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Samenvatting
Jaarlijks gebeuren er vele ongevallen tussen personenauto's. Een groot aantal - ernstige verkeersongevallen wordt gereconstrueerd, bijvoorbeeld door de politie of het Nederlands Forensisch
Instituut, maar ook door TNO Automotive. Het doe1 van een reconstructie van een verkeersongeval is
het achterhalen van de oorzaak. Het zo goed mogelijk bepalen van de snelheden die de voertuigen vlak
voor de botsing hadden, speelt hierbij een belangrijke rol.
Tegenwoordig is er een veelheid aan computer programmatuur op de markt die kan helpen bij het
reconstrueren van verkeersongevallen. Deze zijn gebaseerd op eindige elementen modellen,
(uitgebreide) multibody modellen of eenvoudige analytische 1 -dimensionale impulsvergelijkingen.
Dit rapport behandelt de manier waarop TNO Automotive in samenwerking met het Nederlands
Forensisch Instituut een software prototype, MC-Crash genaamd, heeft ontwikkeld. Het MC-Crash
prototype maakt het mogelijk waarschijnlijkheidsverdelingen te vinden van de systeem parameters en
begin condities (inclusief de snelheden voor de botsing) die gebruikt worden in de 3-dimensionale
dynamische modellen van het simulatie programma PC-Crash 6.1.
Het uitgangspunt van dit prototype zijn de 3-dimensionale dynamische modellen uit het
verkeersongeval simulatie programma PC-Crash 6.1. Deze modellen maken gebruik van vele systeem
parameters en begin condities, waarvan de exacte waarden veelal onbekend zijn.
Het prototype MC-Crash voegt een functionaliteit toe aan PC-Crash, waarin voor alle onzekere
systeem parameters en begin condities in een reeks invoer vensters een interval kan worden
gedefinieerd. Deze intervallen bevatten de mogelijke waarden voor een bepaalde systeem parameter of
begin conditie in plaats van dat er BBn geschatte waarde moet worden gekozen.
Met behulp van de Monte Carlo simulatie methode worden uit deze intervallen vele verschillende
parameter sets samengesteld (realisaties), die elk worden doorgerekend in PC-Crash 6.1. De resultaten
worden met behulp van een gewogen kleinste kwadraten methode vergeleken met de meetdata
(gevonden sporen). Wanneer de totale fout kleiner is dan een vooraf ingestelde acceptatiewaarde voor
de fout, zijn de waarden voor de systeem parameters en begin condities die gebruikt zijn in de
realisatie mogelijke waarden voor de respectievelijke systeem parameters en begin condities. Door dit
vele malen te herhalen, worden voldoende geaccepteerde sets gevonden om hieruit, wanneer aan
bepaalde voorwaarden voldaan is, waarschijnlijkheidsverdelingenvan de systeem parameters en
begin condities samen te steilen.
Het op deze manier genereren van waarschijnlijkheidsverdelingenvan bijvoorbeeld de snelheden vlak
voor de botsing heeft als voordeel dat met de Monte Carlo methode een relatief inzichtelijke methode
is gebruikt. Dit is belangrijk voor de acceptatie in de rechtzaal. Hierdoor is het eveneens een goed
bruikbaar hulpmiddel voor ongevalanalyses zoals deze bijvoorbeeld worden uitgevoerd bij TNO
Automotive. De gebruikte methode is tevens zeer geschikt voor het uitvoeren van
gevoeligheidsanalyses aan de systeem parameters die gebruikt worden in de dynamische modellen en
de bijbehorende begin condities.
Het belangrijkste minpunt van deze methode is de aanzienlijke rekentijd. Door de intervallen van de
systeem parameters en begin condities zo te kiezen dat deze zo klein mogelijk zijn zonder mogelijke
waarden uit te sluiten, kan de benodigde rekentijd zo kort mogelijk worden gehouden. Een
gevoeligheidsanalyse aan de systeem parameters en begin condities is een bruikbare tool om te
bepalen welke systeem parameters of begin condities belangrijk zijn om erg precies te definieren. Niet
alle systeem parameters of begin condities hebben een even grote invloed op het resultaat en daannee
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de rekentijd die nodig is om voldoende geaccepteerde parameter sets te verzamelen. Verbeteringen om
de simulatietijd van MC-Crash te verkorten zullen nodig zijn om MC-Crash in de toekomst een
veelgebruikte, waardevolle tool te maken
Een andere verbetering zou kunnen zijn het kiezen van een geavanceerdere methode om de resultaten
van de verschillende simulaties te evalueren. Daar het in de huidige methode moeilijk is om een juiste
acceptatiewaardevoor de totale fout te kiezen, moet tevens naar een alternatief gezocht worden als
voor de huidige evaiuatie methode worcit gekozen in cie definitieve versie.

H.H.Spit

Page5of 111

Abstract
Every year a large number of traffic accidents with passenger cars involved happen. Many of these
accidents, mostly severe ones, are reconstructed for example by the police or the Netherlands Forensic
Institute but also by TNO Automotive. The purpose of reconstructing these traffic accidents is to find
the cause of the accidents. To determine the pre-impact velocities of the vehicle(s) involved as
accurate as possible is very important in this respect.
These days many different computer programs are available for traffic accident reconstruction
purposes. Some of these are based on finite elements or multibody methods, where others use
straightforward 1-dimensional collision models and equations of motion.
This master thesis reports on the development of a software prototype for traffic accident analysis,
named MC-Crash, at TNO Automotive in co-operation with the Netherlands Forensic Institute. With
the MC-Crash prototype it is possible to find a probability distribution of the system parameters and
initial conditions (the pre-impact velocities included) used in the 3-dimensional dynamic models of the
traffic accident simulation program PC-Crash 6.1.
Starting point of the prototype are the 3-dimensional dynamic models of the traffic accident simulation
program PC-Crash version 6.1. Many system parameters and initial conditions of which the exact
value is often unknown, are used in these models.
The MC-Crash prototype adds a functionality that makes it possible to define intervals for all
unknown system parameters and initial conditions in a number of input windows, instead of defining
one discrete estimated value. All possible values for the system parameter or initial condition have to
be within this defined interval.

