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CHANGES IN TRANSPORT BEHAVIOUR OF THE CZECH POPULATION 
CAUSED BY STATE OF EMERGENCY 

 
Summary. This article presents the results of an extensive questionnaire survey 

focused on changes in the transport behaviour of the population of the Czech Republic 
immediately after the government’s announcement about the measures implemented to 
prevent the spread of COVID-19. The questionnaire aimed to determine the changes in 
the use of the mode of transport for regular travel to work, school, or for shopping, as 
well as to determine the changes in the frequency of these travels according to monitored 
socio-demographic groups of inhabitants and specified size groups of settlements. This 
article contains a statistical evaluation of these changes in the transport behaviour of the 
population using sophisticated statistical tools. A method is proposed for estimating the 
number of passengers in public transport using a linear regression model based on the 
data from conducted transport behaviour survey. In this paper, the Data envelopment 
analysis (hereinafter referred to as DEA method) within the case study in the South 
Bohemian Region is also used to determine whether the COVID-19 measures have 
reduced the efficiency of public transport.  

 
 

1. INTRODUCTION 
 

A state of emergency was declared and government measures were adopted in the Czech Republic 
(hereinafter referred to as CR) in order to prevent the spread of COVID-19 (generally referred to as 
the lockdown). The global pandemic of this disease has undoubtedly immensely affected the everyday 
activities of citizens, their psychological health, their activities, as well as their physical health. This 
societal deviation from the everyday life of the population is reflected in many areas of life, including 
the transport behaviour of citizens.  

Researchers from many countries have investigated how the patterns of transport behaviour have 
changed due to the lockdown. Governments in different countries have different approaches to 
mitigating the socio-economic impacts of the pandemic; lockdowns have been of different natures and 
lengths in different countries. Some of the first authors to come up with the results of their research 
were researchers from the University of Wien, who conducted their research in several European 
countries. One of their key findings is a significantly lower willingness to travel, especially using 
public transport (hereinafter referred to as PT) [1]. 
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Awad-Núñez et al. [2] carried out an extensive survey in Spain in order to find how the patterns of 
transport behaviour changed in different groups of citizens and the extent to which these groups of 
citizens were willing to pay more for PT services [2]. Their results are of great importance, especially 
for carriers, who can implement various measures concerning means of transport in order to retain 
their customers. A similar view was shared by many other researchers [3-5] (e.g. in Poland, a survey 
concerning the users of PT in Gdańsk was performed) [6]. 

Examining the impact of the COVID-19 pandemic on citizen behaviour in the area of mobility 
requires an interdisciplinary, multidimensional, and holistic approach [6-10]. Further studies and 
surveys are needed, especially from the psychological point of view, to ensure further development of 
sustainable mobility, which would facilitate an understanding of the increased levels of stress, 
aggression, worries, or anxiety arising from societal changes that may affect transport behaviour [11]. 
In the Czech Republic, private motor vehicle transport is still a dominant mode of transport; although 
its share on the overall modal split has been significantly reduced in relation to the introduction of 
teleworking (a kind of remote work), the number of private road vehicle users still seems to be 
increasing compared to the number of PT users [12]. However, many citizens used the lockdown as an 
opportunity to utilise active means of transport (e.g. cycling, walking) in towns. Towns and 
governments at different levels should focus on maintaining the reduced share of private motor vehicle 
transport on the overall modal split even in the post-COVID-19 period, when it will probably be much 
more difficult for PT to retain its customers [13]. 

The authors of the present article carried out a questionnaire survey among the population of the 
Czech Republic in order to determine the extent to which selected patterns of citizen transport 
behaviour changed in the state of emergency declared by the government of the CR in relation to 
preventing the spread of COVID-19. 

 
 

2. DATA AND METHODOLOGY 
 

The selected method for obtaining the required information on citizen transport behaviour was an 
online questionnaire. A questionnaire entitled “The influence of measures against the spread of 
COVID-19 on the transport behaviour of the citizens of the CR” was created using an online portal for 
creating questionnaires and surveys. The data was collected between 1 June 2020 and 5 July 2020; the 
questionnaire was distributed to respondents (mostly through public discussion groups of citizens of 
various Czech towns) via online social networks. During the first wave of the pandemic, the state of 
emergency in the Czech Republic was declared from 12 March to 17 May 2020. Thus, the data was 
collected after the state of emergency had been cancelled – specifically, during the period when the 
government measures were released – and the respondents commented on the state of emergency 
retrospectively. The questionnaire was structured so that, in the first part, the respondents provided 
information about their socio-demographic characteristics. The next set of questions concerned the 
participants’ form of employment or study. For these groups of citizens, the modes of transport used 
for commuting to work or educational institutions – before the state of emergency had been declared 
and during the state of emergency – were monitored. Other questions in this category concerned the 
frequency of journeys to work or school before the declaration of the state of emergency, as well as 
the usual travel time or other significant measures of transport behaviour. 

