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Abstract. The research presented in this paper is aimed at defining a model that enables the management of the
relationship between private vehicles and public transport applying the available instruments of city transport policy
such as parking policy and public transport policy measures. Statistical data used for modelling is sourced from the
database in a wide range of EU cities. The target model was developed in the form of stepwise regression analysis. Very
favourable statistical results were obtained, and the subsequent tests on the city of Novi Sad (250000 inhabitants) led to
the conclusion that the obtained results were suitable for implementation in practice. The results of the implemented
procedure are of great importance for the enhancement of the existing transport policies in cities, as they enable the
development of strategies for finding combinations of instruments that would bring the transport system and urban
environment into a desired-viable rather than consequential condition.
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1. Introduction

Traffic models are important tools for traffic forecasting
and transportation system management in cities. The
experience of using four-step models for defining future
traffic demand over several decades has been subject
to criticism mainly based on the fact that conventional
models only extrapolate the present situation into the
future, i.e. do not provide instruments for traffic demand
management.

In transportation planning, modal split represents a
method used for determining either the potential num-
ber of trips by mode or the share of different modes
of transport and pedestrian trips in the total transport
needs. Modal split forms an integral part of the transport
development strategy of any surveyed district (Ortdzar,
Willumsen 2001). A number of different approaches to
currently used modal split are based on the aims, scope
and nature of research, the availability of basic informa-
tion, etc. The identification of the factors that influence
modal split provides basis for modal split modelling.
However, it is difficult to quantify many potential fac-
tors and make a reliable forecast. The major problem is
research into the factors of a split between public and
personal transport.

Modal split models used for simulating the selected
mode are mostly based on official statistics (the number
of inhabitants in the district, motorization degree, in-
come, etc.) and may include data provided by transport
studies (travel time or distance) (Jovanovi¢ 1990). The
relevance of these parameters in analysis and modelling
the selected mode depends on input availability and
quality. Data on relevant parameters is obtained from
census records and some systemic local statistics that are
made periodically, mostly not for transport studies. Most
models rely on the linear relationship between the vari-
ables on assumption that their effect is continuous, thus
neglecting any stress such as the imposition of restric-
tions on fuel consumption, an abrupt decline of living
standards, etc. Due to their simplified form, the mod-
els fail to fully capture mutual influences. The problem
concerning aggregate four-step models involves a lack of
feedback between different steps. A change in transport
conditions can modify not only the selected mode but
also trip generation, time and spatial split. In some mod-
els, an effort to model simultaneous decision-making by
individuals (e.g. a simultaneous selection of the mode
and destination) was made. These models are more re-
alistic. However, they did not always pay attention to all
possible interactions, and may exclude changes in the
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travel schedule of an individual or linked trips. The or-
ganization of a trip within a group (e.g. household) has
a significant effect on the users’ behaviour, and therefore
makes difficulties to include this in the model. The com-
plexity of changes, especially with respect to the trips
that are not work-related, is not adequately simulated or
explained by the available models. Many factors play a
decisive role and can be imperfectly presented by tradi-
tional variables. The analyzed relationships are limited
to the value range often neglected in further analysis.
Individual or group behaviour is very flexible. According
to previous experience in transportation planning, sig-
nificant deviations were observed in the users’ behaviour
with respect to socio-economic and engineering rules.
Thus, for example, the models are based only on time
(distance, speed) spent directly on travel rather than on
time spent on travel itself (users’ opinion) etc. The sur-
vey of various modal split methods identified three most
widely used model groups:

« methods applied for setting planners” aims and
making modal split assuming that the users will
be influenced as desired, but without a clear rec-
ognition of real users’ behavior;

« analytical methods are employed on the basis
of available data, thus developing a modal split
model, including relevant parameters that are
evaluated using engineering methods in real
terms (time — travel time, distance, etc.) during
forecasting;

o methods that partially rely on real users’ behav-
iour, including inertness (habits), with respect
to changes in the mode, inadequate information
level, subjective evaluation and hostility towards
a change, standing during the ride, etc.

