exogenously given. The “all-or-nothing” assignment
method can be used: all-or-nothing assignment of traffic is obtained
when all traffic, for all OD pairs, is assigned to the cost minimizing
route(s).

Il.  Equilibrium assignment: Wherever congestion effects are important,

equilibrium assignment is a more realistic approach. The cost for



travelling on a link depends on the flow volume, through a cost-flow
relation. Equilibrium assignment techniques try to satisfy Wardrop's
first equilibrium principle (Wardrop, 1952): the traffic system is in
“equilibrium” when no traveler (user) can achieve a lower travel cost

by switching to another route. The value of pj; will depend on the
volume on all links, i.e. pj; = p%i(v), and cannot be determined

independently of the trip matrix estimation process. The equations

(2.1) become nonlinear in v.

A flow pattern with link flows v,, a € A, and a related assignment matrix P(v) that
fulfills the equilibrium assignment requirements of ii) is recognized as being of the
user-equilibrium type. The travelers are said to comply with a user-optimal behavior.
Alternatively, a stochastic equilibrium concept can be employed that takes into
account that travelers have different perceptions of travel costs, e.g. due to individual
variations. The result is that multiple routes with unequal travel costs are used
between any pair of zones. As noted in Cascetta and Nguyen (1988) the
computational complexity of an OD matrix estimation model depends largely on the
assignment technique used. Building on an equilibrium assignment technique and
explicit treatment of congestion effects is more burdensome than relying on
proportional assignment.

Given observed link volumes $,, on a subset of the links 4 and traffic proportions pjj

the OD matrix g is determined by solving the equation system (2.1). This equation
system is normally highly underspecified: there are many more elements in the OD
matrix g than links for which traffic counts are collected. Thus additional data (prior
information) and/or assumptions about the travel behavior are needed in order to find

a unique OD matrix.

A central part of the prior information is the target OD matrix. In statistical
approaches the target OD matrix is typically assumed to come from a sample survey
and is regarded as an observation of the “true” OD matrix to be estimated. The true
OD matrix is assumed to belong to some statistical distribution and may be obtained

by estimating the parameters of the statistical distribution. In traffic model based



approaches, the target OD matrix is normally assumed to be an old OD matrix and
one may ask for adjustments of the target OD matrix to satisfy the traffic counts. The
distance between the estimated OD matrix and the target OD matrix is minimized
subject to the flow constraints. In common for both approaches, the problem of
finding the OD matrix g, given the target OD matrix g, is stated as minimizing a
function F1(g; g). In the notation below all prior information on the OD matrix is

contained in the target matrix g.

Statistically, the observed set of traffic count data may also be assumed to be an
observation of the “true” traffic count data to be estimated, related to and obtained as
an assignment of the estimated OD matrix. Also for other reasons, touched upon
above, deviations between estimated counts and observed counts may be accepted
(this conception contrast with the alternative assumption of exact reproduction of the
observed traffic volumes). Hence, an OD matrix is sought which produces “small”
differences between the estimated link flows v and the observed flows v. This
ambition can be expressed as a criterion F, (v; ¥) to be minimized subject to the

assignment constraints.

Although the underlying motivations and assumptions of the OD estimation
approaches differ the related optimization problems can be expressed in the
following general form: Determine the demand for traffic between zones of the

region, i.e. the OD matrix g solving the program:

minF(g,v) = y1F1(9,.9) + v2F2(v,¥) v,g=0
s.t, v=assign(g) (2.2)

Where g is the target OD matrix and ¥ the observed traffic counts with F; and F;,
being some distance measures. The assignment of g to the transportation network is
denoted assign(g), leading to a split of the OD-flows (gij) over available routes with

path flows (hi).



If the target OD matrix is very reliable and accurate y; should be large compared to
v2 wWhich would result in a g close to g. Then larger deviations between v and ¥
would be accepted. If, on the other hand the observed traffic counts are reliable
compared to the information in g the magnitude of y, should be large compared to
v1. The second part of (2.2) would then guide the optimization, leading to estimated
flows (v) that are close to the observed values () while larger deviations between
the estimated OD matrix (g) and the prior information (g) would be accepted. The
values of the weights (y;) are thus closely related to the conception of the modeling
situation. General multi-criterion models in the case of proportional assignment were

discussed in Brenninger-Gothe et al. (1989).

