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Abstract

This paper constructs a system dynamics modeldardo analyze the evolution over time of
the number of traffic accidents in a generic regiomhich different scenarios are considered.
Mainly, a set of three instruments is used to figgainst them: information campaigns, traffic
legislation and a monitoring system. The structifrthe model is assembled by considering two
aspects. First, the influence of the instrumentthercauses of the traffic accidents and then, the
structure takes into account how authorities attagtintensity of the instruments in according
to certain target. The simulation model integrategeral non-linear relationships and delayed
links in addition to two random elements. A Montarl© simulation is employed to obtain
significant paths of traffic accidents under diffiet scenarios and public strategies. The
simulation results exhibit how the instruments wisrlevery scenario and its global efficiency.
The best solution is not always the same. Sometitheslower number of traffic accidents
requires that the instruments are used continupbsityon occasions, it is obtained when the
instruments are used intensively. Then, under fat tigidget, the implementation of a public
road safety strategy requires a special analysiests and efficiency.
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INTRODUCTION

As vehicular traffic started to grow, governmenerevforced to enact rules in order to
regulate traffic. Nowadays, the problem is not taggon, but safety because of the high
number of fatalities that have made vehicle callsone of the leading public health
problems worldwide. The aim of the modern traffeavt is to affect those drivers’
behaviors that the evidence points out as hazardauthis regard, many countries
regulate and enforce specific actions such asmdyiwithout exceeding a certain level
of alcohol in blood, without exceeding a limit qgfeed or the use of the helmets, seat-
belts and child restraint systems.

There is a certain consensus, not exempt from ceatsy, about how to reduce the
prevalence of accidents when the infrastructuresvaintained in excellent conditions.

This solution entails an efficient combination bfde elements over time: legislative
changes, road safety information campaigns andgbeof a traffic surveillance system.

According to Global Status Report on Road Safe®p92 pp. 47), these instruments are
a successful combination in many countries to feysinst the traffic accidents. That
report contains individual profiles for 178 couagriincluding the evolution of deaths
per 100.000 inhabitants from 1986 to 2007. Theséles show a perceptible reduction

of fatalities when countries have a national roaféty strategy with measurable targets
and certain degree of enforcement. However, otbantties without a specific road

safety strategy or with a low level of enforcemebtain worst outcomes. Obviously,

certain exceptions can be found. For example, thesidn Federation has proper
strategies and poor results whereas Qatar woudthlexample of the opposite situation:
no national safety road strategy and excellentiteesu

The fight against the accidents requires that thiese instruments are combined in an
efficient way over time. The combination is essa@nfor taking advantage of a mutual
support. The instruments have certain limitatiotemare considered one by one. The
legislative changes aimed to update the trafficslamave a weak effect on drivers by
themselves, for obvious reasons. The surveillaysges aspiring to road users obey
the law, requires a legislative support if it watdsbe a deterrent tool. The public
information campaigns are usually costly regardté#sss purpose. Moreover, they must
be used in a proper proportion: too explicit or tong about a specific issue could
generate contrary effects than expected. Therefibréhe success of these set of
instruments depends on their efficient combinattwow should they be scheduled over
time? An option would be to use the combinationmied in a reactive strategy and
another one, would be to consider a proactive seh&hereas the former does not use
the instruments unless specific situations artsz)dst one employs them continuously.

This paper examines the influence of three puldladrsafety policies on the number of
traffic accidents. One of the policies is a proaetstrategy and the others ones are
reactive strategies. Whereas the slogan of onéefréactive strategies is to operate
strong and quick, the performance of the otherreqaires the moderation. The study is
tackled with a system dynamics approach since a&atastructure can explain the
influence of the instruments on the causes of aotgd Additionally, different feedback
loops can be established by linking the causebebhtcidents to the traffic authorities’
strategies, which determine the intensity of useawh instrument.