Another set of questions concerned the shopping habits of citizens in terms of their transport 
behaviour. The main objective was to determine modal split prior to and during the state of 
emergency, closure of shopping centres, as well as changes in working hours. 

In total, responses from 3,148 respondents were obtained through the questionnaire survey. Based 
on the postal codes of the addresses given by the respondents in the first part of the questionnaire, 
individual municipalities were divided into size categories by the authors. The postal codes indicated 
in the questionnaire were compared with the database of Czech Post (relevant municipality), and the 
authors looked up the number of inhabitants in specific municipalities in the database of the Czech 
Statistical Office. 
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Based on the above, the postal codes (municipalities) were divided into three size categories: 
1. Towns with 100,001 inhabitants or more – 560 respondents; 
2. Towns with 10,001-100 000 inhabitants – 1,815 respondents; 
3. Towns and municipalities with 10,000 inhabitants or fewer (rural areas) – 772 respondents. 
When categorising the postal codes, the authors also considered the factor of municipality 

catchment area by including the municipalities within a certain distance from the municipality in a 
certain subordinate group in the same subordinate category (included in the agglomeration of a larger 
municipality).The distribution of the number of respondents in individual size categories corresponded 
to the actual distribution of inhabitants in the structure of municipalities in the CR to a certain extent. 
Based on the obtained data, the authors also proposed a method for estimating the number of 
passengers, which can be applied to similar emergency situations and, thus, used to predict changes in 
population transport behaviour for a specific case study. Specifically, the calculation estimation is 
determined using a linear regression model. 

Another part of the paper utilises the DEA method to determine whether the COVID-19 pandemic 
has reduced the efficiency of PT in the South Bohemian Region. The years 2018-2020 were chosen as 
the production units whose efficiency will be compared. Inputs and outputs related to PT in the South 
Bohemian Region for the given period were determined for all years. 

 
 

3. RESULTS 
 

The following results should be considered the most fundamental outputs of the evaluated 
questionnaire survey. Due to the extent of the questionnaire, it is not possible to present all 
information obtained in this article. The respondents are divided into different age groups, with the 30-
39 age group showing the highest representation (862 respondents). The other age groups included 
814 respondents aged 19-29, 705 respondents aged 40-49, 411 respondents aged 50-59, 232 
respondents aged 60-69, 59 respondents aged 70 and older, and 53 respondents aged 18 or younger. 

As for the questions concerning livelihood and social status, 266 respondents were students or 
pupils, while 116 respondents were employees in primary employment and studying. Another 1,645 
respondents were employees in primary employment, and 197 respondents were self-employed. These 
groups of respondents were taken as determinative for the analysis of citizen transport behaviour in 
terms of commuting to work and educational institutions. 

Another group of respondents was not considered for the purposes of the aforementioned analysis 
but was included in the analysis of shopping trips and travelling to take children to kindergartens and 
other educational facilities. Specifically, 438 respondents – homemakers (mostly on maternity leave), 
86 unemployed respondents, 44 people without any taxable income, and 269 respondents who claimed 
to be retired – comprised this group. The majority of respondents who chose the “other” option (86) 
wrote “invalidity pension”. In the section concerning pupils and students, the answers showed that in 
the vast majority of cases, participants’ school facilities were closed due to government regulations 
(88% out of 266 respondents), and, thus, they did not travel regularly. 

In the case of the economically active population, 1,876 respondents (40%) did not notice any 
change in the areas of work and commuting to work, while 26% of the respondents changed their 
working hours. Furthermore, 14% of the respondents stated that their workplace was closed due to the 
state of emergency, and 13% of the respondents stated that they worked from home instead of 
commuting to work. Moreover, 5% of the respondents also claimed that they did not go to work 
because they had to care for a family member. Due to the extent of the initial data, no data is not 
presented in this section of the article; in the following chapters, the authors focus only on the basic 
factors that led to the change in citizens’ transport behaviour. 
 