The distance measures F; are mainly of the minimum-information type and F; is
often taken to be a Euclidean distance measure. In principle, any other combination

of measures is conceivable.
2.2.2 Survey of modeling approaches

In the survey below, the first category of approaches is based on traffic modeling
concepts. These approaches include the “minimum information” (“entropy
maximizing”) model and combined models for traffic planning. An estimate of the
OD matrix is obtained by direct solution (F; = entropy measure) or by estimating the
parameters of the combined model. The second category, statistical inference
approaches, includes the Maximum Likelihood (ML), Generalized Least Squares
(GLS) and Bayesian Inference approaches. Here the traffic volumes and the target
OD matrix are assumed to be generated by some probability distributions. An
estimate of the OD matrix is obtained by estimating the parameters of the probability
distributions. The target OD matrix g is in traffic modeling approaches normally
obtained as an old (outdated) OD matrix, while statistical approaches rely on a target

OD matrix obtained from sample surveys.

Gradient based solution techniques have been proposed, that solve optimization
problems obtained from traffic modeling or statistical inference based approaches.

This technique is important because an efficient solver is provided which can and



has been applied to large-scale estimation problems based on equilibrium

assignment.

Earlier reviews have been published by Cascetta and Nguyen (1988) and Nguyen
(1984). Cascetta and Nguyen focus on statistical inference techniques while Nguyen
concentrates on minimum information or entropy maximizing approaches. The
survey of Cascetta and Nguyen does not promote any particular approach but
provides a general framework for the problem of estimating an OD matrix from
traffic counts. Nguyen (1984) only considers car traffic while Cascetta and Nguyen
(1988) also consider transit traffic. In Fisk (1989) three entropy maximizing models
are compared and under certain conditions shown to result in equivalent estimates.
Some issues of implementation and computation are touched upon in this section.
More comments related to these issues can be found in the annotated bibliography of
section 4. This survey differs from the other reviews by its explicit intention to

identify candidates for medium scale applications.

The categorization used is not the only relevant classification. Referring to the figure
in the introduction another classification is related to the treatment of congestion. In
the characterization used by Florian (1986) the models are classed into three groups:
network equilibrium approaches, gravity-entropy models and combined distribution-
assignment models. Most equilibrium based methods have not been applied to

networks of sizes relevant in practical planning situations.

2.2.2.1 Traffic modeling based approaches

Because the information provided by the traffic counts on some links is insufficient
to determine a uniqgue OD matrix, it is possible to argue that one should choose a
“minimum information” OD matrix. This is an OD matrix that adds as little
information as possible to the information in the target OD matrix, while taking the
equations relating the observed traffic counts with the estimated OD volumes into
account. The estimated, minimum information matrix is obtained from minimizing

the function | that correspond to F; in equation (2:2) of section 22.1 (see e.g.



Snickars and Weibull (1977) for a combinatorial derivation):

I=3; gi]-ln?ﬁ% (2.4)
ij

This is the minimum information or entropy maximizing (g;; = 1) function. An OD

matrix minimizing (2.4) while reproducing the traffic count constraints and taking

the information contained in the target OD matrix g into account may be derived as:

gij = g3 Pithery i (2.5)

Where each 4; is a Lagrange multiplier associated with the constraint that relates the
link flow with the travel matrix: equations (2.1). The expression (2.5) for g relies on
the assumption of proportional assignment, i.e. constant p;; .

Van Zuylen and Willumsen (1980) proposed two important models of this type. An
OD matrix is found that when assigned to the network reproduces the observed
traffic counts which are required to be consistent. Traffic modeling approaches,
directly or indirectly, assume that the trip making behavior is represented by a
certain trip distribution model. The models of VVan Zuylen and Willumsen are based
on minimum information and entropy maximizing principles leading to trip
distribution models of the gravity type. In the theoretical part, a target matrix g was
assumed but in all applications presented, all origin-destination combinations were

assumed equally probable, i.e. g;; = 1.