In the MC-Crash prototype the Monte Carlo method is used. From all the defined intervals randomly
values are drawn and put together in many different parameter sets (realisations). These parameter sets
are transferred to PC-Crash where a simulation is performed. The results of all these simulations are
compared to the measurements of the real accident by means of the weighted least squares method.
When the total error on the simulation results compared to the measurements of the real accident (for
example the rest positions of the vehicles) turns out to be smaller than a pre-defined critical value for
the total error, the system parameters and initial conditions used in the parameter set with which the
simulation is performed are considered to be possible values for the system parameters and initial
conditions. By repeating this sequence for many times, enough PC-Crash parameter sets will be found
that produced a total error smaller than the critical value for the total error. From these accepted
parameter sets, under certain conditions, probability distributions for the system parameters and initial
conditions of interest can be estimated.
The advantage of estimating a probability distribution of for example the pre-impact velocities in the
way described above, is the relative simplicity of the Monte Carlo method that is used. This makes the
procedure transparent, which is important for the use in the Dutch court. It also makes it a suitable tool
for traffic accident reconstructions as used by TNO Automotive for example. The method is also very
useful for sensitivity studies for the system parameters and initial conditions on the calculated end
positions and other simulation results (for example the deformation energy).
The main disadvantage of the method described in this report is the relatively long computation time
that is needed to find enough accepted parameter sets to confidently estimate probability distributions
of the system parameters and initial conditions of interest. By defining the intervals for the system
parameters and initial conditions as small as possible but with all possible values for the system

parameter or initial condition within the interval, the computation time can be limited as much as
possible. A sensitivity study on the system parameters and the initial conditions is a useful tool to
define which system parameter or initial condition is important to define as accurate as possible. Not
all system parameters and initial conditions do have a large influence on the simulation results and
therefore on the computation time that is needed to find enough results with an acceptable low total
error.

hother improvement might be the use of an aiternative method to compare the simuiation resuits
with the measurements from the real accident. A soliiiion to define a good critical value for the total
error has to be found, when this method is adopted in the fmal version.
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1 Introduction
This report is written in the scope of a Master thesis project for the study Mechanical Engineering
at the Eindhoven University of Technology. The project is done at the Netherlands Organisation
for Applied Scientific Research (TNO). More specifically at TNO Automotive Crash Safety
Centre, section Research and Development in the group Accident Analysis in Delft. The group is
engaged in an "in-depth" study of traffic accidents. A thorough inspection of the vehicles and the
zccident scene, interviews with the occupants and their medical dossiers and a reliable accident
reconstruction have to deliver the information for an extensive database that will be built. The
need for a reliable traffic accident reconstruction tool makes the link to this project.
Project

The project MC-Crash is done in commission of the Netherlands Forensic Institute and TNO
Crash Safety Centre itself.
The name of the project, MC-Crash, is related to the program PC-Crash, a traffic accident
reconstruction and visualisation program, which plays a major role in this project. The
abbreviation MC stands for Monte Carlo simulation, a statistical method that will be used in
combination with the simulation program PC-Crash.
Every year many traffic accidents are reconstructed to find out the cause of the accident,.mainly
by the Dutch Police Force and the Netherlands Forensic Laboratory but also by TNO
Automotive. Estimating the pre-impact velocities of the vehicles involved plays an important role
in this respect.
For this traffic accident reconstruction many tools can be used: from simple 1-dimensional
analytical methods to detailed finite elements models. One thing all these methods have in
common: the reconstructionist has to estimate (more or less) system parameters and initial
conditions needed in the models. The values for these system parameters and initial conditions
(including the pre-impact velocities) are typically not known exactly. The estimation process is
mostly done in a trail-and-error process. This process can be described as follows. An estimation
is done for all system parameters and initial conditions and the values are used in the models.
Then the results are compared to the real accident, and if needed the values for the estimates are
adjusted till the correlation between the simulation and the real accident measurements is good
enough for the reconstructionist.
The purpose of this project is to develop a tool -the MC-Crash prototype - that takes into account
all uncertainties in the reconstruction process, such as uncertainties in the values of the system
parameters and simplifications in the models that are used. This has to be done in such a way that
it is possible to confidently estimate the probability distributions for the system parameters and
initial conditions of interest. This has to ensure that the program is a suitable tool for accident
reconstruction purposes at the Dutch Police Force, the Netherlands Forensic Institute and TNO
Automotive.
The Dutch Police Force is searching for a tool that can be used to investigate and reconstruct
traffic accidents and produces reconstruction results that can be used in court. Until now, the
Netherlands Forensic Institute plays an important role in the preparations of complex cases before
presenting a certain case in court. Because of the limited capacity of the Netherlands Forensic
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Institute and the amount of cases presented to them, it is desired that the police can prepare more
legal cases themselves. Also in cases which are not going to be treated in court it is desirable to
produce a reconstruction of a traffic accident with a certain amount of statistical accuracy.
Moreover, the Netherlands Forensic Institute itself will use the developed program in future cases
preparing to be treated in court.