3.1. Changes in frequency of commuting to work 

 
One section of the questionnaire deals with identifying the frequency and number of journeys 

participants made to work before and during the state of emergency. The graph in Figure 1 shows the 
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changes during the state of emergency – specifically, the responses provided by the respondents were 
divided into groups according to the size of the towns and municipalities where they live. The relative 
distribution shows that the structure of changes in the number of journeys was approximately the same 
throughout the Czech Republic; the only difference was that more citizens were allowed to work from 
home in big towns. 

 
Fig. 1. Changes in commuting to work according to respondents’ addresses 

 
A comparison of the individual workplaces shows a significant change resulting from the closure of 

shops and other workplaces regularly open to the public, which had to be closed per the state of 
emergency. This, however, includes shops that had to remain open (e.g. grocery stores, drugstores). A 
similar situation was observed in the education sector, as all educational institutions were closed, and 
most employees worked from home. Significant changes were also noticed in the sectors of 
manufacturing, warehousing, and logistics, where workplaces were closed and shifts were changed, 
among other differences. This had a significant impact on commuting to work. 

During the preparation of the questionnaire, a hypothesis was formulated that there was no change 
in the frequency of journeys to work or school for 50% of the respondents. The hypothesis was 
rejected based on the results of the chi-square goodness of fit test (p<0.001). It was confirmed that 
there was a change in the frequency of journeys to work for more than 50% of respondents, as 1000 
respondents out of 1855 stated that they had experienced such a change. 

 
3.2. Changes in the mode of transport used for commuting to work 
 

During the state of emergency, 1,283 economically active persons continued commuting to work 
(regularly five days a week or with a different frequency – see the basic evaluation in the previous 
part). The responses were further analysed from different perspectives, one of which was a change in 
the selected mode of transport. One of the questions asked whether respondents experienced a 
permanent change in their selected modes of transport for commuting to work directly due to the state 
of emergency. Out of 1,238 respondents, 149 answered positively. In particular, respondents declared 
a shift from PT to passenger cars (either as a driver or a passenger). In response to the additional 
question related to the reasons for changing the means of transport, the vast majority of the 
respondents (91%) mentioned a fear of becoming infected; other reasons included the change in 
working hours and the flexibility and comfort of using a car. 

Compared to smaller municipalities (rural areas), larger towns presented a higher percentage of 
respondents who chose different modes of transport for commuting to work after the state of 
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emergency was declared. This difference corresponds to the higher share of PT users in larger towns 
before the state of emergency. In towns with more than 100,000 inhabitants, the relative share of the 
change in selected means of transport was 19%. The change in citizen transport behaviour in the three 
mutually compared subgroups was statistically significant (χ2 = 15.3, df = 2, p < 0.001). 

The positive answers to the question concerning the change in the modal split show the specific 
change (i.e., which mode of transport was used after the change). Most respondents (77%) stated that 
they had stopped using PT. Furthermore, 73% of the respondents who stopped using PT for 
commuting to work decided to use passenger cars for commuting. A test of marginal homogeneity was 
run to identify the five most commonly used modes of transport before and during the state of 
emergency, both in the whole dataset and in the subset according to the size of municipalities where 
the respondents live. A statistically significant difference was confirmed for all cases. 

The most frequently used modes of transport were compared using the McNemar test (or the exact 
binomial distribution test) with a modified significance level due to multiple comparisons (Bonferroni 
correction). Fig. 2 shows the total shares in the representation of the individual modes of transport on 
all journeys to work within the statistical dataset. 

 
Fig. 2. Share of individual modes of transport on journeys to work within the dataset 

 
The significance levels (p) are lower than 0.05, indicating statistically significant differences in the 

representation of the five compared categories before and during the state of emergency (by car as a 
driver, by car as a passenger, by PT, by bicycle, and on foot). Individual means of transport were 
compared for individual size categories of municipalities. When analysing the changes in used modes 
of transport for commuting to work in individual size categories of municipalities, the McNemar test 
identified a statistically significant difference in the representation of these categories of modes of 
transport used before and during the state of emergency (Tab. 1). 

Fig. 3 below shows a Sankey diagram that graphically represents the change in means of transport 
used in relation to other effects of the state of emergency as indicated by the answers provided by the 
respondents (e.g. workplaces closed, schools closed, working from home, taking care of a family 
member). The diagram also indicates cases where no journeys to work or schools were made during 
the whole period of the state of emergency. Thus, it is only during the period of the state of emergency 
and the loosening of government restrictions in which people frequently stayed at home. 

