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MODAL SPLIT ANALYSIS BY BEST-WORST METHOD AND
MULTINOMINAL LOGIT MODEL

Summary. The behavioral features of the population are addressed in transport models
by different levels of territorial disaggregation and the creation of demand strata in a
territory. The need for input data grows exponentially with the demand for a detailed zonal
system of the territory. The basic source is the mobility survey. This article deals with the
comparison of the calculation of the probability of choosing a transport mode for trips using
the classic multinominal logit model and the best-worst method. We used data from a
mobility survey in the Zilina region as a basic sample. The analysis covered 11 districts
and their gravity areas. The individual transport relations are evaluated in detail in the
analysis. The results confirm the high degree of accuracy of the best-worst method in the
calculation of mode choice on a regional scale. Despite the promising results of the
agreement in the confrontation with the mobility survey, it is necessary to verify the
modeled data with a more detailed area with disaggregation on-demand strata.

1. INTRODUCTION

Transport infrastructure is an integral part of any territory that ensures the satisfaction of transport
needs and the movement of people, goods, and space for means of transport. Traffic requirements are
often underestimated in land planning documentation. This creates disproportions between the planning
of land use and the overall provision of transport services. Transport problems are linked not only to
passenger transport but also to freight transport. Increasing demand significantly affects the travel time
of private transport [1], while the effect itself increases the quality and safety of driving [2].

The present article is focused on the processing of modal split analysis in the third largest region of
Slovakia, which has a population of 700,000. As part of the analysis, we processed a comparison of the
modal split for trips between districts. Data from the mobility survey in 2017 were used as a source. In
a previous article [3], the positive indicators of the direct approach method were confirmed. The results
from the extensive mobility survey were compared with the values of the modeled modal split using the
best-worst method (BWM) and the classic multinominal logit (MNL) model.

The BWM was introduced by Jafar Rezaei. The method is designed for multicriteria decision solving
(MCDM) [4]. Multicriteria methods are able to evaluate the best of the selected alternatives. The goal
is to compile their overall ranking [5], [6]. The result is the order of individual alternatives [7]. Overall,
MCDM is designed to reduce the incidence and impact of bias on the part of decision-makers, relying
on their inner feelings as well as group decision failures (e.g., group thinking), which almost inevitably
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affects intuitive approaches. By explicitly structuring the weights and associated trade-offs between the
criteria, MCDM leads to more transparent and consistent decision-making [7]. In general, MCDM
appears as a matrix:
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where:
aq, a,, ..., a,;; —aset of feasible alternatives (actions, incentives),
c1,Cy, ..., €y —aset of criteria,
Dij — a score of alternatives, i, with respect to the criterion j [4].

The goal is to select the best (e.g., the most desirable, most important) alternative—in other words,
the alternative with the best overall value. The overall value of alternative i, V; , can be obtained using
various methods. In a general form, if we assign weight w;(w; = 0, X w; = 1) to criterion j, then V; can
be obtained using a simple additive weighted value function, which is the underlying model for most
MCDM methods, as follows [8]:

Vi = 2o wipi; : (2)

MCDM analyses are based on paired observations. In the case of BWM, the principle is also based
on pairwise observation, but less comparative data is used than in other methods based on the same
principle.

MNL regression is an attractive statistical approach for choosing a transport mode. MNL imposes
the restrictive assumption that choices are independent across alternatives. MNL does not impose the
independence assumption, and advances in computer technology make its estimation increasingly
practical [9].

Transportsociological data from an observed territory are a basic component of calculating the
probability of transport mode choice. The calculation in the analysis is based on the use of mobility data
from an extensive mobility survey.

The following section gradually describes the characteristics of the area and the methods used to
determine the modal split.

2. MATERIALS AND METHODS

The Zilina self-governing region (ZSK) consists of eight regions and is located in the northwestern
part of Slovakia. ZSK is the third largest region in Slovakia. It borders two republics: the Czech Republic
to the west and Poland to the north. The rest of the region’s boundary borders three Slovak regions:
Trencin, Banska Bystrica, and PreSov. 7SK includes five sub-areas (Horné Povazie, Kysuce, Liptov,
Orava, and Turiec) and 11 districts (Bytéa, Cadca, Dolny Kubin, Kysucké Nové Mesto, Liptovsky
Mikulas, Martin, Namestovo, Ruzomberok, Turcianske Teplice, Tvrdosin, and Zilina) (10). The city of
Zilina has the largest population of all cities in the region (81,608 as of February 28, 2022) and is a
major regional city.