System dynamics methodology has been employed iy raacasions to analyze the
transport field. An example is the special isswa Bystem Dynamic Review dedicated



to transportation in 2010. However, to our knowkedipe literature has not studied the
aspects tied to road safety strategies in a spewaifiy. Nevertheless, there are some
relevant studies related to the topic in the lastrg. Sterman (2000, pp. 178) constructs
a model that explain why road-building programsrad alleviate traffic congestion.
Minami et al. (2009) develop a system dynamic mddekvaluating the lessons learnt
from accidents that would lead to a reduction i5.UArmy combat vehicle accidents
Mehmood (2010) constructs a system dynamics modghtulate the driver's behavior
in relation to law enforcement, traffic monitorirayd education in the Emirate of Abhu
Davi. Finally, it is important to emphasize the papf Friedman in 2006 that uses a
model to evaluate the effect of road conditiongocident development.

The rest of the paper is structured as followsstFit examines the main elements
taking part in the basic causal structure. Theis, fiormulated a simulation model being
analyzed its validation and results under differeptions. The last section contains
some final conclusions and remarks.

STRUCTURE OF THE MODEL

Nested feedback loops of negative polarity makehepbasic structure of the model as
Figure 1 shows. The causal structure accepts tiaa crashes are the result of any of
the many varieties of failure affecting the infotinaal and mechanical interactions that
link driver, the vehicle and the environment. Nékeless, the diagram assumes that the
traffic accidents are caused by two exclusive fattffic violations and the traffic
incidents. A traffic accident is caused by a t@affiolation when at least a traffic law
has been infringed in any aspect. On the other,haméaw has been broken when in a
traffic accident is involved a traffic incident. any case, both types of accidents have
the same hazard of causing serious human and alatamages. Some examples about
the first determinant would be: dangerous drivinghsas driving too close, excessive
speed on rural and urban zones , excess loadngdlivithe opposite lane, etc. Examples
for traffic incidents could be: the driver suffeassudden illness, driving under an
unexpectedly inclement weather, driving in unexpdctonditions due to a natural
disaster, and so on.

Due to the fact that the causes of accidents seleaffects mainly drivers, the road
safety measures to affect them are specializedhan type of road user: public
campaigns of information and awareness, systemsoafrol and monitoring and
updating traffic laws. Additionally, the differeabharacter of the two causes determining
the traffic accidents decides that the number es¢hinstruments affecting them is also
different.

The traffic incidents are only influenced by recoemdations that are spread by the
information campaigns. However, traffic violatioae affected by the three road safety
instruments. This assumption is based on both érapiand theoretical studies. For
instance, the Direccién General de Trafico (DGT1®0 which is the Spanish traffic
national authority, points out that road users obmfic rules depending on two
elements: the risk perception of the driver anddkpected consequences of breaking
the traffic rules. The first element takes into aowt three aspects: the personal
characteristics of a driver, their attitudes wittgard to the risks as well as their
knowledge about the risks associated to the diftelehaviors. This factor would
explain why the youngest drivers are more pronsotamit traffic violations (Renner et
al. (2000)) or why females are involved in leséfizaaccidents. The DGT recommends



carrying out information campaigns to affect posly this element. That
recommendation is also given by Chen (2009) whoaddition, specifies that road
safety interventions, driver education and traingmggrams are influential elements on
drivers. The second element that influences ondiinger behavior is related to the
perception that they have about the consequencdsalbeying the traffic rules. If a
driver notices that their conduct is controlled aednsequently, could be severely
penalized, in general, drivers prefer to complyhwite traffic rules. Though, of course,
there are people that obey rules regardless ofraoand also, there are people very
unruly. Therefore, this second element dependsotimthhe monitoring capacity and the
traffic legislation, which determines the economiadministrative and penal
consequences of the traffic violations.
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Figure 1: Nested feedback loops

The influence of the instruments on the differestises of accidents is reflected in the
causal diagram. This distinguishes a loop conngdtie information campaigns with

the drivers’ caution, which impacts positively dmetoccurrences without violations.

The connections of all instruments with traffic kions are modeled in two steps.
First, the drivers” response to the legislativetaysand the monitoring systems is
considered. Then, the reaction of those potentiahders to the information campaigns
is harmonized. The outcome is a drivers’ percentage feel inclined to disobey the

law, which is a necessary condition to have andaetiin this line, though it might not

be sufficient.