The results indicate that many respondents did not regularly commute to work or school for the 
reasons specified above (closure of workplace or schools, caring for a family member, working from 
home). In total, this situation applied to 853 respondents out of 2,138 (approx. 40%). Many 
respondents who continued working from home used a passenger car for travelling. 
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Table 1 
Significant changes in means of transport used for commuting to work 

 
Category of municipalities Increase Decrease 
Over 100,000 inhabitants 

(n = 201) 
By car as a passenger 

On foot PT 

10–100,000 inhabitants 
(n = 728) 

By car as a driver 
By car as a passenger bicycle 

On foot 
PT 

Under 10,000 inhabitants 
(n = 299) By car as a driver PT 

 
Fig. 3. Sankey diagram of changes in using modes of transport in the case of employed people and students  
           during the state of emergency in CR 
 
3.3. Changes in citizen shopping habits in relation to transport 
 

The questions included in the section concerning shopping habits were compiled such that it was 
possible to gain awareness of the nature of citizen shopping habits and the means of transport used (or 
the frequency of journeys to shops). A total of 3,148 responses were obtained.  

An interesting finding regarding the number of journeys made before the declared state of 
emergency is that more than 50% of journeys were made for shopping as an individual journey, while 
44% of the respondents stated they shopped on the way to/from work or school. Of the total number of 
individual journeys, a passenger car was used in 73% of cases (with respondents either being the 
driver or a passenger) – thus, these are the journeys considered as journeys with the use of private 
motor vehicle transport (PMVT) in addition to journeys to work made by car.  

As for the changes in citizen shopping habits during the state of emergency, 27% of the 
respondents claimed that they did their shopping and, thus, travelled as often as before the state of 
emergency (i.e. there was no change). In 51% of cases, the respondents stated they preferred to buy 
larger volumes of goods within one journey and go shopping less often. In 10% of the cases, the 
respondents claimed that they had started to buy food online for the first time due to the state of 
emergency or that they bought food and consumer goods online more often than before. Also, 4% of 
the respondents stated that someone else did their shopping for them for reasons connected with the 
state of emergency. 
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Another section of questions concerned the mode of transport the respondents used for travelling to 
go shopping. After filtering the answers, 2,995 responses were obtained from the respondents to the 
question of which means of transport they had (usually) used before the state of emergency and during 
the state of emergency and the related crisis.  

In general, there was an increase in the number of journeys for which the respondents in the state of 
emergency used a passenger car more than before. A significant change can be seen in the case of PT, 
as the majority of passengers stopped using PT to walk. This is largely indicated in the responses to 
the questions concerning the nature of shopping – in these cases, people preferred shopping in smaller 
shops close to their homes that were accessible by walking. A similar number of PT users preferred to 
use passenger cars for shopping during the state of emergency. 

Within the three monitored size categories, it was found that citizen transport behaviour did not 
differ depending on the size of their municipality. The differences in citizen transport behaviour in 
individual groups are statistically insignificant (χ2 = 5.28, df = 2, p < 0.071). 

For towns with populations under 100,000, there was a higher share of inhabitants who used 
passenger cars for shopping trips (67%). In smaller municipalities with a number of inhabitants not 
exceeding 10,000, such a change was observed in 76% of cases. In towns with more than 100,000 
inhabitants, the difference in using modes of transport for shopping was not significant, as passenger 
cars were used in 50% of cases, while pedestrian traffic also represented a significant share (36%). 

Fig. 4 shows total shares of the representation of the individual modes of transport for all journeys 
made for shopping. The representation includes respondents who responded “online shopping with 
home delivery” and the respondents to whom food was regularly delivered by another person (both are 
included under the category “delivery”). For these respondents, the form of shopping did not change 
during the state of emergency. 

 
Fig. 4. Absolute number of means of transport used for shopping during the state of emergency in comparison  
           with means of transport used before the state of emergency  
 

Comparisons within the individual most used modes of transport were carried out using the 
McNemar test (or exact binomial distribution test) with a modified significance level since multiple 
comparisons were made (the Bonferroni correction). For two categories (“public transport” and 
“delivery”), the achieved significance levels are lower than 0.05; a different representation was 
identified before and during the state of emergency. The same results were obtained within individual 
size categories –a different representation was identified in PT and home delivery. 

