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Abstract. The article proposes a model describing the dynamics of offenses in
terms of non-compliance with safety regulations and speeding, taking into ac-
count the established rules and national specifics. The method suggested in the
article is a combination of game theory methods and evolutionary algorithms,
where "Mild" and "Strict" government policies compete with each other in a pop-
ulation of governments, and law-abiding and law-breaking drivers compete in a
population of motorists. The study examines the impact of penalties on driver
behavior within the model.
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1 Introduction

Over the past hundred years road safety has become one of the main tasks for the gov-
ernments. The key factors in increasing the importance of traffic control were the grow-
ing number of drivers, both advances and limitations in technologies, as well as in-
volvement of road policy developers.

European countries provide an example of a positive trend in road safety, manifested
in a significant reduction in the number of fatal accidents [2]. However, implementing
policies that would reduce the frequency of accidents is still pressing for all govern-
ments due to the cumulative economic damage [3] summarizing the cost of repairing
the damaged vehicles, losses caused by transport downtime, the expenditures for re-
constructing and repairing the damaged roads and road structures and of investigating
a traffic accident by police officers, to name a few.

To minimize losses and expenditures, modeling road safety as a system that takes
into account various forms of regulation and the social context is highly relevant.

The current study suggests an environment model, which describes the dynamics of
offenses in terms of non-compliance with the speed limit and wearing a seat belt, taking
into account the socio-psychological and regulatory specifics of the national environ-
ment (within, a community or a county).

Using Germany as an example, we conducted a numerical modeling of the general
dynamics of law enforcement for regulating the road sector. The model refers to the
government policy in terms of the original state of the road infrastructure, fixed fines
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for violations of the speed limit and unbuckled seat belts and fixed parameters of na-
tional specifics and driver behavior patterns.

The study considers the impact of certain system parameters on the frequency of
offenses and overall government spending, and explore the importance of penalty pol-
icies on changing the dynamics of offenses among drivers.

2 Related work

Currently, legal regulation modeling within the socio-psychological context does not
appear to be amply researched. Most of the studies focus either on strategies for organ-
izing police to minimize accidents [4], or on modeling the driver's decision-making
function [5], otherwise specific traffic situations are studied using the example of games
[6]. Very few studies link the forms of regulation with their impact on the dynamics of
offenses. The authors in [7] discussed agent-based transportation modeling using gov-
ernment control standards. However, their research is mainly aimed at studying the is-
sue of regulation of commercial transportation rather than private transport. Our work
was also based on a review study [6, 8] which analyzed using game theory elements to
model various traffic situations, for example, the confrontation between drivers exceed-
ing the speed limit and the police. In addition, we referred to the studies on the driver's
satisfaction with the trip [9], which revealed that one of the main factors is the duration
of the latter. The reports of the European commission and public organizations [10, 11,
14, 15] and the report from the international transport forum [1], initialized the model
parameters, playing a key role in the study.
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Fig. 1. Algorithm of the system for conducting a single experiment.
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3 Traffic policy modeling with evolutionary game theory

A model of the dynamics of law enforcement in the road sector (see Fig. 1) was based
on the assumption that all drivers in the system drive identical cars, the police are al-
ways called to the scene in case of an accident, and drivers wait for their arrival. Based
on the results of our literature review, we built a model based on the assumption that
the key factor in driver satisfaction with the road is the subjective time spent on the trip
[9], whereas the government is trying to decrease the average spendings per epoch in-
cluding regulation enforcement and accident cost [3]. The condition of the road appears
to affect the frequency of accidents [13]. Within the framework of the model, we as-
sumed that the country we are considering has a federal structure, which makes it pos-
sible to implement different regulatory measures in different regions. During the ini-
tialization stage we generated an independent set of agents with "Driver" and "Govern-
ment" types (further referred to as "D" and "G" agents, respectively).