The diagram also relates the traffic accidenthéopublic road safety strategies, which
determine the intensity of use of the instrumentkis process is articulated by
assuming that the traffic authority sets a tarddtadfic accidents exogenously. Then,
the intensity of the instruments is adjusted todheent traffic accidents-target ratio. In
general, the intensity increases as the ratio.ridewever, the intensity also depends on
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the public strategy implemented and a same valubeofatio could produce different
responses of the instruments.

These relations close the nested loops though @hsat structure also includes the
vehicular fleet and its usage rate which both mfices positively on the traffic
accidents.

SIMULATION MODEL

The model select as time unit the week and thesgt# parameters, initial conditions of
the levels and formulates variables. The simulatiorizon is a year, which is a period
long enough to check the capacity of the publiatetries against the traffic accidents.
The vehicular fleet is assumed constant during the simulation. Ui$sge rate is also
considered constant except during Christmas hdidaymmer months and Easter
where its value increasedraffic accidents are determined by using theindf use on
the vehicular fleet and then, the percentagesaxd@mts and violations.

The percentage of traffic violations is higher thie percentage associated to the other
causes. This fact is evidenced by different studigsiso et al. (2010) find that 89.9 per
cent of traffic accidents in Spain involve at leadraffic violation. A directive of the
EU (SEC (2008) 350) confirms that 75 per cent bf@dd deaths in the EU are caused
by at least one between four offences: speedimgk-diriving, non-use of seat belts and
falling to stop at a red traffic light. This patters similar in all over the world. For
example in the US (2008) according to the Natiokaghway Traffic Safety
Administration (NHTSA), there were three distindwed causes: distractions, alcohol
and speed. The distractions are many times retatade of mobile phones; 32 per cent
of total traffic fatalities involved a driver with blood alcohol concentration equal or
higher to that allowed and speeding is a contnitgufactor in 31 per cent of all fatal
crashes.

The percentage of potential offenders is definedd$igg an inverted S-shape. That kind
of graph was used by De Waard et al., in the sdnpaper of 1994, to specify the
variation of speed in relation to the surveillaimtensity. The S-shape is adapted to this
model to describe the percentage of potential diéemas a function of the surveillance
intensity, given a constant legislative level. lietlegislative level varies, the model
continues adopting the inverted S-shape thoughgtaph is pushed up or down. The
underlying assumption is to consider that as tlygslative level increases, the same
increases of surveillance will produce better rssul

In the model, the percentage of offenders is thregmage of potential offenders but
corrected slightly. The correction indicates thiimation absorbed by the drivers and
supplied by the information campaigns. On the otiend, this model considers two
random numbers to introduce certain degree of taio¢y affecting the two causes of
the accidents. These numbers try to representuttieih a dangerous situation, which
undoubtedly is present in the circumstances aramydraffic accident.

Though the traffic density can vary depending angkason of year, the day of the week, the hotireof
day and so on, the results of this model do rtet aignificantly when more variation for theseiahtes
are considered.



Modelling the instruments

The legal system is modelled by using a third onserterial delay. That selection

assumes that the legislative process is as slatvogsurs in the real world. The three
levels connected by the material delay indicatedifadts that are transformed in laws in
process that, in turn, some of them are transformmddws in force. This last level is

also affected by a flux that eliminates the outlafe laws. The dynamic of the
legislative process is propelled when the traffacidents exceeds a threshold in
accordance with the current strategy implementedti@ other hand, this subsystem
connects with the general structure since the lefdaws in force takes part in the
definition of the potential offenders directly.

The dynamic of both the information campaigns ahd surveillance system, is
governed by a negative loop around a discrepanbwt Variable is defined by a
difference between a desired value, which is spgektifoy the public strategy
implemented, and the current value attained by itis¢rument. In this way, each
instrument is adjusted gradually until the discrepatends to zero. In addition to that
process, the impact of the information campaignstlon drivers also considers a
learning process. The reason is to account thafristrument impacts on drivers in two
different ways. First, there is an immediate effét is usually forgotten in a short
period of time. The learning process starts andedsi will retain their information for
more time, if the information campaigns continuemirme about the same issue. The
information learnt is the link that connects tmstrument with the causes of the traffic
accidents.