 
 

4. MODELING THE ESTIMATION OF THE NUMBER OF PASSENGERS USING PUBLIC  
    TRANSPORT 

 
Based on data on the use of public and individual transport before and during the lockdown, it is 

possible to determine the impact of government measures on the willingness of passengers to choose 
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PT by means of logistics regression [14]. This effect can be expressed as the equivalent of an increase 
in the price of PT for passengers. The following formula is used to calculate the price of PT before and 
during the lockdown: 

𝑝! =
"!"#

∑ "!"$$  
 ,    (1) 

where pi is the probability of choosing PT, λ expresses the willingness to choose a more expensive 
transport mode, Vi is the price of PT, and Vj is the price of the jth mode of transport. 

Within these calculations, it was possible to individually select the price of individual transport 
modes in total and the parameter λ. To simplify the calculation, we considered the price for individual 
transport and the parameter λ as being equal to 1 [15]. 

A survey on changes in the transport behaviour of the population revealed that 358 respondents 
used PT before the lockdown and 251 respondents used it after the lockdown (out of a total of 1225 
respondents; the entire data set was considered). Formula (1) was applied to find that the price of 
public passenger transport was 1.885 (dmnl) before the lockdown, while the price during the lockdown 
was 2.356 (dmnl). Therefore, it can be stated that the effect of the pandemic on the valuation of PT by 
passengers (with the value of the parameter λ = 1) will be reflected in an increase in the price by 0.471 
(dmnl). Similarly, it is possible to determine the rate of valuation for individual size groups of 
settlements defined from the analysis of data from the survey [15, 16]. The results for these groups are 
summarised in Tab. 2. 

Table 2 
Valuation of the choice of public transport in individual size groups of municipalities 

 

Category of municipalities Price of PT services 
before the lockdown 

Price of PT services 
during the lockdown Price difference 

Over 100,000 inhabitants  0.709415168 1.250051004 0.540635836 
10–100,000 inhabitants  2.033724666 2.563975538 0.530250872 

Under 10,000 inhabitants  2.512274164 2.839387518 0.327113354 
 
Based on the determined price difference, the change in the number of passengers using PT 

services can be predicted in the event of a similar lockdown. With a known ratio of the number of 
passengers using PT to the total number of passengers before the lockdown and with the known prices 
of public and individual transport before the lockdown, it is possible to determine the value of the 
parameter λ for a specific case study [17]. For a given case study, it is possible to estimate the price of 
PT for passengers during a lockdown using the share of the observed price difference when using λ = 
1, with the parameter λ calculated for the given case study. The result of the share is an estimate of the 
increase in the price of PT for passengers during a lockdown in a given case study [18]. The estimated 
price of PT during a lockdown is the sum of the price of PT before the lockdown and the estimated 
price increase during the lockdown [19]. The number of passengers using PT services during a 
lockdown can then be estimated. The parameter λ and the prices of PT and individual transport during 
a lockdown are inserted into equation (1).The result is the value of pi, which is the ratio of the number 
of passengers using PT and all passengers [20, 21]. The following lines illustrate the procedure used to 
estimate the number of passengers in a fictitious case study. 

We consider a theoretical PT line between places A and B. The number of passengers using PT 
before the lockdown is 250. The total number of passengers on the route is 400. The travelling cost of 
PT before the lockdown is CZK 25. The cost of alternative individual transport is CZK 30. 
Substituting these values into formula (1), we determined the value of parameter λ [22]: 

250
400 =

𝑒!"#$

𝑒!"#$ + 𝑒!%&$ 
Parameter λ is equal to 0.102. We used this parameter to divide the price difference found from the 

data before and during the lockdown for λ = 1. Thus, we convert this difference to the difference for 
the parameter λ equal to 0.102 [23]. 

𝑉'
𝜆 =

0.471
0.102 = 4.615 
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The result determines that the cost of a trip in PT during a lockdown would increase by CZK 4.615 
from the passenger’s point of view. Subsequently, it is possible to estimate the number of passengers 
using PT during a lockdown. This is done by inserting the travel costs in public and individual 
transport during a lockdown and the parameter λ into formula (1) [24]: 

𝑥
400 =

𝑒!"(.*+#×&.+&"

𝑒!"(.*+#×&,+&" + 𝑒!%&×&.+&" 

The estimated number of passengers during a lockdown was 204 passengers (a reduction of 46 
passengers). The valuation values are determined using logistics regression for PT as a whole. The 
survey of transport behaviour changes did not find out what specific type of means of transport in 
public passenger transport used or whether it was the use of PT, regional bus transport, or rail 
transport. At the same time, these results are related only to the population’s work-related trips [25-
27]. 