By applying a normative modal split model, it is
not possible to determine the real user’s behaviour and
patterns of using the future transport system. The sec-
ond group of methods found widespread use. It belongs
to standard engineering methods but its range of pa-
rameters is modest. The third group is still being de-
veloped and is hesitantly coming into use as a correc-
tive part of the planners’ methods. Consequently, it is
used for improving the performance of the models in
the second group. The application of these methods is
still inadequate, since their theoretical basis has not yet
been developed so as to guarantee a successful applica-
tion of new modal split models, including the users’ real
response or behaviour with respect to transport alterna-
tives (Jovi¢ 1997).

Traffic demand management (TDM) is a relatively
new method of defining the relationships within traffic
demand employing the strategy that reduces the use of
private cars and redistributes traffic load to more energy
efficient and eco-friendly (EFMT) modes of transport,
primarily favouring public transport, bicycle and pedes-
trian traffic (Jovi¢ et al. 2008; Litman 2011).

The main issue related to four-step modelling in
transportation planning is the exclusion of the effect
of supply on the total volume, travel distribution and
choosing the means of transport. The parameters of
supply for the transportation system have a retroactive
impact on the potential customer’s decision whether

419

to travel or not, which mode of transport to use and
a location to choose in order to realize travel motives.
These parameters are typically affected by the transport
network and its characteristics, and this way, appear in
the four-step model as input data for traffic assignment.

This paper explains the procedure of target modal
split modelling (Basari¢ 2010) that identifies and in-
cludes the characteristics of the transportation system
in modelling transportation demand.

2. Methodology

The initial development stage of the mathematical form
of the modal split model comprised a collection of a wide
range of socio-economic data, characteristics of supply
to the extant transport system and the percentage par-
ticipation of different modes of transport in modal split.
Data was collated from approximately 150 European cit-
ies with the population ranging from 50000 to 1500000
inhabitants (European Urban Statistics... 2009).

The characteristics of supply for the socio-econom-
ic and extant transportation system are defined as inde-
pendent variables, i.e. model inputs (Table 1).

The probabilities of using individual means of
transportation (public transport, passenger car, bicy-
cle, motorcycle and walking) in modal split are taken
as potential dependent variables in the model. They are
derived by transforming the individual means of trans-
portation shares in the modal split of the analyzed city
transportation systems.

As an additional variable, the public transport to
passenger car probability ratio was tested as a potential
variant of the dependent variable in the mathematical
model (Table 2).

Variable correlations that enabled the identification
of cities and variables significant for forming the math-
ematical modal split model were analyzed.

A general form of the multiple linear regression
model was assumed:

y =0 +Pyx; +Pox, +o 4P yx, +E, (1)

where: y is the dependent variable value defined as
the probability of using individual modes of transport
or public transport to passenger car probability ratio;
Xp» - X, are independent (explanatory) variable values.

Random error ¢ represents the stochastic part of
the model and is introduced by the factors not included
in the model. It is assumed that ¢; are uniformly distrib-
uted independent values with N (u, 62). Elements o,
P> --.B, are unknown regression parameters represent-
ing the effect of individual variables on the dependent
variable. In order to obtain a relative effect of individual
independent variables on the dependent variable, t-test
values, partial correlations and beta coefficients were
calculated according to:

* Sx~
Bi = Bi —, (2)
S}’
where: S,;and S, are standard x; and y deviations.

In addition to statistical tests, the assessment of the
logic and justifiability of established relationships was
conducted following the analysis of model applicability
and testing under real-world conditions.
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Table 1. Postulated independent variables
Notation Demand measures
X Total resident population
X Total land area according to the cadastral
2 register [km?]
X Population density [total resident population
3 per land area in housing]
Xy Number of registered cars per 1000 inhabitants
Xs5 GDP per head [€]
X Proportion of the employed in-commuters
13 in the city [%]
X Proportion of the out-commuting city
14

population [%]

Supply measures

Monthly public transport cost considering

6 the ratio of GDP per head
Hourly parking fare considering the ratio
ud of GDP per head
Xg Average journey time [min]
X Public transport network length per inhabitant
9

(km/capita)

X Public transport network density — public
10 transport network length / [km/km?]