Road safety strategies

The model implements three strategies for fightigginst the traffic accidents. One of
them is a proactive strategy. The instrumentsiggtrategy are always working even if
the number of accidents is null. The intensityhe instruments increases as the number
of traffic accidents rises. The others two strasgire reactive. They might not work
during certain intervals of time. Unless the numbglccidents-target ratio attains a
certain threshold, the instruments are not actial&ere are two important differences
between the two reactive strategies. In additiowlifferent thresholds to initiate, the
instruments are used with different intensity levél strategy is called strong reactive
strategy as it reacts quicker and stronger thanother one, which is called weak
reactive strategy.

Validation

The simulation model was undergone to differentspimlities for values of parameters
and initial conditions of levels what provided aefdeknowledge of its responses and
sensitivities. Several validations were carried: dbe structure assessment test, the
dimensional consistency test, the extreme conditaond sensitivity (see Barlas (1996),
Sterman). In particular, the analysis of extrentgasions was thorough. Situations such
as a null level of laws in force, a null level &alning and very high or very low
references were observed. In all cases, the moadihcies responding properly and, as
a result, it wasonsidered appropriated to implement the policesttidy.

A Monte-Carlo procedure

The simulation model contains two random numbeas$ Were considered in order to
guantify the percentages associated to the cadsssciolents. Then, each selection of
these numbers could influence on the simulationlt®shat they will not be generalist



but particular. A Monte-Carlo simulation was caglr@ut to overcome the problem. The
aim is to obtain more accurate paths of trafficidents. Fifty iterations for each
variable, in the different scenarios, found patldraffic accidents to 5 percent of
significance level.

Scenarios

For each one of the public policies (proactive aattive) two different targets about
the number of accidents are selected: low and medMioreover, for each one of the
targets, three different scenarios are considéreey scenario combines three possible
characteristics of the region where the strategiesmplemented. The combinations are
about the initial value of legislative system (lowedium and high), the traffic density
(high and medium) and the quality of infrastructugexcellent and medium).

Results

Observing the paths of the number of traffic acsidesome conclusion are easy to
draw. For instance, when the paths of traffic aecid for two scenarios with the same
characteristics apart from the targets are compdhnedpath with lower target provides
lower number of accidents. In contrast, that acd@inment requires an intensive use of
the instruments over time. Likewise, the observatd the paths determine that if the
traffic density increase, the number of traffic idenits also increases regardless of the
public strategy implemented.

If the target of accidents is to attain a mediunuearegardless of the scenario, the
paths show a clear singularity: the preventivetagy always produces the weekly
lower number of accidents and the weak reactiaesjiy determines the weekly higher
number. The number of accidents of these strategjibgits a clear gap during the
whole simulation. Without modifying the target, thember of accidents of the strong
reactive strategy depends on the traffic densityhe density is medium, the weekly
number of accidents of the strong reactive stratisgglose to the preventive one.
During certain periods of time even both strategesrlapped. Though, when the traffic
density is high, then the strong reactive stratesgglose to the weak reactive one.
However, only during short periods of time, bottattgies might overlap. Figure 2 and
Figure 3 show these peculiarities for two speatienarios.

3.500
3.000
2.000 : / .
w || gL | P
1500 ——&h.\—g.r VA — 3
i ‘-i R
o dW
500 +—

D I L L L L L L L L L L L L L L L L L L L L L L L L

1 5 9 13 17 21 25 29 33 37 41 45 49 53
Weeks

Accidents

—+—Preventive  —®—\\Jeak Reactive Strong Reactive

Figure 2: Medium target, high density, excelleffitastructures and high legislative level

7



600

500
"

=]

g i ey
[&]
“200- ?'i
100 o4 W‘rﬁ%vwﬂ
U LS L L L B

1 5 9 13 17 21 25 29 33 37 41 45 49 53
Weeks

Figure 3: Medium target, medium density, excellafrastructures and high legislative level