 
5. USE OF THE DEA METHOD FOR EVALUATING THE EFFICIENCY OF PUBLIC  
    TRANSPORT WITH THE IMPACT OF THE COVID-19 PANDEMIC 

 
The DEA method, which is one of the methods of multi-criteria decision-making, can be used to 

evaluate the technical efficiency of the so-called production units on the basis of the values of selected 
inputs and outputs of production units. The DEA method is suitable for determining the technical 
efficiency of production units that are comparable to each other (i.e. the same inputs are used to 
produce the same outputs), but there are differences in their performance. The units are compared with 
each other, and it is determined which of them are effective and which are ineffective. In the case of 
inefficient units, the DEA method can be used to determine how an inefficient unit should reduce its 
inputs or increase its outputs to become efficient. 

DEA models are based on the fact that there is a set of production possibilities for any given 
problem, consisting of all admissible combinations of inputs and outputs. The set of production 
possibilities is determined by the efficient boundary. If the combination of inputs and outputs at the 
respective unit lies at this boundary, it is an efficient unit. If the unit is not efficient (i.e. it is not at the 
boundary of production possibilities), then the size of its inputs or outputs must be adjusted. DEA 
model solutions can be used to determine how to reduce inputs or how to increase outputs. The 
effective boundary can take different forms depending on whether constant or variable returns to scale 
in the task are considered. In the case of constant returns to scale, the α multiple of the production 
unit’s inputs must be balanced by an increase in the production unit’s outputs by the same multiple. 
This requirement does not apply in the case of variable returns to scale. Thus, the unit can be effective 
even if the relative increase in yields is lower or higher than the increase in inputs. Two basic DEA 
models (the CCR and BCC models) are used to evaluate the efficiency of production units. The CCR 
model works with constant range returns, and BCC models work with variable returns to scale. DEA 
models can be further divided into input- and output-oriented models. Input-oriented models 
determine how the inputs of inefficient production units must change to become efficient at constant 
outputs. Output-oriented models determine how the outputs of inefficient production units must 
change to become efficient at constant inputs. 

The CCR input-oriented model determines the efficiency of production units on the basis of the 
so-called technical efficiency coefficient. In the input-oriented model, this coefficient is given as the 
ratio of the weighted sum of outputs and the weighted sum of inputs. The weights of inputs and 
outputs with the coefficient of technical efficiency are within the interval 〈0, 1〉, while the unit with 
the coefficient of technical efficiency 1 is effective. A coefficient of technical efficiency of less than 1 
indicates an inefficient unit and indicates the rate of input reduction required to make the unit efficient. 
In the model, the unknown parameters are the weights of the inputs i and the weights of the outputs j. 
These weights are searched for individually for each production unit. Therefore, it is necessary to 
compile a separate model for each unit [28]. The mathematical model for unit H consists of the 
objective function 

𝑒! = ∑ 𝑢"!𝑦"! → 𝑀𝐴𝑋#
"$%       (2) 
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and the constraint conditions 

∑ 𝑣!$𝑥!$ = 1,%
!&'            (3) 

−∑ 𝑣!$𝑥!( +∑ 𝑢)$𝑦)( ≤ 0, ∀𝑘 = 1,2, … , 𝑝*
)&'

%
!&' ,       (4) 

𝑢)$ ≥ 0, ∀𝑗 = 1,2, … , 𝑛,          (5) 
𝑣!$ ≥ 0, ∀𝑖 = 1,2, … ,𝑚,          (6) 

where eH is the coefficient of technical efficiency, ujH and viH are the weights of inputs and outputs of 
the production unit H, xik and yjk are the values of inputs and outputs of the production unit k, j is the 
total number of outputs, i is the total number of inputs, and k is the number of production units. By 
compiling a dual model to the primary mathematical model, we can find out which production units 
form sample units for the inefficient unit H. At the same time, we can find the coefficients λkH of the 
combination of sample units that form virtual sample units to unit H. Sample units form units whose 
coefficients λ have a non-zero value. The size of the inputs and outputs of a virtual unit can be 
calculated as a combination of inputs and outputs of the sample units [28]. The dual model consists of 
an objective function 

𝑧! → 𝑀𝐼𝑁            (7) 
and the constraint conditions 

𝑥&!𝑧! − ∑ 𝜆'!𝑥&' ≥ 0	∀𝑖 = 1,2, … ,𝑚,(
'$%         (8) 

∑ 𝜆'!𝑦"' ≥ 𝑦"! , ∀𝑗 = 1,2, … , 𝑛,(
'$%          (9) 

𝜆'! ≥ 0, ∀𝑘 = 1,2, … , 𝑝,        (10) 
where zH is the required input reduction rate to reach the efficiency limit and λkH is the coefficient of 
the combination of model units for the production unit to the model for the production unit H. 