TNO Automotive needs a reliable reconstruction tool for reconstructing traffic accidents for their
Accident Analysis program. Within this research program a database will be filled with data from
many different traffic accidents (in-depth study). An importznt part of this database involves the
information about the pre-crash velocities and the amount of energy absorbed of the vehicles
involved in traffic accidents. These data have to be collected with the use of reconstruction tools.
MC-Crash will be a very useful tool for this purpose.
Outline of the report
The purpose of this project is to develop a traffic accident reconstruction program that is suitable
for the purposes above mentioned and fulfils the needs of each of the future users.
First, a list of demands is formulated in chapter 2. Derived from this list the technical
requirements to fulfil the list of demands are posed.
Subsequently, a literature study on the way this list of demands can be fulfilled and on the work
that is already done in this field is done. This literature study is mainly focussed on traffic
accident reconstruction methods and statistical methods to obtain probability distributions of the
pre-impact velocities (and if needed of other initial conditions and / or system parameters) from
reconstruction processes. In chapter 3, PC-Crash and alternatives for PC-Crash are presented and
compared with respect to the quality of the used models and the practical functionality in relation
to the known procedures of the future users. Next, some well-known estimation and optimisation
methods are presented, followed by a description of the procedure that is used in the MC-Crash
prototype. The last section of chapter 3 deals with alternative methods for evaluating the
simulation results in the MC-Crash prototype.
The next step is the design of a structure for the MC-Crash program, which is presented in
chapter 4. The MC-Crash program is split up in several parts. For each part the most convenient
solution has to be found and implemented in the main program. Moreover, some problems that
occurred during the realisation phase are briefly mentioned in this chapter.
MC-Crash was programmed in Visual Basic 6.0 Professional Edition and tested thoroughly on
performance and robustness. The findings of a selection of the tests are presented in chapter 5.
In chapter 6 the sensitivity of changes in the system parameters and / or initial conditions on the
calculated solution (probability distribution) is investigated with the use of the MC-Crash shell.
The results are used to obtain insight in the question for changes in which system parameters and
initial conditions the simulation results are most sensisitive. This is important to know, because
when wide intervals are defined for system parameters and initial conditions that are sensitive on
the results, it can be expected that long computation time is needed to find enough results that
come close enough to the measurements
In chapter 7 a real case from the TNO in-depth study is reconstructed with the use of the MCCrash program to evaluate its effectiveness in practice.
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Finally, in chapters 8 and 9 the conclusions are presented and some recommendations are made,
respectively.
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2 Problem definition
As stated before in the Introduction, the program MC-Crash has to be suitable for traffic accident
reconstruction purposes by the Dutch police, the Netherlands Forensic Institute and TNO
Automotive. This requires special characteristics for the program, especially with regard to the
output. In section 2.1 a list of demands is formulated. This list is compound from the results of
several meetings with representatives of the potential users. In section 2.2 more technical details
nf the pmh!em are presented and the reader will be informed about the requirements with respect
to the output of MC-Crash.

2.1 List of demands
From many meetings between representatives of the Dutch Forensic Institutes, the Accident
Analysis group and the Dutch police, the list of demands presented below is determined.
The program has to fit in the procedure that the Dutch police and TNO Automotive
Accident Analysis group currently use to investigate traffic accidents. For both parties this
procedure is scene-based, which means that the investigators go to the accident scene to
collect and archive as many traces as possible, supported by photographs of important
details and overviews. When the program fits in this procedure, it will save money and
time.

n.

It must be possible to run the program on every personal computer that can also handle
other typical traff~caccident simulation software. In this case it will not need large
investments to implement the program in the user environments.

III.

A clear user interface in the Dutch language must be provided. The user interface can best
be Windows oriented (with buttons and textboxes), because every user will be familiar
with it. This increases the likelihood of acceptance amongst future users. The language
used in the program has to be Dutch, because it can not be expected that every single user
has enough knowledge of the English language. It is also expected that this will increase
the acceptance by the Dutch police strongly.
A result of the simulation has to be achieved after reasonable time, for example in less than
96 hours with an average personal computer. This time includes the preparation time in
PC-Crash. Because of this demand it is not possible to use complex multibody systems or
finite element calculations. The detailed information that is needed for this kind of
simulations is very difficult to collect and the modelling process is very time consuming.
Furthermore, the scientific background of most future users is not sufficient to use this kind
of simulation tools.

v.

The program code has to be secured for changing it by unauthorised people. This is
important to guard the quality of the results that are calculated with the use of the program.

VI.

The program has to handle traffic accidents with up to two passenger cars only. Accidents
in which trucks, motorcycles, pedestrians or cyclists are involved are not possible to
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investigate with the MC-Crash program. These kind of traffic accidents need more detailed
(multibody) models to simulate, which increases the calculation time dramatically.
VII. The result of the simulation has to take the uncertainties on the (technical) circumstances of
the traffic accident into account so that it is useful in court. For a simulation program this
can be translated in the uncertainties about the real values of the system parameters and
initial conditions that are used in the 3-dimensional dynamic models of the simulation
program. As a result, no single answer for the pre-impact velocities (and other initial
conditions and / or system parameters) can be given, but a probability distribution has to be
calculated.

Vm. A graphical representation of the results has to be available. For example a graph of the
pre-impact velocity of each car plotted against the calculated total error on the end
positions compared to the measurements for example. Therefore, it has to be possible to
import the datafiles produced by the MC-Crash program in other Microsoft applications.
The result of the project is aprototype of the MC-Crash program that meets the demands
described above and that is tested for different types of traffic accidents with a maximum of two
vehicles involved.

2.2 Description of the problem
In this section, the most important demand for the MC-Crash program is translated into a more
technical description of the problem at hand. The main issue is to find and implement a method to
estimate a probability distribution for the pre-impact velocities of two cars involved in a traffic
accident.
To find this probability distribution a model (in PC-Crash) for simulating traffic accidents is
available. For the details of this model, the reader is referred to the chapter 3 and [I]. Figure 2.1
shows a schematical representation of the model.
The model in PC-Crash can be used as follows. The reconstructionist has to define the values of
many system parameters used in the models. Next, the initial conditions including the pre-impact
velocities of the vehicles (at t = 0 s.) have to be defined. For 2 detailed list of the PC-Crash input
see Appendix A. PC-Crash calculates with the use of the Euler integration method the trajectory
including the end position and the deformation energy. The start of the simulation is always in the
impact position, so the pre-impact trajectory is not taken into account in the simulation. This may
mean that when (one of) the vehicle(s) braked just before the impact, the lost velocity has to be
summed to the pre-impact velocity used in the simulation.
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System parameters
e.g. vehicle geometry,
coefficient of friction, point
of impact,...