The geographical location of ZSK within the Slovak Republic (left picture) is shown in Fig. 1. The
right picture shows the individual districts located in ZSK. From a geographical point of view, ZSK
consists of the so-called “transport crossroads,” which represents acceptable transport accessibility both
within the Slovak Republic and abroad (Czech Republic, Poland).

2.1. Modal split

The transport models gradually evolved from simple observations, which were adjusted to the
outlook by growth coefficients. These coefficients took into account, in a simplified form, the expected
growth of the population and job opportunities, while the territory was not yet divided into traffic zones,
nor were the purposes of trips differentiated. Gradually, separate models for individual and public
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transport were developed, with a distinction being made between the origin (volume) of traffic, the
direction of traffic flow, and the load on the network. However, the calculations were still done manually
(i.e., without the use of computer technology), which significantly limited the range of districts and
networks analyzed [9].
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: Kysucké ° R
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8 Mesto Dolny Kubin 2
Zilina 6
1 Ruzomberok 3 ™™
o2 3 “ Liptovsky

Martin Mikulas

1 2 - other villages (gravity area)

Fig. 1. Solved area (11 districts area, gravity area)

With the gradual development of the theory of traffic modeling, demands on computer technology
increased. Although computer technology currently meets the technical requirements for modeling
increasingly large areas, it is always necessary to take into account the complexity (especially the
mathematical complexity) of the entire transport process [11].

The processing of the transport model consists of four [12] steps:

trip generation,

trip distribution,

modal split,

assignment.

The task of a modal split is to divide the transport stream into at least three parts to determine the
shares of journeys made by pedestrians, individual means of transport, and public transport [11].

An important criterion in the processing of each transport model is its quality. From this, the term
“quality” represents the nature of transport relations. The transport model must be credible. Setting and
processing the traffic model requires much input data, which enter into the calculation.

Mode selection is characterized by the random selection of independent variables. In practice,
random selection theory has a very wide application in various industries. Individual uses vary in their
use and type of distribution function. The number of distribution functions is currently estimated to be
in the thousands [13].

bl S

2.2. Best-worst method (BWM)

The BWM is a new method in the decision-making process. It was developed in 2015 by Dr. J. (Jafar)
Razaei [4], [14]. The method is based entirely on pairwise comparisons. Through these pairwise
comparisons, we can prove and express the direction and strength of an object and its properties
(preferences) to others [4]. As stated in a previous article [4], problems do not occur when showing
direction but when learning, as defined by the strength of a given preference over others. The article [4]
also provides a basic explanation of the pairwise comparison. It presents pairwise comparisons as
comparisons between the heights of fifth trees. The above pairwise comparison led to the conclusion
that the pairwise comparison can be divided into two basic categories:

1. Reference comparisons: comparison a;;, is defined as a reference comparison if i is the best element

and/or j is the worst element [4].

2. Secondary comparisons: comparison a;;, is defined as a secondary comparison if neither i nor j is

the best or the worst element and a;; = 1 [4].
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The analysis of pairwise comparisons concludes that secondary comparisons are difficult to make,
inaccurate, and generally redundant [4].
In the following section, the simplification procedure for determining weights based on reference
comparisons will be presented. The BWM procedure consists of five steps [4]:
Step: Determine a set of decision criteria.
In this step, criteria are defined (in the matrix: ¢4, ¢, ..., ¢, ). These criteria represent the basic criteria
needed for decision-making. The previous article [4] used an example of buying a car. In this case, the
decision criteria can be quality, price, comfort, safety, and style.
The analysis presented in the article includes the individual criteria and the individual transport modes.
Individual vehicle types are used daily, either for the transport of persons or goods. Seven transport
modes of the vehicle were taken into account for this purpose: namely, bus region, bicycle, public
transport, car driver, car passenger, foot and public transport — train.
1. Step: Determine the best (most desirable) and worst (least desirable) criteria.
In this second step, it is necessary to determine the best and worst criteria in general. According to
the article [4], the best and worst criteria depend on the decision-maker. In the example, the best
criterion is the price, and the worst criterion is style.
We proceeded to determine the worst and best criteria according to the number of trips made by each
type of vehicle. For this reason, the transport relations between the individual transport zones in the
Zilina region were separated. We achieved a total of 22 transport relationships, from which the best
and worst criteria (transport modes) were subsequently determined.
2. Step: Determine the preference for the best criterion over all other criteria.
Criteria are ranked by employing numerical indicators 1 to 9, with 1 assigned to the best criterion
and 9 assigned to the worst criterion. The resulting vector, called “best-to-others,” is:

Ap = (ap1, Az, -, An) > (3)
where ap; indicates the preference for the best criterion B over criterion j. It is clear that agg = 1.
In the example according to [4], vector (3) shows the price preference and all other criteria. In this
step, for our analysis, numerical indicators were identified as showing a preference for the best
criteria over all others. Displaying the preference for the best criterion over all others has been
determined for each shipping relationship separately.
3. Step: Determine the preference for all the criteria over the worst criterion.
This step is called “others to the worst” in the BWM. The assignment of values 1 through 9 is similar
to step 3. The resulting vector from the others to the worst will be [4]:
Ay = (@, Gaws s Q)" 4)
where ajy, indicates the preference for criterion j over the worst criterion W. It is clear that ay,y =
1. In the example according to [4], vector (4) shows a preference for all other criteria over the worst
criterion (style). As mentioned above, the numerical representation of the preference for all other
criteria over the worst criterion was determined in our analysis. The numerical representation of the
preference was determined for each shipping relationship separately.
4. Step: Find the optimal weights (w;, w3, ..., wy,)
The optimal weight for a criterion is that for which each pair of wg/w; and w;/wy, yields wg/w; =
ag; and w;/wy, = ajyy. To satisfy these conditions for all j, we should find a solution where the

maximum absolute differences |—= — ag | and |-+ — a-W| are minimized for all j [4].
w; j wyy

All obtained parameters must be validated for all calculations. In this case, the calculation itself,
BWM, is realized through the consistency index, &, in the article [4]. The consistency index theory
implies that the closer & is to zero, the more consistent the model is. In our case, this means that the
given parameters represent the real state.

2.3. Multinominal logit (MNL) model

MNL is a discrete selection model used in conventional traffic modeling. Its advantage is that it
allows us to choose from several independent quantities (means of transport) [11]. An important step in
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the MNL calculation process is the parameterization of the utility function. The parameterization of the
efficiency function was processed using the BIOGEME utility software environment. The BIOGEME
program was created to calculate model parameters. Maximum likelihood estimation is designed for
discrete models [15].

The prerequisite is the existence of an average individual decision-maker. This entity has average
preferences regarding all possible attributes. The calculation maximizes the utility of the roads
depending on the specific type of transport. The highest utility is the parameter based on which the
decision-maker chooses an alternative. The probability model includes dependent parameters and
estimated parameters. The estimations of the parameters are processed from the sample. The final value
of the selection probability has the highest utility. The essence of the calculation, therefore, is the
comparison and determination of the highest utility of all options from the selection [16], [17].

If we denote the chosen alternative with m, then it holds that [18]:

Upn = max (U;) , (5)
where V; represents the average traveler’s utility, and ¢&; represents uncertainty. The individual utility
function of traveler p is specified as:

Uip = Vi + gl'p , E[gip] =0 . (6)

The utility part V; is a weighted sum of observable characteristics of the considered alternatives — for
example, travel time components X, [19]:

Vi = X Bre Xk » (7)
where the parameters [, are assumed to be constant for all individuals but may vary across alternatives
[20].

If we assume that €ip, i = 1,2,... are identically and independently distributed according to a Gumbel
distribution with scale parameter p, then it can be shown that [20]:

. etVi

Prob[select(i)] = Sew (8)
where u is the variance parameter. This parameter depends on the units in which the characteristics of
alternatives are expressed, among other factors. This formula is generally known as the logit formula
[19].