The CCR output-oriented model is based on the same assumptions as the input-oriented model. 
The coefficient of technical efficiency is given here as the ratio of the weighted sum of outputs and the 
weighted sum of inputs. Weights are sought such that the value of the technical efficiency coefficient 
is equal to or greater than 1 [28]. The mathematical model for unit H consists of an objective function 

𝑒! = ∑ 𝑣&!𝑥&! → 𝑀𝐼𝑁)
&$%         (11) 

and of constraint conditions 
∑ 𝑢"!𝑦"! = 1#
"$%          (12) 

∑ 𝑣&!𝑥&' − ∑ 𝑢"!𝑦"' ≥ 0, ∀𝑘 = 1,2, … , 𝑝#
"$%

)
&$%      (13) 

𝑢"! ≥ 0, ∀𝑗 = 1,2, … , 𝑛        (14) 
𝑣&! ≥ 0, ∀𝑖 = 1,2, … ,𝑚.        (15) 

The dual model is defined as follows: 
𝑧! → 𝑀𝐴𝑋          (16) 
𝑦"!𝑧! − ∑ 𝜆'!𝑦"' ≤ 0	∀𝑗 = 1,2, … , 𝑛,(

'$%       (17) 
∑ 𝜆'!𝑥&' ≤ 𝑥&! , ∀𝑖 = 1,2, … ,𝑚,(
'$%        (18) 

𝜆'! ≥ 0, ∀𝑘 = 1,2, … , 𝑝.        (19) 
In the next part of the paper, the input- and output-oriented CCR model is used to evaluate the 

efficiency of PT in recent years using data from the example of the South Bohemian Region. 
 

5.1. Efficiency of public transport in South Bohemia region – a case study 
 

In this case study, the DEA method is used to determine whether the situation around the COVID-
19 pandemic reduced the efficiency of PT in the South Bohemian Region. The years 2018-2020 were 
chosen as the production units whose efficiency will be compared. Inputs and outputs related to PT in 
the South Bohemian Region for the given period were determined for all years. Costs (in thousands of 
CZK), the number of connections, and the number of vehicles were chosen as inputs. Revenues 
(in thousands of CZK), traffic performance (in thousands of km), and the number of passengers 
(in thousands of persons) were chosen as outputs [29]. Here, the year 2020 represents a production 
unit, the efficiency of which could be affected by the COVID-19 pandemic. By comparing the 
efficiency, inputs, and outputs of this production unit with those of other units, we can determine 
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whether the situation has affected the efficiency of PT in the South Bohemian Region. Tab. 3 shows 
the input and output values of all production units. 

Table 3 
Data for the DEA models (Source: internal materials of regional PT organiser) 

 

Production 
units 

Inputs Outputs 
Costs 

(thousands 
CZK) 

Connections Vehicles Revenues 
(thousands 
of CZK) 

Traffic 
performance 

(thousand km) 

Passengers 
(thousand 
persons) 

2018 916423 4895 471 428374.3 26685 17784.4 
2019 1003487 4918 514 457413.8 26813 18638.4 
2020 925812 4846 528 372879.1 25068 11876.1 

 
The production unit efficiencies were calculated for the input- and output-oriented DEA models. 

Both models work with constant returns to scale. Frontier Analyst software was used to solve the 
given models. For the input-oriented model, it was found that the years 2018 and 2019 were 100% 
effective, while the year 2020 was 94.89% effective. Tab. 4 shows how the inputs and outputs of an 
inefficient unit (the year 2020) should be changed to make it efficient. 

The table shows that the greatest change is recommended for the number of passengers, which 
should increase by 42.05% to make the 2020 production unit efficient. From this, it can be concluded 
that the year 2020 is inefficient compared to the remaining production units, mainly due to the low 
number of passengers who used PT in 2020. The principle of DEA models – where the optimal values 
are based on actual values from effective years and not on theoretical possibilities – is a suitable 
analysis method. Sources of inefficiency are searched for through an analysis of individual cost 
components (in the case of searching for cost reduction options). These are mainly the number of 
employees and the number of wages, fuel consumption, and bus depreciation [30, 31]. 

For the output-oriented model, it was also found that the years 2018 and 2019 were 100% efficient 
and that the year 2020 was 94.89%. Tab. 5 shows how the inputs and outputs of an inefficient unit (the 
year 2020) should be changed to make it efficient. 