Initial conditions
e.g. pre-impact
velocities, initial
positions,...

Accident
simulation model
(in PC-Crash)

Output
trajectory including end
positions, deformation
energy (EES values)

Figure 2.i: PC-Crash schematical representation

It is important to notice that the pre-impact velocities are part of the input of PC-Crash, but in
most cases the reason to do a reconstruction is to find those pre-impact velocities. Till now the
solution to this problem was found in a trail-and-error method: find the best values for all input
parameters and then try to fit the measured end position (or tyre marks for example) taking into
account the deformation energy absorbed in the bodies of the vehicles by changing the pre-impact
velocities of the cars. The pre-impact velocities resulting from the best match were supposed to
be the real pre-impact velocities.

The major question using this method is: is it possible that the vehicles were driving with a
different speed in the real life accident? Or in other words, with what confidence can it be stated
that the pre-impact velocities found are exactly the pre-impact velocities in the real life accident?
For many system parameters and initial conditions the value that is used in PC-Crash to find the
best match is only an estimation and it might be possible that another (also plausible) estimation
will result in another value for the pre-impact velocities (see the sensititvity analysis in [I]).
Instead of one single possible solution for the pre-impact velocities, the reconstructionist wants to
know all plausible solutions. The problem is to find all these acceptable solutions for the preimpact velocities of both vehicles involved from different plausible parameter sets with the
possibility to make a statement about the probability that a vehicle was driving with a certain
velocity.
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3 Theory
In this chapter, the theoretical foundation of the MC-Crash program will be discussed.
In section 3.1, the theoretical background of the program PC-Crash is introduced briefly. For
more details about the working principle, the models in PC-Crash and the accuracy of accident
reconstructions with the use of PC-Crash, the reader is referred to [I].
Furthermore an alternative for the program PC-Crash is investigated, namely CRASH3. CRASH3
is a damage based accident reconstmctinn pmgram that its used frequently in particular in the
United States and the United Kingdom. The results of this investigation are presented and it is
explained why the program PC-Crash is chosen to be the base of the new reconstruction tool.
Section 3.2 deals with the problem solving procedure, the method that is used to come to a
solution for the problem described in section 2.2. In section 3.3, well-known estimation methods
are presented. These estimation methods form the base for the method used in the MC-Crash
prototype to estimate probability distributions for the system parameters and initial conditions
used in the 3-dimensional dynamic models in PC-Crash. This procedure is described in the end of
this section.

A possible base of the new accident reconstruction tool is PC-Crash 6.1. It is a traffic accident
simulation program developed by the company Dr. Steffan Datentechnik (DSD) in Linz, Austria

Dl P I .

In this section, the working of this program will be discussed briefly. Within the project, it is
decided to use PC-Crash 6.1 only for simulating accidents with a maximum of two passenger cars
involved. When the prototype proves that the strategy chosen is successfull, the number of
vehicles involved can be extended in the future. The accuracy and performance of the models of
pedestrians and (motor)cyclists in PC-Crash are judged to be not good enough to be useful in the
MC-Crash prototype at this moment. The simulation time will increase dramatically (multibody
models) and the results are relatively poor.
The models in PC-Crash are based on a theory that a traffic accident can be divided in three
pieces: a pre-crash phase, a collision phase and a post-crash phase. In the pre- and post-crash
phase the trajectory model plays a major role, in the collision phase the PC-Crash collision model
is used.
The 3-dimensional trajectory model in PC-Crash is based on Newton's second law and therefore
all external forces acting on the vehicles have to be known. PC-Crash takes into account all tyre
forces (longitudinal, lateral and normal) and contains a suspension model to calculate these
(major) external forces. When a trailer is involved, the trailer coupling forces can also be taken
into account. In addition PC-Crash contains a model that considers the air resistance, although
most accidents happen at speeds at which the air resistance does not play a major role.
When all external forces are known the equations of motion can be formulated. For the
integration of the equations of motion, PC-Crash uses an explicit Euler method. The user can
chose the magnitude of the integration time step that is used in this method, but he 1 she has to
keep in mind that the integration process can become unstable for a critical magnitude of the time
step.
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For the collision phase, PC-Crash uses a model that was first described in 1964 [1,5,8]. The
model is a two or three-dimensional impact model (both available in PC-Crash), which relies on
restitution rather than vehicle crush or coefficients of stiffness. In this model, only the integral of
the force-time curve (the momentum transfer) is considered. The model assumes an exchange of
the impact forces within an infinitely small time step at a single point: the impulse point or point
of impact.
The model divides two collision types: full impacts and sliding impacts. In this context, full
impact means an impact in which a common velocity is reached in the contacting area of the two
vehicles. Sliding impact means an impzct where no coinmon velocity is reached (the vehicles are
sliding along each other).
The definition of the coefficient of restitution is briefly explained below (see also [3,4,5,8]).
Due to elasticity of the vehicle structures, the vehicles will separate after the collision. The
coefficient of restitution is defined as ratio between restitution impulse (PR) and compression
impulse (PC).In formula form:

This coefficient of restitution has a value between 0 and 1. When the coefficient of restitution is
one, the collision is totally elastic. In practice, this will never happen. In the theoretic case that the
coeffilcient of restitution is zero, the collision is totally plastic. In general, it can be said that the
more the vehicles are damaged the lower the coefficient of restitution is, thus the more the
collision acts like a totally plastic collision. Typical values for the coefficient of friction are
values between 0.1 and 0.3.
The first step of the solution procedure is to calculate the acceleration of the centre of gravity in
the time. After this, the velocity and displacement can be calculated by integrating the equations
of motion respectively one or two times.
For more details about the models used in the PC-Crash program, the reader is referred to [I].
3.1.1