Fisk (1988) extended the entropy model of Van Zuylen and Willumsen to the
congested case by introducing the user-equilibrium conditions as constraints. Smith
(1979) has showed that the model of user-optimal behavior can be expressed as
variational inequalities, as stated below. The proposed model has a bilevel structure
that maximizes the entropy on the upper level and solves a user-equilibrium problem

on the lower choice level:

min g;;, hyy, Z 9ij (ln(gij) - 1)
y
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Where, C(h) is the cost of travel on paths given path flows h and f is any feasible
path flow solution. If the observed flow pattern is a user-equilibrium flow pattern,
the extended entropy model of Fisk will have the same solution as a combined trip
distribution and assignment model. This is shown in Fisk (1989). For combined
models efficient solution algorithms exist. Earlier work includes the combined trip
distribution/assignment model by Erlander et al. (1979) and the combined model by
Fisk and Boyce (1983). These combined models have the number of trips originating
in/attracted to each zone given (O; and D; respectively) and this may be expressed as
constraints. One important difference between these models and the one by Fisk
(1988) above is seen in the assignment constraints. The observed traffic counts do
not appear in the combined model but are used to determine the value of the
parameter in an estimation phase. One of the so called “doubly constrained” models

considered by Fisk and Boyce has the optimization formulation:

Va
0

min g;;, hyj, p Z[j S (). dv] + z 9ij - Iné€g;;) (2.7)

ij
( zgij = 0; Vi(a)
i)
Zgij = D; Vi(B)
i)

.3 .. 2.8
s Zhijk =gy  Vij(Xy) (2.8)
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Where, the Lagrange multipliers are indicated in the parenthesis in the right-hand



column. The solution to the minimization problem (Prigo) can be obtained by
forming the La-grangian of the problem and setting the first order derivatives of the

Lagrangian with respect to hjj and g;; equal to zero:

Zsa(va).ag.k — Xy =0 Vi hy > 0 (2.9)
a
ZSa(va).ag.k — Xy 20 Vi hy =0 (2.10)
a
gij = e “ Fie7"Xj = 4,0, B; D; e i (2.11)

Equations (2.9) and (2.10) stipulate that the routes that are actually used, i.e. with hijg
> 0, should have a minimal cost for travel between the relevant zone pair ij. The

Lagrange multipliers X;;are thus equal to the minimum costs for travel. From now
we set X;; to Cjj, the minimal costs in the road network. Equation(2.11) include the
Lagrange multipliers a; and B; that are determined so that the trip production and
attraction constraints are fulfilled. The balancing factors a;;and g;;are transformed
Lagrange multipliers, Ai O; = A;0; = e“ and B;D; = efil. The value of the
parameter u is undetermined in the problem formulation above and is calculated in

an estimation phase.

The importance of this model stems from the relative ease with which a combined
distribution and assignment model can be solved. Erlander et al. prove that the model
may be rigorously estimated and that the corresponding optimization problem has a

unique solution if the sum of the integrals of all link cost functions is known:

C= Z ff;ca(x)dx (2.12)
0

a €A



The observed traffic counts are reproduced by a combined model if observed counts
for all links are available and if they are consistent with user-equilibrium. Other
model refinements have been performed by for example Erlander, Jornsten and
Lundgren for example in a technical report written in 1984. The problem of missing
data in the base year, used in the estimation phase, is studied. The authors solve this
problem by the prediction of values to be used in a prediction year.

If observed traffic counts only are available for a subset of the links in the network,
Fisk and Boyce (1983) suggest how an estimate of € may be obtained, “weighting”
average link costs by the importance of various link types in the network
representation. The model of Fisk and Boyce will in general not reproduce the
observed traffic counts. This may to some extent relate to the fact that the observed
traffic counts might not constitute an equilibrium flow pattern. Different suggestions
on procedures that remove internal inconsistencies have been proposed but no
effective procedures for assuring the user-equilibrium property and internal
consistency of the observed flow pattern seems to exist. See Yang (1994) for a recent

treatment and review of these problems.

In Kawakami et al. (1992) the combined model of Fisk and Boyce is extended
further to include two modes of travel, large size trucks and cars. An application to a
medium sized network in the city of Nagoya, Japan, is reported. A target matrix

appears to have been available but is not included in the model formulation.

In Tamin and Willumsen (1989) not only the gravity model but also the intervening
opportunity model is considered, both models are of the doubly constrained type.
Applications to a small test problem without congestion using a gravity model, an
intervening opportunity model and a gravity-opportunity model are presented.