Number of buses (or equivalent) operating

i per 1000 inhabitants
X Number of buses (or equivalent) operating
12 per 1 km of the public transport network
Number of public transport stops per km?
X5 .
of the city area
Number of public transport stops per 1 000
16 inhabitants
X Number of public transport stops per 1 km
17 of the public transport network
X Bicycle network length (dedicated cycle paths
18 and lanes) per 1000 inhabitants
Table 2. Postulated dependent variables
Notation Variable description
—p./p Probability ratio of public transport
M= 5 T g0 passenger cars
Y2= Py Probability of using passenger cars
y3="Ppy Probability of using public transport
Y4=P, Probability of walking
Vs = Pyye Cycling probability
Y6 =Pt Probability of using motorcycles

V. Basari¢, J. Jovic. Target modal split model

In the last step, the final form of the model was se-
lected and tested taking into account demand for travel
in a city having 250000 inhabitants (Novi Sad, Serbia),
comparing the modelled and empirical values of pub-
lic transport to the probability ratios of using passen-
ger cars. Data sourced from NOvi Sad TRansportation
Model - NOSTRAM (Saobracdajna studija... 2009) were
used as the test input data. The model was tested during
the rush-hour (7 a.m. - 8 a.m.) in the morning when the
transport system problems are the most evident.

3. Relevant Variables

The analysis of the available city transport databases sug-
gests that extremely similar transportation demand ex-
ists amongst the cities up to 500000 inhabitants. Thus,
among 150 observed and selected cities (41 observations
in 2001 and in 2004), 28! had a possibility of collating
all required data for model development and analysis.
Through the correlation matrix analysis of the selected
cities, 9 out of 18 independent variables were select-
ed and based on their strongest effect on modal split.
The chosen variables include the number of passenger
cars/1000 inhabitants, GDP per inhabitant [€], monthly
public transport cost considering the ratio of GDP per
inhabitant, hourly parking fare considering the ratio of
GDP per inhabitant, average journey duration [min],
public transport network length [km/1000 inhabitants],
public transport network density [km/km?], the number
of public transport busses (or the equivalent) per 1000
inhabitants [no. of vehicles/1000 inhabitants], propor-
tion of out- commuters in the city [%].

The selected variables exhibit the strongest effect
on modal split between the passenger car and public
transport. Consequently, the use of the probability ra-
tio of public transport to passenger car was chosen as
a dependent variable in the mathematical form of the
modal split model.

The analysis of the correlation matrix yielded sev-
eral conclusions:

o The strongest correlation can be observed be-
tween the probability ratio of public transport to
using passenger cars usage on one side and the
gross domestic product (GDP), public transport
fare, parking fee, average journey duration and
the number of busses per 1000 inhabitants on the
other side of the equation. As expected, the prob-
ability of using public transport increases along
with an increase in the parking fee and number
of busses operating per 1 000 inhabitants. In con-

!Tartu 2004, Koblenz 2004, Géttingen 2004, Linképing 2004,
Darmstadt 2001, Darmstadt 2004, Braga 2004, Almere 2004,
Odense 2004, Erfurt 2004, Freiburg im Breisgau 2001, Freiburg im
Breisgau 2004, Magdeburg 2001, Magdeburg 2004, Kiel 2001, Kiel
2004, Kosice 2001, Kosice 2004, Augsburg 2001, Augsburg 2004,
Monchengladbach 2001, Monchengladbach 2004, Malmé 2004,
Wiesbaden 2001, Wiesbaden 2004, Karlsruhe 2001, Karlsruhe
2004, Aarhus 2004, Bonn 2004, Bielefeld 2001, Bielefeld 2004,
Wuppertal 2004, Bochum 2001, Bochum 2004, Tallinn 2004,
Bratislava 2004, Dresden 2004, Niirnberg 2001, Niirnberg 2004,
Leipzig 2001, Leipzig 2004.
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trast, when the cost of public transport fare is
higher (in relation to GDP), the use of passenger
cars increases at the expense of public transport.