The logit choice model calculates the probability of use of the distinct alternatives depending on their
differences in utility. The alternative with the highest observed utility will have the highest probability
of use.

3. RESULTS

The first part of the previous section was devoted to a general description of the area. The second
part described the mathematical calculation procedure using the new BWM. The third part was devoted
to the selection of means of transport—specifically, using the MNL model — and its parameterization of
the utility function using the BIOGEME software environment.

This section presents the results and their analyses. It is important to note that a total of 65 transport
relationships were obtained from the overall mobility survey analysis. From them, a boundary condition
was subsequently determined, which filtered out the transport relations with a total number of trips of
less than 50. After this step, we obtained 22 transport relations for which the analysis was processed.

Due to the scope and size of the article, three specific transport relationships have been selected and
are listed in the following section. The processing is solved as an analysis of the division of transport
work between the mobility survey, MNL, and BWM.

The parameterization of the efficiency function was processed using the BIOGEME utility software
environment. The definition of the utility function was processed for seven modes of transport (bicycle,
regional bus, urban public transport, passenger car - driver, passenger car - passenger, foot, and public
transport - train). The utility function for vehicle i has the following form:

Ui = ASCi + Btravel timeTT + Bdis * DIS + ﬁcost * COST+ﬂaccessibility * ACCESSIBILIT . (9)
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After the other steps in the BIOGEME program were defined, the resulting parameters of the
performance function were calculated. The specific figures are given in Tab. 1.

Table 1
Estimated MNL parameters with the statistical report [2]
Weight factor (B) t-test p-value
ASC Bike -1.214490 -16.299741 0.000000
ASC BUSreg 0.510462 19.845553 0.000000
ASC PuT -0.252029 -3.464431 0.000531
ASC_Car-passanger 1.229627 19.869807 0.000000
ASC_Car-driver 0.113790 4.291422 0.000018
ASC foot -0.264066 -2.628405 0.008579
ASC Train -0.123294 -2.133956 0.032846
Beost -0.021539 -1.921058 0.054724
Bais 0.005215 0.836244 0.403018
Bacces 0.149797 27.075422 0.000000
Biravel time -0.008710 -6.596001 0.000000
No of parameters: 11
Sample size: 8201
Excluded data: 0
Init log likelihood: -14,905.04
Final log likelihood: -1,1205.1
Likelihood ratio test (init): 7399.888
Rho square (init): 0.248

Statistical data concerning the overall setting of the transport mode choice model are given at the
bottom of Tab. 1. The most important statistical indicators that need to be monitored, whether within
the individual search parameters or the overall setting of the modal split, are the t-test, p-value, and Rho
square (init).

The t-test presents the infiltration statistics used to determine whether there is a significant difference
between the averages of the two groups related to certain traits. The t-test focuses on t-statistics, t-
distribution values, and degrees of freedom based on a pre-determined level of statistical significance
[21]. The p-value determines the level of significance of the individual calculated parameters and their
overall impact on the choice of means of transport. A parameter is evaluated as statistically significant
at a p-value of less than 0.05, and a parameter is evaluated as statistically highly significant at a p-value
of less than 0.01 [22]. From this point of view, we can say that the parameter distance, B_dis (0.403018),
does not have a significant effect on the mode choice for the given model of division of transport work.
Meanwhile, price and travel time have the most significant impact.

Rho square (init) represents the overall setting of the mode choice model. In the BIOGEME program,
Rho square is expressed according to McFadden [23]. The numerical expression is in the range of 0-1.
If a value is in the range of 0.2-0.4, the given model is set optimally.

The calculation and accuracy of the BWM were verified using the parameter £ (consistency index).
The following table shows the individual transport relationships and the corresponding values of &. The
consistency index shows the compactness between individual pairwise comparisons. The closer the
consistency index value is to zero, the better. In our pairwise comparison, the maximum value is
0.086957 (relationship 1-12). All consistency index values are very close to zero (Tab. 2); thus, they
indicate high consistency.