PC-Crash alternatives

After a thorough evaluation of the traffic accident reconstruction program PC-Crash 6.1, the
conclusion was that this program could be useful as professional reconstruction tool after some
adjustment [I]. These adjustments involve the need that the uncertainties in the values of the
input parameters and the initial conditions have to be taken into account when generating the
output.
In most cases the user will be interested in the pre-impact velocities of the vehicles involved in
the accident. Instead of one single value for the pre-impact velocity of each vehicle as result of a
reconstruction with the use of PC-Crash, a probability distribution of the pre-impact velocity is
needed. In [I], it is proposed that a shell has to be designed that takes care of generating such a
probability distribution with the use of the Monte Carlo simulation technique. PC-Crash 6.0 is
judged to be a suitable base of a "new" program named MC-Crash.
There are several alternatives for PC-Crash. Most of these alternatives are based on the same
approach, like CRASH2000 for example. Generally, these programs are less advanced than PCCrash, when considering for example the tyre models that play an important role in the
calculation of the trajectory. The program CRASH3, however, is in contradiction to PC-Crash not
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a scene-based but a damage-based program. This means that the traffic accident analysis starts
from a very different point of view, namely considering the specific damage of the collision
partners.
Because this could also be an interesting point of view, in this section the results of a short
analysis of CRASH3 are presented. Next, it is motivated why PC-Crash 6.1 is chosen to be the
best base of the newly developed professional traffic accident reconstruction tool.
The program CRASH3 (Galspan _Reconstructionof Accident Speeds on the _Highway) was
presented during the Motor Vehicle Collision Investigation Symposium in October 1975. It is
basically a rigid body collision model supplemented with a trajectory model like in PC-Crash,
which is however less detailed.
The trajectory model is a two-dimensional model instead of the 3-dimensional model in PCCrash. This means that it is not possible to model the movements of the vehicles in the third
dimension, although these movements can play a major role in the post-impact trajectory of the
vehicle [I]. Relief in the accident scene and rollovers can also not be modelled in CRASH3.
Another simplification in the trajectory model of CRASH3 is the assumption that the post-impact
trajectory takes place on a single friction surface with a constant rolling resistance of the tyres and
no active steering. In PC-Crash these simplifications are not made.
In the collision model, energy and momentum are conserved and it is assumed that there is a point
of common velocity in the damage region of the colliding bodies. CRASH3 does not have a
model that handles "sliding impacts" - impacts in which no point of common velocity can be
defined because the vehicle bodies are sliding along each other - in contradiction to PC-Crash.
The critical difference with the method in PC-Crash is that CRASH3 uses the estimated amount
of energy dissipated in the deformation process of the colliding bodies as an input parameter to
the mathematical equations. This amount of energy is calculated from the physical damage of the
collision partners plus an estimated amount of energy related to the elastic deformation. To do
this, the coefficients of stiffness of the body structure have to be known. The coefficients of
stiffness are categorised in eleven categories. Each vehicle can be divided in one of these
categories. Categorising the vehicles means degradation in accuracy.
Furthermore, the values of the coefficients of stiffness are empirically derived from data
generated in crash tests in the late 1970s. Since then, a lot of research and development has taken
place to improve the crashworthiness and this affects the coefficient of stiffness as well.
CRASH3 assumes a uniform individual crush stiffness for the side, back and front of the vehicle.
Mainiy for the front, often involved in traffic accidents, this assumption is rather rough: the
structure of most modern cars becomes stiffer when the deformation becomes that large that the
engine and drivetrain are involved.
The models in CRASH3 are based on the assumption that there is a linear relationship between
the plastic deformation at front, back or side of the vehicle and the velocity difference (AV) due
to the impact. If the dimensions of the plastic deformation are known, the deformation can be
modelled by the definition of certain characteristic points of the deformation in the schematic
contour of the vehicle in CRASH3. When there are no detailed measurements of the damage to
the vehicle body available, a collision deformation classification can be used.
In CRASH3 many important vehicle properties, such as lengths and widths, masses, moments of
inertia and crush stiffness are categorised. For all categorised properties holds that this

Page l8of I l l

H.H. Spit

categoriation leads to a degradation in accuracy in comparison to the possibility to enter the exact
values like in PC-Crash (except for the crush stiffness).
The potential accuracy of CRASH3 for well-documented cases with respect to the simulated end
positions and the deformation energy is expected to approach the range of about 10 % for cases in
which the velocity difference due to the impact is lower than about 25 kilometres per hour and
about 10 to 20 % in case the velocity difference is larger 1141.
From a publication of Cliff and Montgomery it is known that the average error for the nineteen
car-to-car crashes that have been reconstructed with PC-Crash was experimentally determined to
be about 10 % [I] [85.
Resuming it can be concluded that although the idea of using the physical damage of the vehicles
involved - one of the most important and well defined traces after a traffic accident - is very good,
the programs trajectory model disappoints. Furthermore, the way the vehicles are modelled in
PC-Crash is more detailed than the way CRASH3 models the vehicles, namely by dividing the
vehicles in categories. Because of these reasons, and the fact that the Dutch police force has
experience with PC-Crash, it is decided to use PC-Crash as base of the MC-Crash program.
Another point that makes PC-Crash a more logical choice is the fact that PC-Crash is a pure
scene-based program and that matches with the way the police investigations are set up.
The decision to choose PC-Crash as base for the MC-Crash prototype is also supported by the
fact that TNO Automotive has professional contacts with the company DSD in Linz, Austria that
developed the program PC-Crash.
Because it seems that the collision model in CRASH3 is potentially very good (after certain
refinements and updates of the model), it might be an improvement when a model based on
vehicle damage is implemented in PC-Crash in the future.