« Even though correlation values were less signifi-
cant, reliable information was derived from the
relationship between the number of registered
cars per 1000 inhabitants, the percentage of out-
commuters, public transport network density and
length per inhabitant.

4. Model Formulation

Stepwise regression analysis was used in model devel-
opment. The existence of strong correlations between
individual independent variables allowed model devel-
opment through several variable combinations (Table 3).

Table 3. Model development variants using stepwise
regression analysis

Variables
Variant I Xy X5 Xg» X75 Xg» Xg» X100 X11> X14
Variant II X5, Xg» X75 Xg» Xgs X10> X11> X14

Variant III
Variant IV

X5, Xg» X75 Xg> X105 X11> X14

X X7> X95 X105 X11> X14

In each model variant, dependent variable y is:
Ppt
pc
where: P, is the probability ratio of using public trans-
port and P, is the probability of using passenger cars.
The variant of the first model includes all nine se-
lected independent variables. With the exception of pub-
lic transport network density (x;,), these variables are
included in the final model form due to their statisti-
cally significant partial correlations (p < 0.05) and beta
coefficients. Based on analysis, the variables such as the
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number of busses in the network, the length of the pub-
lic transport network and the participation of external
commuters do not affect the independent variable in this
model variant. The logical assessment of model validity
was performed in the last two steps of the carried out
analysis and suggested that in contrast to the nature of
dependence an increased degree of motorization did not
yield a greater probability of using passenger cars. Due to
the positive correlation between the number of registered
passenger cars and public transport to the probability ra-
tio of passenger cars, Variant I model was rejected.

Stepwise regression analysis was repeated, whereby
the number of registered passenger cars as the model in-
put variable was excluded from the model (Variant II). In
line with regression results obtained from the previous
variant, the combination of independent variables such
as average journey duration, parking fee, public trans-
port fare and GDP per inhabitant have been included in
the final form of the model and are characterized by sig-
nificant partial correlation (p < 0.05) and significant beta
coefficients. However, in contrast to the previous variant,
this version of the model includes the number of busses
and albeit with low influence on dependent variable. The
same observation can be made when public transport
network density is analyzed. Regression results and the
correlation matrix analysis suggest that a high correla-
tion between the number of busses per 1000 inhabitants
and average journey duration resulted in the exclusion
of the number of busses as the independent variable.

The significance of this variable as a measure of
public transport quality and the effectiveness of trans-
port policy lead to the exclusion of journey duration
from the following model variant (Variant III).

The final model variant (Variant IV) further ex-
cluded GDP, given that parking fee and public transport
fare have been already expressed in relation to GDP.
Stepwise regression analysis yielded five new equations
(Table 4).

Table 4. The key output results of the multiple stepwise regression analysis of Variant IV

Steps Regressions R R? c
4.1 (Step I) y=-0.433291+1.4601x;,
t (-2.9967) (8.12436) 0.8084 0.6534 0.4543
p (0.004992) (0.00000)
4.2 (Step IT) y = -0.482+1.117x,,+5452.411x;
t (-3.7842) (5.97817) (3.4095) 0.86126 0.7418 0.3979
p (0.0006) (0.0000) (0.001692)
4.3 (Step III) y =0.297+0.812x,,+5808.711x, - 449.377x,
t (1.3205) (4.6934) (4.32889) (-3.9387) 0.9079 0.8243 0.3331
p (0.19575) (0.00005) (0.00013) (0.0004)
4.4 (Step IV) ¥y =0.23+0.815x,;+4966.92x, — 501.251x¢ - 0.069x,
t (1.0485) (4.8458) (3.62912) (-4.4213) (1.8787) 0.9175 0.8418 0.321
p (0.3022) (0.00003) (0.00098) (0.000106) (0.069426)
4.5 (Step V) y =0.645+0.738x,1+3503.897x,-477.64x5+0.086x;,—-0.019x 4
t (1.986) (4.3497) (2.2094) (-4.3002) (2.31379) (-1.6945) 0.9411 0.8857 0.2772
p (0.055931) (0.000137) (0.03467) (0.000158) (0.027478) (0.100196)