Table 1. Payoff matrix for games

Government’s Driver’s speed strategy
Regulation strategy Obeying speed limit Speeding
Strict regulation GSO, DSO GSS, DSS
Mild regulation GMO, DMO GMS, DMS

Each "G" type agent is independently assigned with equal probability one of two poli-
cies ("Mild" or "Strict"). This implies a random belt penalty feeBs (feeB,) from a uni-
form distribution with boundaries between feeB;,;, (feeBl,) and feeB3 ., (feeBiay)
for "Strict" ("Mild") belt policy in EUR, a random speeding penalty feeS (feeS,,) from
a uniform distribution with boundaries between feeS;,, (feeSym,) and feeS3q.
(feeSi,,) for "Strict" ("Mild") speeding policy in EUR. The following parameters are
set for all agents in environment: average accident cost ¢, EUR; the rate of infrastructure
degradation Ay, (Ama €[0; 1]); length of the road trip len, km; the coefficient of reduction
of fatal outcome for belt users f,,;,. Each policy is characterized by the following pa-
rameters: car crash chance crash; (crash,,); chance of the fatal outcome fatal
(fatal,,); chance to be stopped for verification by the police check, (check,,); check
duration d; (d,,), hrs; initial value of the coefficient of the infrastructure of the govern-
ment 0,,, set between 0.4 and 1; average policy spendings per driver trg (try,), EUR;
mean g (4n), standard deviation oy (a;,,) of police arrival time (hrs) in counties with
"Strict" ("Mild") regulation policy.

Each "D" type agent can be independently and with equal probability assigned one
of the two speed strategies (observing or violating the speed limit) and belt status (fas-
tened or not), a random value of the expected travel time and a random speed speed
from the range between speed?,;,, and speed$,,, in km/h, if the driver adheres to the
speed limit, and from the range between speed;,;,, between speeds, ., in km/h, if they
do not. Also, during the initialization stage the driver receives a random normal distrib-
uted value of the subjective ride duration set by mean p,,,, and standard deviation ¢,
of the driver’s ride time later defined as d,, in hours.
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Finally, we set the national specific parameters: decreasing coefficient of subjective
speeder’s road duration 6,4; increasing coefficient of fatal outcome for speeder 6;; in-
creasing coefficient of crash accident for speeder 6,,.; coefficient of subjective percep-
tion of policy expenses 6s,; coefficient of fees conversion 6., and coefficient of sub-
jective perception of the check duration 6.

To conduct a series of games, each element from the set of agents of the "D" type
was randomly assigned an element from the set of agents of the "G" type. Each pair of
"D"-"G" agents participates in the game described by the payoff matrix (see Table 1).
Note that all random components drop out once per pair.

Notice that payoff for "G" agents was expressed in terms of average policy expenses
per driver within a single game (see Table 2), whereas payoff for the "D" agents was
expressed in terms of subjective time spent for the ride (see Table 3).

Table 2. Government’s payoff

Name Unit Formula
GSO EUR (=c - Bern(crashy) — try) - 65, +
+ (belted - feeBg) - B¢ Bern(checky)

GSS EUR (=c - Bern(crashs - 0) — try) - Oy +
+ (belted - feeBg + feeSg)- Ofee - Bern(checks)

GMO EUR (—c-Bern(crashp,) — try,) - 85, +
+ (belted - feeB, )" O - Bern(checky,)

(—c - Bern(crashy, - 0,) — th,)  O5p +

GMS EUR
+ (belted - feeB,, + feeS,,,) - O Bern(check,,)

In a series of Ngpivers games, each agent of the sets of "G" and "D" received a reward.
The system then generated subsets for each of the agent types, consisting of half of the
initial elements with the highest reward rates, after which it transmitted the received
arrays to the crossing over.