3.2 Problem solving procedure
In this section, theoretical procedures are introduced which can help finding solutions for the
problem defined in section 2.2. With the use of the figure below, the problem solving procedure
will be divided in several steps [17]. For each step a suitable solution has to be found.
Problem
formulation

Experiment
design

Estimation

+

Model finished

Figure 3.1: Identzjkation scheme.

In the first step, the problem has to be defined. Major questions in this phase are: What is the
purpose and scope of the model and what models are already realised in this direction?
Concluding it can be said that the purpose is to realise a traffic accident reconstruction tool that
takes into account the uncertainties in the reconstruction process (expressed in the results) and the
program PC-Crash will be suitable as base of this model [I]. Till now, the model in PC-Crash
could be characterised as a non-linear deterministic dynamic model for real-life traffic accidents.
Now, a model is needed that produces a probability distribution instead of one solution for the
pre-impact velocities of the cars involved in the traffic accident. A non-linear stochastic
(probabilistic) dynamic model, also called an estimator, can be used for finding these probability
distributions [IS]. It was concluded that the models in PC-Crash 6.1 are a suitable base for the
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MC-Crash prototype, so this program will be used after some adjustments for estimating the
probability distribution. For more details, see the previous sections.
The next step in figure 3.1, the experiment design, is somewhat difficult to translate to the
situation in this project. It can be said that the experiments are real life car crashes. The bestdefined experiments that can be used are crashtests, but even from those tests it is difficult to
collect the exact values of the input parameters and initial conditions that are important for the
validation of the MC-Crash prototype [I].
First the measurements, the values that can be collected from the experiments to validate the
output of the model, have to be defined. These measurements with which the model can be
validated are:
e
The x, y and z co-ordinates of the end positions of the vehicle and the heading
The x, y and z co-ordinates of the intermediate positions and the heading
The total deformation energy divided over both vehicles in terms of Energy Equivalent Speed
(EES)
Not in every case all this information can be collected from the real life crashtest / accident, for
example if no marks are found that indicate the intermediate position or a vehicle is moved from
its end position to let other traffic pass.
In general, it can be said that in the experiments (crashtests) this information is not explicitly
archived and thus difficult to collect. The reason for this is that this kind of information is not
relevant for the clients. The clients only want to know whether or not the vehicle meets the
regulations specified for a certain condition. The movements of the cars are not relevant in this
scope. So, the information about the trajectories of the vehicles in the crashtests has to be
collected by studying the reports and the high-speed film material. Furthermore, it is possible that
the end positions of the test vehicles are restricted because of safety reasons.
Other important information that is also used in the model, such as for example the weights of the
vehicles (one of the system parameters) and of course the pre-impact velocities (one of the initial
conditions), are measured and archived exactly. This makes it possible to use the crashtests for
validation purposes, although it is not the ultimate experiment but more "the best you can get7'.
Summarising it can be said that the purpose of the model is formulated, the decision is made that
MC-Crash will be based on the 3-dimensional dynamic models and the collision models used in
PC-Crash 6.1 and crashtests are used as experiment although this is not perfect [I].
Given a dynamic model for the dynamics of the cars in an accident, the best values for the system
parameters and initial conditions have to be found to get the results that fit best to the measured
data from the experiment. For every traffic accident to be reconstructed this information has to be
found / collected again. In appendix A, a list of the parameters used in PC-Crash (which are
varied in the Monte Carlo shell (see chapter 4)) is presented.
The next step in figure 3.1 is called "Estimation". Because there are so many parameters in the
model and some parameter changes effect others, a functional method is needed to detect the
possible values for the system parameters and initial conditions. Some input parameters can be
measured from the real life case, but even then the user has to keep in mind that there are
uncertainties in the measurements. Other parameters and the initial conditions can only be
estimated and in this case it is evident that the user has to deal with uncertainties. In the next
section, methods are introduced which can help finding an estimate for this parameter set for a
certain accident.
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3.3 Estimation methods
In this section, some important and well-known estimation methods from literature are presented,
starting from so-called point estimation techniques. It is not the purpose to be complete in this
overview, but to introduce a basic foundation of estimation methods with repect to which the
estimation method implemented in MC-Crash can be compared. For more information about the
described methods the reader is referred to [I 7,181. In section 3.4, the method implemented in
MC-Crash is presented and the relation between this method and the methods known from
literature described in this section is explained.
The purpose in point estimation is to find a parameter set @ for which the model matches the
experiment best. Using a likelihood function can help finding this best estimate. Below the
process is sketched with the use of some general equations.
The starting point is the following general set of ordinary differential equations and algebraic
output equations derived by using physical laws to describe a system:
f(q,q,q,u,f,e)=o,

(34

In these equations 'q' refers to the degrees of freedom and the dots above the q to the first and
second time derivatives. 'u' stands for the initial conditions, 't' for time and '8' for (unknown)
model parameters. 'y' represents the output variables.
In addition a sufficient number of initial conditions

4 (o)= q,

(3-4)

4(o)= &
has to be supplied.
In most cases including the case considered in this report, it is not possible to measure every
variable in the experiment (real life accident or crash test) and even when it is possible to measure
the needed parameters, these measurements are not exact. In case of the PC-Crash models, also
the mathematical model does not exactly represent reality. This means that the deterministic
model has to be changed in a probabilistic model (estimator) from which the model parameters
can be estimated. This estimation requires measurement data and if possible probabilistic
knowledge of the model parameters and the (measurement) errors.
The total error between the model and the experiment can be written as:

In this equation, y is the measured output, 8* denotes the true (exact) parameters for which the
error should vanish if the exact model was used and no measurement errors did occur. The
symbol q* and its time derivatives refer to the exact solution of equation 3.2 according to 8*. So
the total error can be formulated as the difference between the actual (measured) output and the
exact output.
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To set up a probabilistic model coming from a deterministic model, a probabilistic density
function for the error should be chosen. If the errors in the different samples / experimental runs
are statistically independent a joint probability density function of the total error E can be
formulated. With normally distributed errors assumed this leads to the following equation:

..