where: ¢ — the value of f-statistics; p — sample probability that the corresponding parameter is equal to zero, i.e. not
statistically significant; R - correlation coefficient; R? - determination coefficient; o — standard error.
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The final equation of the target modal split model is
produced incorporating influential variables:

y=0.645+0.738x,, +3503.897x, —

4
477.64x4 +0.086x,, —0.019x,. @)

After statistical and logical validity tests, the model
developed in step 5 of Variant IV (model 4.5) was chosen
as the final form of the Target modal split model (equa-
tion 4), the applicability of which was verified through
testing the real example of travel demand in the city of
Novi Sad, Serbia.

The second and probably even a more significant
reason behind the selection of the final model is a set of
independent model variables (with the exception of ex-
ternal commute participation) that are the key to trans-
port policy development as well as to passenger car and
public transport demand management. The final form of
the chosen model includes variables as input parameters
directly proportional to the probability ratio of using
public transport to passenger cars: the number of bus-
ses operating per 1000 inhabitants, parking fee and pub-
lic transport network density as well as variables having
inversely proportional relationship, public transport fare
and external commute participation.

As a consisting part of the strategy of integral traffic
and parking planning, the application of the so called
target modal split enables relations between certain
modes of transport defined and based on objectives, i.e.
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efforts to reduce the level of car use in towns, increase
the attractiveness of public transport and create con-
ditions for increasing pedestrian and bicycle traffic in
towns.

By applying the target model, divergence curves
were formed (Figs 1-4), which showed changes in the
probability ratio of using public transport to passen-
ger car as a function of changes in a single instrument
(keeping the remaining variables as a constant).

Fig. 1 compares an increase in the results of trans-
port fares considering a decreased probability of using
public transport and passenger cars.

In cotnrast, as a consequence of higher park-
ing charges (Fig. 2), public transport network density
(Fig. 3) and the number of busses (Fig. 4) as quantities
are directly proportional to the independent variable -
the probability of using public transport increases.

The presented diagrams of public transport showing
passenger car probability ratio as a function of chang-
es in a single transport policy instrument can also be
viewed as one of the forms of modal split management.
However, the significance of the target model developed
as a multiple linear regression equation is evident in its
potential for integrated transport system management
in the urban area, the establishment of optimal public
transport taking into account the ratio of using passen-
ger cars and the combination of different parking control
and public transport management measures.

4 /
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Public transport network density (km/km?)

Fig. 3. The probability ratio of public transport to passenger
cars as a function of network density
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Fig. 4. The probability ratio of public transport to passenger
cars as a function of the number of busses
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5. Model Validation

Model validity was tested in the city having 250000 in-
habitants (Novi Sad, Serbia). Input data were recorded
and stored in the city transport model database NOS-
TRAM (Saobracajna studija... 2009).

According to empirical data, 45% of morning rush-
hour commuters are achieved by public transport, and
55% - using private passenger cars; thus, yielding the
probability ratio of public transport to passenger cars
makes 0.83.

Monthly public transport fare and one hour park-
ing fee are 15.84 (€) and 0.2128 (€) respectively.

Similarly, GDP for the tested city (Novi Sad) is
11030.7(€), public transport network density is 4.1 (km/
km?) and the number of busses (equivalent) = 0.53 (ve-
hicles/1000 inhabitants).