Then the resulting set of drivers was duplicated and "D"-"D" pairs were randomly
formed, each of them having an equal probability of either an exchange of the "belted"
feature, or a proportional exchange of speeds, or both an exchange of the "belted" fea-
ture and a proportional exchange of speeds. A new unified population was then formed
from the two subsets, which was transmitted by mutation. Simultaneously, the resulting
set of policies was duplicated and "G"-"G" pairs are randomly formed, each of which
was equally likely to have either an exchange of the 6,,, feature, or a proportional ex-
change of penalty policies for belts, or a proportional exchange of penalty policies for
exceeding the speed limit. A new single population was then formed from the two sub-
sets, which was transmitted by mutation.

For each element of the "D" set, with a chance equal to that of mutation m,; a new
speed for the current behavior strategy can be generated, the "belted" feature can be
replaced with the opposite and a new agent cab be created to replace the previous one
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from the opposite strategy class, but with the same "belted" feature. This resulted in a
new population sample and the end of the driver era. For each element of the G set for
the current implemented policy with a chance equal to that of mutation mg a new pen-
alty for violating the safety rules for the current behavior strategy can be generated, a
new penalty for speeding for the current behavior strategy can be generated, the attrib-
ute can be replaced with a random value from 0.4 to 1, and a new agent can be created
to replace the previous strategy from the opposite class with a random set of character-
istics. After mutation, for all agents with a "Strict" management policy, the 6,,, indica-
tor increases by the rate of degradation A,,,, if it does not exceed the threshold of 1, for
agents with a "Mild" regulation policy, the 6,,, indicator drops by A, to at least 0.4.

After that, a new population sample was formed and the epoch for repeated states
ended. The experiment finished when the epoch variable reached the parameter value
N _epochs. After that, the system completed the experiment.

Table 3. Driver’s payoff

Name  Unit Formula
1
dexp - ﬁ - Bern(checks) : ds : Gch -
DSO hrs - Bern(fatalS (1 - belted - (1 — fmin))) 106 —

— Bern(crashy) * (N(us,62) + dg - 0.1)

len

dexp —m - Bern(checkm) : dm . Gch -
DUMO s — Bern(fatal,, - (1 — belted - (1 — fyu;n))) - 10° =
— Bern(crashy,) - (N(m, 05) + di * 6ch)
len
dexp - m ' 9d —Bern(checks) . ds . ech -
DSS s — Bem(fatal, - 8¢ (1 — belted - (1 — fin))) - 106 —

— Bern(crashg- 8p) - (N(u, 0?) +ds Ocn)

len

dexp - m . Gd - Bern(checkm) . dm . ech -

DMS  hrs — Bem(fatal,, - Oc* (1 — belted - (1 = fyin)) ) - 10° —
- Bern(crashm- ecr) ! (N(Um' O-%n) + dm i eCh)

4 Case study: modeling of traffic policy environment in
Germany

As part of the study, we defined Norway and Germany traffic regulation policies as
"Strict" and "Mild" respectively, as Norway has the highest fees for speeding and un-
belted driving and is leading among all EU countries in road safety rating [1, 2]. The
chances of accidents and fatalities were calculated as the ratio of the number of acci-
dents to the number of registered cars [1, 14]. For Norway, the chance of an accident
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was calculated from the chance of fatal outcomes [11] in proportion to the German data.
Pairs of pg — w,, dg — dyy, 05 — o are equal for all policies and taken from American
research [12].