If the target of accidents set by the public stpatis low, the three paths show a number
of accidents closer to each other regardless a¢haario analysed. Nevertheless, in all
the scenarios, the strong reactive strategy pradloseer number of accidents at least
during certain periods of time. Now, the proactstetegy produces worst results than
the weak reactive strategy. Figure 4 and Figurbdwsthe weekly number of accidents
under the new target and the same characteristiEgyare 2 and Figure 3, respectively.
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Figure 4: Low target, high density, excellent isfractures and high legislative level

The cost of the strategies

Governments agree that the fight against the traifcidents is essential to avoid both
severe injuries and fatalities. It is undoubtedigttthe cost associated to the traffic
accidents is high not only from a human view bsbdtom a material view. However,

the strategies to fight against them are not clag in many occasions, they have to
be adapted to the traffic budget, which might beyvight. Consequently, it seems
important to determine the public strategy to bplamented in each situation by taking
into account the target to be achieved as welhasavailable budget. Table 1 collects
four parameters associated to the scenarios coadidgbove. The parameters are



obtained by the simulations. Observe that knowimg tost of the instruments, the
parameters associated to the instruments, whicineleded in Table, could determine

the cost of each strategy.
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Figure 5: Low target, medium density, excellentastructures and high legislative level

Table 1 confirms the conclusions already estahlisii®ve. However, it is not easy to
draw more general implications from it. The divigref the results makes difficult the
comparisons between the intensities used by thategies for each one of the
instruments. Nevertheless, it is possible obsdraefor each strategy, the lower number
of accidents requires that the instruments are bggdy intensity being the exception
the laws in effect for the weak reactive strategy.

Table 1: Results of the scenarios

Strategies Preventive Weak Reactive Strong Reactive
Medium Low
target target
£
Scenarios. (Figure 2/ Figure 4) —» High dén
(Figure 3/ Figure 5) —» ebilum density
I nstruments
Weekly Average Information (214.23) (0.04/5.47) (2.19/5.92)
Campaign$ (2174.23) (0.04 /5.62) (2.02 /5.92)
o (1.08/2.79) (0.14/1.32) (2.09/8.71)
Weekly Average Monitoriy | (105 5'g3) (0.14/ 1.66) (1.11/9.59)
. (0.7710.77) (0.77/0.76) (0.77/0.85)
Weekly Average Laws in Effett 77 o 7g) (0.77/0.76) (0.77/ 0.86)
e —
. (727.25/439.13)| (1703.94/382.02)| (1529.3/ 328.66)
Weekly Average Accidents | (15395 /74 89)| (282.79/61.83)| (143.79/51.62)

2 The index varies from O to 6.
3 The index varies from 0 to 10
4 The index varies from 1 to 0.



CONCLUSIONS

It is clear that traffic accidents are a seriousbfgm nowadays. Governments usually
put into practice road safety measures to fightregahem. However, the outcomes of

the implantation of these public policies are utaiarand, additionally, they are usually

costly. This paper tackles this matter by constngca model in which is possible to test

different road safety strategies. In particulag gaper tests three strategies combining
three instruments, which are considered essentidifferent researches. Each strategy
is characterized by a different intensity of usetltd instruments. The results of the

simulation show that the strategy that producestawmber of accidents is not always

the same. Sometimes it is better use a reactiagegly, but on occasions, it is better to

use a preventive one.

On the other hand, the adoption of the strategi#bBer reactive or preventive, has a
different cost because the use of the resourcestlagid availability is different.
Therefore, when the implantation of road safety sness is restricted to a budget, it
seems important to determine the cost associatezh¢b strategy. Once again, the
diversity appears as an essential element in shdtseof simulation. The comparisons
between strategies are not simple. In all casesetis not proportionality between the
use of the instruments and the results.

These findings assure that the implementation bfipuoad safety strategies require a
particular study. A same strategy seems that isanativersal solution not only from a
budgetary view but also from a road safety view.
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