Table 4 
Input-oriented model – target values of inputs and outputs 

 

Inputs/outputs Current value Recommended value Percentage change 
Costs (thousand CZK) 925812 878486.16 -5.11 % 
Number of connections 4846 4598.28 -5.11 % 

Number of vehicles 528 451.13 -14.56 % 
Revenues (thousand CZK) 372879 408159.86 9.46 % 

Traffic performance (thousand km) 250068 250068 0 % 
Passengers (thousand persons) 11876 16870.34 42.05 % 

 

Table 5 
Output-oriented model - target values of inputs and outputs 

 

Inputs/outputs Current value Recommended value Percentage change 
Costs (thousand CZK) 925812 925813 0 
Number of connections 4846 4846 0 

Number of vehicles 528 475.43 -9.96% 
Revenues (thousand CZK) 372879 430148.26 15.36% 

Traffic performance (thousand km) 250068 26418.46 5.39% 
Passengers (thousand persons) 11876 17779.18 49.71% 

 

Furthermore, in this model, the greatest change is recommended for the number of passengers. 
Here, the number of passengers should be increased by 49.71% to make the production unit of the year 
2020 efficient. This confirms the results obtained by the input-oriented model. The year 2020 is 
inefficient mainly due to the low number of passengers. 
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6. CONCLUSIONS 
 

A questionnaire survey was distributed among the inhabitants of the CR to identify changes in 
modes of transport used for regular journeys to work, school, or for shopping. Other aspects related to 
the patterns of citizen transport behaviour were also investigated. A total of 3,148 people responded to 
the questionnaire was responded by. Approximately 12% of the respondents (the economically active 
population) changed their preferred mode of transport because of the state of emergency and 
government restrictions. In particular, a shift from PT to private motor vehicle transport was observed. 
The results of the McNemar test confirmed the existence of a statistically significant difference in the 
representation of the five categories of transportation (by car as a driver, by car as a passenger, by PT, 
by bicycle, and on foot) before and during the state of emergency. However, due to the nature of the 
survey, it was not possible to statistically evaluate whether the changes in the categories of these 
modes of transport will be permanent. 

Moreover, in the economically active population, there was a change in the frequency of journeys 
in 53.9% of cases (most of the inhabitants did not commute to work for various reasons, or they 
commuted less often). Most students did not commute to schools because of school closures. For this 
reason, this category of respondents was not considered in the evaluation of changes in modes of 
transport used for commuting to school. Urban dwellers in the CR continued using passenger motor 
vehicles for commuting to work and did so even more often than before the lockdown. This 
significantly reduced the share of PT in the overall modal split. However, it did not have any visible 
effect on the roads since the citizens largely limited their mobility for various reasons. To some extent, 
the number of citizens who decided to use “active transport” increased. In the case of modes of 
transport used for shopping, citizens’ transport behaviour did not differ according to the size of the 
municipalities they lived in. The difference between citizen transport behaviour in individual size 
categories of municipalities is statistically insignificant (χ2 = 5.28, df = 2, p < 0.071). 

The McNemar test showed a statistically significant difference within the entire sample (this 
outcome was similar even for individual size categories of municipalities) among respondents who 
used PT for shopping (a decrease) and respondents who had their groceries delivered to their homes 
(an increase). The survey also showed that the respondents preferred small shops close to their homes 
and that there was a significant increase in online purchases of food from shops that offered home 
delivery. The authors also proposed a method for estimating the number of passengers by applying 
linear regression based on the change in papulation transport behaviour caused by a pandemic. It was 
found that linear regression is applicable for estimating the number of passengers based on data from 
the conducted survey. The DEA models show that the only inefficient unit is the year 2020, which is 
the only investigated year that was affected by the COVID-19 situation. The efficiency of PT in the 
South Bohemian Region in 2020 was 5.11% lower than in other years. The lower efficiency was due 
to a significant decrease in the number of passengers; however, the inputs of the production unit 
remained approximately the same as in previous years. It can be assumed that the low number of 
passengers in 2020 was due to the COVID-19 situation. Based on this, it can be stated that the 
COVID-19 situation negatively affected the efficiency of PT in the South Bohemian Region. 

The results obtained through the questionnaire survey can be further used for research in other 
areas of transport or other socio-economic or socio-demographic areas. The results are in line with the 
results of other studies on societal changes in the area of mobility conducted in other countries where 
lockdowns and various government measures were implemented to prevent the spread of COVID-19.  
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