The boundaries of penalty policies for exceeding the speed limit were defined as a
minimum fine for exceeding the limit by 5 km/h and a maximum fine for exceeding the
limit by 50 km/h for the current traffic policy in Germany and Norway. As part of the
experiment, we modelled the case of driving in rural areas where speed limits in Ger-
many and Norway allow acceleration to 100 km/h. Then experiment set speed initiali-
zation limits between 70 km/h and 100 km/h for the drivers who follow the speed limit,
and between 100 km/h and 150 km/h for those who do not. We do not consider higher
speeds, because for exceeding the speed limit above 50 km/h, their license is with-
drawn. The ride length is set at 100 km, the average expected travel time is 1 hour with
an average deviation of 0.1 hour. The average spending on policy implementation for
each country was calculated as the sum of government expenditures on Police services
and R&D Public order and safety in EUR divided by the total number of the population
of the country in 2023 [15]. Finally, assuming that the average cost of an accident is the
same for all countries and only cases with severe and mild injuries are included (without
fatal outcomes, since they are quite rare), the cost of an accident was amounted to
1.539.328 NOK or 137.008 EUR [11]. Since the model has a pronounced stochastic
nature, we set 10 launches with 300 epochs per launch in one experiment. The A,, was
determined to be 0.05. We set the m, and m, equal to 0.09. The f,,;, indicator will be
0.6. The parameters of Germany's national specifics were selected through a series of
launches with an attempt to approximate the values of indicators expressed in the per-
centage of drivers who do not use a seat belt, which is 98%, and in the percentage of
drivers who exceed the speed limit, which is 74% [10]. With the current parameters for
an average of 300 epochs with trajectories averaged over 10 launches 90.4% of drivers
fasten seat belts (with an average deviation of 4.9%), and 74.6% of drivers exceed the
speed limit (with an average deviation of 4.9%).
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5 Conclusion and future work

As part of the experiments, we considered the impact of the right-hand boundaries of
penalty policies on the dynamics of law violations in terms of the speed limit and re-
specting the seat belt rules and conducted a series of two two-way ANOVA tests. For
one case, we fixed all the parameters except for pairs of values feeBp,qx — fe€Bmux
(set between 600 and 2200 with step 400 and between 200 and 600 with step 100, re-
spectively). In the other case we fixed all the parameters except the pair
feeSmax — feeSh, (set between 200 and 400 with step 50 and between 50 and 200 with
step 50, respectively). All other parameters remained fixed. After that 2 series of ex-
periments were launched, each of them with 25 independent experiments on a grid of 5
for each of the modifiable parameters, fixing the average values of the percent of belted
and speeding drivers in each of the 10 iterations of the experiment. Based on the col-
lected data, a two-way ANOVA showed that the factors feeBy, .y, feeBma, and their
combination did not affect the frequency of violations. However, factor feeSi,, effects
speeding with p-value of 5%, but its combination with the feeS;,,, factor did not pro-
duce any effects, which partially confirms the early studies [6]; showing that amount
of penalties has no effect on speed limit violation.

Table 4. two-way ANOVA tests results.

P(>F)

Factor name Influence on ratio of belt  Influence on ratio of

usage speeding
C(feeBilax) 0.467 0.8985
C(feeBmax) 0.84043 0.6211
C(feeBiux):C(feeBsax) 0.6738 0.1159
C(feeSmax) 0.1917 0.011"
C(feeSiax) 0.7595 0.521
C(feeSmax):C(feeSmax) 0.1093 0.674

* p<0.05

As shown in Fig. 2, a decrease in the rate of degradation A,,, does not reduce the fre-
quency of speeding or the average driver’s speed. On the other hand, the national spe-
cific factors, namely the accident probability coefficients 6., and the decreasing coef-
ficient 8,4, had the greatest effect on reducing the frequency of speeding. Noteworthily,
an increase in the reduction coefficient leads to a gradual but significant increase in the
average driver expenses. Additionally, an increase in the accident probability coeffi-
cient resulted in a significant increase in the average expenses.

Further work would include testing the approach in other countries. The quality of
the model can also be improved by increasing the number of factors affecting the driv-
er's speed, which in turn will lead to additional balancing indicators. Also, in the future,
it would be interesting to consider the impact of the cost of an accident on the dynamics
of key parameters. To strengthen the validation claims we will run the model for
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Norway. To increase the descriptive accuracy of the model, we will refer to additional
information to select the optimal parameters. Also, it would be important to consider
generalizing the model, which allows for the transition between different driving zones
(city, highways, and rural areas) and introducing a public opinion component that
would allow drivers to explicitly influence regulatory policy.
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