Nguyen (1977) presented one of the first formulations of the equilibrium based OD
matrix estimation problem. The network was congested and Nguyen analyzed
properties of the solution obtained thoroughly. The solution will reproduce the



observed traffic counts. Though the solution is unique in link flow variables there
normally exists many different OD matrices that correspond to these estimated link
flows. It remains to choose a criterion for determining a unique OD matrix from all

the different OD matrices that reproduce the observed counts.

Jornsten and Nguyen (1979) and later LeBlanc and Farhangian (1982) started from
the assumption of equilibrium assignment and formulated models of the entropy
maximizing and the “minimum least squares” type, respectively. The first approach
does not require a target OD matrix while the model of LeBlanc and
Farhangian(1982) also relies on a known target OD matrix. The model development
starts from work suggested by LeBlanc in Gur et al. (1980). The motivation for least
squares formulation is to obtain the OD matrix having a user-optimal behavior of

travelers and being “closest” (in @ GLS meaning) to the target OD matrix:
, . \2
ming;; = Z(gij — 9y )
i
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,gij;hi]‘k = 0

Where, F is the objective function at optimum of Nguyen (1977)'s equilibrium based
problem. This is a variable demand problem. The test problems presented in these

two works are small.

Most formulations of the congested OD matrix estimation problem have a bilevel
structure. The “upper” level problem estimates the OD matrix (assuming link flow
volumes given) and the “lower” level problem is the equilibrium assignment problem

that determines a link flow pattern of the equilibrium type. On the lower level the



demand for travel, the OD matrix, is assumed given. Efficient solution algorithms for
OD estimation problems having a bilevel structure are discussed in section 2.2.2.3.

2.2.2.2 Statistical Inference approaches
Maximum Likelihood:

The Maximum Likelihood (ML) approach maximizes the likelihood of observing the
target OD matrix and the observed traffic counts conditional on the true (estimated)
OD matrix. It is assumed that the elements of the target OD matrix g are obtained as
observations of a set of random variables. The observed traffic counts ¥ constitute
another source of information about g, the OD matrix to be estimated, and ¥ and g
are usually considered to be statistically independent. The likelihood of observing g

and ¥ can be expressed as:
LG, vlg) = L(glg).-L(|g) (2.14)

Due to the independence assumption on the observed traffic counts and the target OD
matrix, the likelihood of observing both sets is equal to the product of the two
likelihoods. Applying the ML principle for this problem amounts to seeking the OD
matrix g that maximizes this likelihood. With the convention that 0 In(0) = 0 we can
as well maximize the logarithm of the product.

If the target OD matrix is obtained by simple random sampling in a region with a
stable travel pattern, the target OD matrix may be assumed to follow a multinomial
distribution. This is dependent on small sampling fractions «;: if g; trips are sampled
out of a total of g; trips at origin i then «; = §; /gi . For the logarithm of the

probability £(g|g) we have:

InL(glg) = Z(gijln(aigi]-)) + constant (2.15)
ij



This corresponds to F; in equation (2.2) of section 2. If the sampling fractions are
sufficiently large, a Poisson probability distribution may be assumed for the target

OD matrix and for the logarithm of £(g|g) we receive:

InL(glg) = Z(—aigi]- + gijln(a;g;;)) + constant (2.16)
ij
If the observed traffic counts also are assumed to be generated by a Poisson
probability distribution and independent of the target OD matrix, a similar expression
for the probability £(¥|v(g)) is obtained, that is F2 in equation (2.2) of section 2:

In L(D|v(g)) = Z(l’ialn(va(g)) —v,(g9)) + constant (2.17)

aeA”

Where, v,(g) denotes the flow volume on link a resulting from an assignment of g. If
a multivariate normal, MVN, distribution is assumed for the error terms of the
observed traffic counts with zero mean and a variance-covariance matrix W, the

expression for F; is:

In L(W|v(g)) = —% (»— v(g))'W‘l(ﬁ — v(g)) + constant (2.18)

If (2.16), (2.17) and proportional assignments are valid assumptions, the OD matrix

estimation problem can be formulated as:

max ) (-aigy + Gyln(@gy)) + ) @aln(va(e) — va(9)
ij