Based on the model, the probability ratio of using
public transport to passenger car in the morning rush-
hour is 0.77 (i.e. public transport participation of 44%
and 56% for passenger car journeys).

A comparison of the probability ratio of the mod-
elled and empirical values of public transport to pas-
senger cars in the total motorized journey modal split
suggests that the model simulates a real situation with
adequate reliability (Table 5).

The results of the model were validated according
to the data obtained from three EU cities. The cities cho-
sen for validation are Nurnberg (495302 inhabitants),
Bratislava (425155 inhabitants) and Wuppertal (361077
inhabitants).

The factors presented in the below table (Table 6)
are produced in order to form the final target modal
split models for specific EU cities.

The presented data (Table 7) show the possibility
of applying the target modal split model for different
European cities.

Table 5. Modelled and surveyed values for Novi Sad

Dj;’rei‘;gfent =P, /P, PCpart(%) PT part (%)
Model results 0.77 56 44
Survey results 0.83 55 45

Table 6. Variable factors of the target modal split model
for specific EU cities

City x5 %, (107 x(1073)  x;p  xpy
Nurnberg  0.42 3.54 1.532 3.90 1899
Bratislava  2.29 8.73 0.031 1.69  3.13
Wuppertal  0.81 5.76 1.978 3.80 23.89

Table 7. Modelled and surveyed values for EU cities

Model / Survey values

City y=P,/P, PCpart. (%) PT part. (%)
Nurnberg 0.50/ 0.58 67 /63 33/37
Bratislava 2.71/2.70 27127 73173
Wuppertal 0.37/0.35 73174 27126
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6. Conclusions

The obtained results show that the user’s travel expens-
es, i.e. direct costs, including parking price and pub-
lic transport fare most significantly influence a choice
of transportation mode. Other authors (Souche 2010)
have also identified travel expenses as the most signifi-
cant; however, these are not the only factors that affect
a choice between public transport and the use of private
cars. A number of studies world-wide have shown that
parking fees are dominant contributors to the overall
travel costs, and are frequently cited as the most influ-
ential factors in deciding whether to use or not to use a
passenger car (Hensher, King 2001; Kelly, Clinch 2006;
Vracarevié, Basari¢ 2007).

The existence of a significant correlation between
supply measures for the transport system and the us-
ers choice of transportation mode has enabled the de-
velopment of the mathematical model in the final form
of which, the model accepts input variables (transport
policy instruments) that affect public transport to pas-
senger car usage ratio, including parking fees and indi-
vidual measures for public transport accessibility.

A comparison of the model and empirical values
of public transport with using passenger cars within the
total number of motorized trips in Novi Sad indicates
that the applied model simulates actual conditions with
sufficient reliability.

The significance of the target model and its poten-
tial implementation is primarily lies in the possibility
of travelling demand management applying transport
policy instruments as undependable variables, which is
a feature of the final form of the model.

The limitation of the presented model stems from
the limited applicability of individual transport policy
instruments included as independent variables on the
parking fee in particular. Increasing parking charges, if
not accompanied by a corresponding increase in public
transport capacity and improved service quality, cannot
only be perceived as an unfair measure against car us-
age, but can also result in the decreased accessibility of
certain urban areas and, consequently, reduction in the
attractiveness and economic prosperity of the city. An
increase in parking fees inevitably leads to a reduction
of parking space utilization as well as to increased invest-
ment in the infrastructure of the public transport system.

The identified limitation implies further directions
for improvements in the above presented target modal
split model. Based on the demands of a specific city en-
vironment and the composition of the user group (de-
mands in peak and off-peak periods), it is necessary to
define the maximum parking fee as the upper limit that
would enable sustainable modal split between public and
private transport.

Further studies should also be directed towards
exploring the impact of the implemented instruments
on the ratio of motorized and non-motorized journeys
as well as towards research into the possible inclusion
of other instruments that may not be directly linked to
transport policy such as technological innovations and
land use policy instruments.
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