Smh i? jomi probzbiliq beiisity fiinction reflects a! prob&i!istic info-ztim en the errers E. Dw
to the definition of the errors, the joint probability density h c t i o n is a function s f the true
parameter vector 8:. But the values of this vector are unknown in estimation. When the temporary
values are close to the true values 8*,true in the neighbourhood of convergence, then in stead of
the error, the residual can be used, which can be defined as the difference between the measured
outputs and the predicted outputs (see equation 3.8).

When the residuals are used in the joint probability function, this function is changed into a
likelihood function

The likelihood function will be a function of @, the set of unknowns 8 and all covariances on the
error variables. With the use of a likelihood function the estimation of the parameter set 8 can be
done.
In most cases the parameters from the parameter set 8 that have to be estimated are restricted
themselves, for example because of physical reasons. This so-called prior knowledge can be
added to the model by means of prior (probability) density functions PO(@).
In most cases in engineering practice the prior knowledge density functions are defined by
physics or reasoning. Below some widely used examples are given:
1. Absolute bounds. A uniform distribution can be assigned: po(@)= 0 for (physically)
impossible values and po(@)= 1 for admissible values for the parameters.
2. If more detailed information is available, an alternative distribution can be used in order to
give more detailed input to the model. For example if from literature information is obtained
in the form qof A@,it can be considered as absolute bounds (see above) or the prior
information can be modelled as a normal distribution for a 99% confidence interval.
After defining the prior density functions, a posterior density function <(@)can be obtained by
combining the likelihood function L(@)and the prior density function PO(@):

The factor c is only used in order to normalise the posterior density function in the case the prior
knowledge function is not a strict probability density function (the surface under the function
does not equal 1). When the prior density function is a strict probability density function c = 1.
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By defining a posterior density function the model is changed from a deterministic model into a
probabilistic model: the posterior density function contains the deterministic model itself, the
measurement data, the probability distribution on the errors and the prior knowledge of the model
parameters. So by using the posterior density function the best parameterset @' can be found. If it
is possible to compute the complete posterior density function p*(@),a criterion has to be chosen
to define what is the best parameterset. In most cases the mode or maximum value of the
posterior density function is chosen [IS].
The functional relationship between the measured data y and the best estimated parameter set @' is
called an estimator:

@' = a(y), the

object function of the residuals. The output 4' can also be

represented by a probability density function pa(@').This posterior density function is called the
sampling distribution of the estimator a, and depends on the distribution of the measurement data
y as well as on the implementation of a specific estimation procedure.
Two distinct cases can be defined now with respect to estimation: point estimation and interval
estimation. In point estimation, also called model fitting, only the mean of the probability density
function pa(@') is computed. However, in interval estimation also an estimate of the covariance of
pa(@')is computed.
Below some welLhoW poirit estimztion procedures are introdwed briefly. For more
information the reader is referred to the literature on estimation topics, for example [17,18].
1. Bayesian estimation. This estimation procedure uses all terms of the posterior density
function as described earlier. This means that knowledge has to be available with respect to
the deterministic model, the measurements y, the error distribution as well as the prior density
functions of the parameters. The criterion for the best estimate is mostly the mode, which lead
to a maximisation problem of the posterior density function.
The object function with application of the natural logarithm can be defined as

6)).

0(@).ln(~*
(3.1 1)
The optimal value of this object function will not be changed as the natural logarithm is a
monotonic increasing function. Now the Bayesian maximization problem can be written as
(3.12)
@B ($1 =ln(~($))+I&
($1).
2. Maximum likelihood estimation. This estimation procedure is based on the Bayesian
estimation described above, but now the prior knowledge of the parameters is dropped. The
maximum likelihood estimation uses only the knowledge about the deterministic model, the
measurements and the error distribution. Again a logarithmic object function can be derived
by taking the logarithm of the likelihood function (3.7):
@L ($1= l n ( w )
(3.13)
The maximum of the function can be considered to be the most likely value to occur in
reality. Assuming normal distributed errors, the object function can be written as
@, (@I=-+ln(det(v))-+eT(0)v-' e(0).
(3.14)
3. Least squares estimation. Most types are a subset of the maximum likelihood estimation,
where the information on the error distribution is withdrawn or assumed known. From a

H.H. Spit

Page 23of 111

statistical point of view this is the same as applying the data directly to the deterministic
model. The object function can be derived from 3.14 and omitting the first term:
Qw(@)= -f e T ( 8 ) v - 'e ( 8 ) .
(3.15)
When also the estimate of the covariance is computed (interval estimation), statements can be
made on intervals of confidence for the parameters. Estimates of the covariance can be obtained
by analytical derivations from the estimator object function, by Monte-Carlo simulations or by
computing from a complete set of estimates. In this report, the Monte Carlo simulation is used to
find intervals of confidence on the system parameters and initial conditions. In the next sections it
will be described how this method is implemented in the MC-Crash prototype.

3.4 Estimation method used in MC-Crash
Well-known estimation techniques from literature were discussed briefly in the previous section.
Now, the translation can be made to the method used in the MC-Crash prototype.
In the MC-Crash prototype, the least squares estimation method is used. As written in the
previous section, in the least squares estimation no a priori knowledge of the parameters is used
and the information on the error distribution is withdrawn or assumed known. Only the
knowiedge ofthe deterministic model and the measiilemeai data is retaiiled. 13 sectior, 3.4.1 it is
described how the a priori information is added in a different way.