Data from the mobility survey was used at a comparison level between the MNL and BWM models.
From the analysis of the mobility survey, the distribution of modal split was obtained for individual
transport relations between district cities and other villages.
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Table 2
The final consistency index
Transport 3 Transport 3 Transport 3
relationship relationship relationship

1-12 0.086957 12-8 0.035418 5-12 0.035418
12-1 0.067925 1-5 0.056118 6-12 0.056118
12-2 0.057052 1-7 0.039088 7-1 0.039088
12-3 0.052670 1-8 0.041155 7-12 0.041155
12-4 0.054054 2-12 0.085359 8-1 0.085359
12-5 0.063158 3-12 0.075314 8-12 0.075314
12-6 0.076954 4-12 0.050676

12-7 0.083333 5-1 0.062230

For simplicity, each town and village was assigned a numerical value from 1 to 12. Numbers 1 to 11
were assigned to district towns based on city size (Fig. 1 on the right), and number 12 was assigned to
other villages located in the Zilina region. For example, the transport relationship 1-12 represents the
transport relationship between Zilina and its gravity area (other villages).

Based on the individual recorded and executed routes, it was possible to perform the parameterization
of the efficiency function for the MNL model. Based on the most and least preferred means of transport,
we parameterized the calculation with BWM. The aggregated values of the utilization rate of transport
modes from mobility survey, MNL, and BWM are shown in Fig. 2.

In the next part, we deal with the evaluation of the most important transport relations. Each city
represents one traffic zone. Their gravity area is counted as another zone, which characterizes the source
and destination transport of district towns. Only routes generated in the solved area (without long transit
routes) were considered in the analysis.
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Fig. 2. Comparison of a modal split from mobility survey, MNL, and BWM

As mentioned, the analysis was processed for 22 transport relationships. Fig. 3 shows all transport
relationships and their individual representation of the modal split based on the mobility survey. The
largest representation is reflected by transport relations between district cities and gravity areas. District
towns form the focus of transport in terms of territory and, thus, the needs of the population after
relocation, especially for the purpose of travel to work [1-12]. The balance between origin and
destination trips signals stable transport relations in the area [11].

The following section presents an analysis of the mode choice from the mobility survey, MNL model,
and BWM of the three most important transport relations. The relationship between Zilina (zone 1) and
the gravity area is described by 1157 trips. A significant share of these trips is represented by the means
of transport of passenger car - driver, which represents 46%, 40%, and 43% of the total number of trips
for a given transport relationship. The highest difference was recorded between data from mobility
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survey and the MNL model (6%). In the comparison between mobility survey and BWM, the difference
was 3%. The smallest share is represented by the pedestrian transport mode. In terms of mobility survey,
it has a 1% share. The MNL model determined the same share, while the BWM determined a higher
share of 5%. A similar distribution of attractiveness was found for the passenger car - passenger mode,
with a 7% decrease in the BWM. The choice of the train was evaluated as more attractive in the MNL
model (11%).
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The relationship between the town of Martin (zone 2) and the gravity area is described by 620 trips.
The largest percentage is represented by the means of passenger car - driver, which has an almost
identical share between mobility survey (42%), the MNL model (43%), and BWM (41%). A significant
difference in the modal split was evaluated for the BUSreg transport mode. The MNL model provided
a 9% higher use. Counterbalancing this difference is the lower priority of urban public traffic. This
difference is justified by the size of the city and the common use of regional and urban buses.

The relationship between the town of Ruzomberok (zone 4) and the gravity area is described by 228
trips. The attractiveness of the pessenger car - driver mode is the same in mobility survey and calculation
methods. The highest difference between the calculation methods and mobility survey was for the bike
transport mode, with a deviation of up to 4%. The described results are presented in Fig. 4.

Percentage (%)

m1-12
m2-12

4-12

Fig. 4. Modal split for selected relations based on mobility survey, the MNL model, and BWM

4. DISCUSSION

Correctly evaluating the data is essential for territory analysis. This study described the possibility
of using the results of the traffic-sociological survey in the process of determining the modal split. The
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demand model calculation procedure was chosen and defined by the model creator based on the
available databases. The potential territorial use plan must be known in advance. Mobility survey data
(with a reliable sample) contain parameters related to the population’s common trips. Each trip is
described by its length, price, travel time, and other parameters. In the analysis, we evaluated the model
of mode choice for district cities and their connection to the surrounding area (gravity area). In addition,
the mode car driver is used most often in the solved area (43%). The second most numerous modes of
transport is the Bus region (29%). Train traffic has only a 6% share. The proportion of the car passenger
mode is relatively low at 15%. This situation can be explained by the long travel times from the nearest
stop to the destination or from the source. In the analysis, we continued to work with the disaggregated
territory. The zonal system was built on the principle of modeling district cities. Another source and
destination traffic were handled using another zone called the gravity area. In total, we worked with
twelve zones. The results indicate the degree of use and quality of the modeled mode choice.

The MNL model determines the probability of choice of transport mode while considering the weight
of the trip utility. From the calculation of the beta parameters for the attributes of distance, travel time,
cost, and availability, it can be stated that the greatest impact on the calculation of travel time is
associated with the smallest p-value. The value of time and the negative coefficient reduce the total
value of utility. Parameterizing calculation mode selection using the MNL model is a relatively
demanding and time-consuming process. However, it is possible to determine the statistical impact of
individual attributes through calculations. As a rule, a calculation scenario with changed input data (a
change in travel time due to the construction of a new trip) is necessary. In the analysis, we applied two
methods for calculating the probability of the modal split. The use of both methods requires knowing
the specific preferences of the passenger (subjective evaluation). The first method is based on a mobility
survey, especially the parameterization of the utility function (MNL model). The second, the BWM,
was used with an aggregated approach to evaluate the paths. The attractiveness of each route for a given
relationship was evaluated in the range of 1-9. The most active and worst modes of transport were
evaluated. We obtained the data from an analysis of important transport relations. A total of 22 non-zero
relationships for seven modes of transport were analyzed. In all relationships, the transport mode
passenger car - driver was evaluated as the most attractive, as it had the highest preference. Fig. 5 shows
the deviation of the calculation models from the values from the mobility survey as a function of distance
for the traffic mode passenger car - driver. The average deviation was less than 9%. The results indicate
the issue of defining local transport centers. In the MNL model, the calculation can be streamlined by
extending the utility rating (if possible). In the BWM, this problem can be solved by employing a larger
sample in a questionnaire survey by extending the evaluation parameters.

New modal split modeling methods can be applied to make emission models more accurate. At
present, great emphasis is placed on the credible source identification of air pollution, where road
transport plays an important role as a source of particulate matter and gaseous pollutants [24-26].

Our next goal is to find sections of roads with many accidents. Along with other current projects,
such as Modern Methods for Documentation of Traffic Accidents in Road Transport [27], the process
analyzes and precisely defines the factors related to the modal split change in a specific area.

deviation from mobility

Distance [km]

Fig. 5. A comparison of the differences in the methods used to determine the proportion of car driver for the whole
territory by trip length
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5. CONCLUSIONS

The choice model is a basic element of creating transport plans. It describes and models the traffic
habits of a population depending on local conditions. The degree of detail, time factor, and availability
of input data require individual settings. The BWM was applied in the model scenario of district roads.
By analyzing the individual transport relations and their modal split, we evaluated the probabilities of
the use of transport modes. The relatively successful application of the BWM for a modal split
estimation was verified by mobility survey data. Data from the transport-sociological survey were used
by employing the BWM. The input consistencies were acceptable. They were calculated for all
compared traffic relations. Consistency shows the reliability of the answers. The BWM was validated.
It is necessary to compare the effectiveness of the estimation over different periods, area scales, and
survey types. The MNL model provides a much larger statistical output than the BWM. Despite the
promising results of the agreement in the confrontation with the mobility survey, it is necessary to verify
the modeled data with a more detailed area with disaggregation on-demand strata.

Determining the likelihood of mode choice for a particular trip in a given area requires a credible
database of mobility survey data. The BWM offers the possibility to reduce the cost of a transport
survey, which is fundamentally simpler than a conventional mobility survey. The BWM offers an
interesting alternative in the process of modal split, which must include the character of the transport
behavior of the population. Despite the relative simplicity of the probability calculation procedure, it is
important to point out the necessity of using a proper approach to determine the utility of a particular
trip. The use of the MNL model is desirable in detailed traffic analyses with a number of demand strata.
Future research will focus on extending the analysis of the modal split calculation depending on the
amount and character of the input data.
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