The deterministic model in the MC-Crash prototype is the model from PC-Crash [ 5 ] . No
adjustments are made to this model, because it was concluded that the model itself was good and
detailed enough to be used for traffic accident analysis when a method was developed to take into
account all uncertainties in the reconstruction process [I].
As mentioned before, the measurements from the real life accident ("experiment") that are used
in the MC-Crash estimation method are the following:
The rest position(s) of the colliding vehicle(s) and heading(s) in the rest position(s)
The intermediate position(s) and heading(s) in the intermediate position(s)
The Energy Equivalent Speed(s) (EES)
Not for every accident all of the measurements listed above are available; for example the
intermediate positions may not be known when no traces could be found that uncovered the
intermediate position. In that case the set of measurement data can be very limited.
Another problem in this context is the fact that in most cases the measurements of the real life
accident are not known exactly. Possible measurement errors or the fact that it is simply not sure
whether the positions in which the involved vehicles were found are the real rest positions right
after the crash can cause this. In some cases it is possible that the vehicles are moved, for example
in order to let other traffic pass or for rescue purposes.
The intermediate positions (if available) are in most cases relatively accurate, because these are
often tyre marks that can be measured on the accident scene. The heading of the vehicle in the
intermediate position is typically more difficult to find out.
For the Energy Equivalent Speed (EES) values this is completely different [I]. These values are
always estimated for example by comparing the photographs of the damaged vehicles with other

photographs in an Energy Equivalent Speed database (also available in PC-Crash). The total
Energy Equivalent Speed can be seen as a quantity that indicates the deformation energy. The
relation between the total deformation energy (Ed& and the Energy Equivalent Speed (EES) is as
follows:
L

where m is the mass in kilograms.
From the f~regoing,it c a bb
~e conc!uded that ever, the measureme~ts2rs en!y kAom within

2

certain margin. It is very important to take this into account. It must be avoided that possible good
results are rejected and/or wrong simulation results are accepted. The way this is done is
described later in this section.
In order to give more weight to measurement data that were known accurately and less to a
measurement that was only estimated like the Energy Equivalent Speed (EES) values for
example, weighting factors are introduced in the least squares estimator.
Below it will be shown how this weighted least squares method is implemented.
In order to judge the simulation results calculated with a certain set of initial conditions and input
parameters, the results of the simulation are compared to the measurements from the real life
xcident. This is d o ~ by
e mezns of the equation f~mmlatedbelow, referred to as the MC-Crash
quality function:

where
Q is the calculated error in percents,
wi is the weighting factor for measurement i and
xi is the relative error between the measurement i and the simulation result for i.
A larger value for Q indicates a larger error, thus a bigger discrepancy between the measurements
from the real life accident (the experiment) and the simulation results.
The relative errors xi are defined in the equations 3.1 8 to 3.20. As stated before, it depends on the
availability of traces whether every xi can be used for the quality function.
The error calculated from the intermediate or rest positions is defined as follows:

where
Ppositi0,
is the intermediate or rest position
Pposition-sim
is the intermediate or rest position from the simulation and
Pi,
is the impact position.
From this equation it can be seen that the error is normalised with the distance from the point of
impact.
The normalised error in the heading of the vehicles in the intermediate or rest positions is given
by equation (3.19).

7

d

is the heading direction vector in intermediate or rest position and

d ,o,ition-s~, is the simulated direction vector in intermediate or rest position.

For a visualisation of the vectors mentioned in the equations see the example in figure 3.2 below.

Figure 3.2: Example ofposition and direction vectors.

The norrnalised error in the estimated EES values is defined as:

where
EEStOtaI is the total Energy Equivalent Speed and
EEStot,l-si,is the total Energy Equivalent Speed from simulation result.
Summarised, it can be said that in the MC-Crash quality function the deterministic model is
represented by means of the simulation results used in the normalized error functions presented
above. These output parameters are compared with the measurements of the real accident (the
experiment). Using the equations described earlier, this means the lower the error (the value Q of
the MC-Crash quality function), the better the simulation matched the real life accident. This
means that the best result can be found by searching for the minimum of the MC-Crash quality
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function. So, according to the previous section, the MC-Crash quality function can be seen as a
kind of probability density function pa($').
In the next section it is explained how prior knowledge of the system parameters and initial
conditions, together the input parameters for MC-Crash, is added to the estimation procedure
used in MC-Crash. The way the estimation procedure uncovers the best estimate of the parameter
set used in the PC-Crash models is presented in section 3.4.2.
3.4.1

Adding prior knowledge to MC-Crash

As discussed in section 3.3, prior knowledge of the input parameters can be added to the
estimation procedure, which results in Bayesian estimation. In MC-Crash, this prior knowledge is
added in an alternative way: with the use of the Monte Carlo simulation method. In this section it
will be explained how this is done.
In general, Monte Car10 simulation methods can best be described as statistical simulation
methods involving sequences of random numbers to perform the simulation [2,12,13]. The name
"Monte Carlo" has been put forward during the Manhattan Project of World War 11, because of
the similarity of statistical simulation to games of chance.
The historical origin is found in numerical integration, but it can also successfully be used for
ihe ~iiiiericdsoktion of mere ccmplex i~tegra!
reiated probiems like interpolation problems
equations. In the past several decades this simulation technique has been used to solve complex
problems in nuclear physics, quantum physics and chemistry as well as for simulations of for
example traffic flow or econometrics.
The basic idea behind the Monte Carlo simulation method within the MC-Crash application is the
use of a random number generator, which samples the system parameters 8 and the initial
conditions (q,, q,) for PC-Crash from intervals defined earlier by the reconstructionist. These
intervals contain the prior knowledge of the parameters, and can be seen as prior (probability)
density functions PO(@).
As discussed in section 3.3 the prior knowledge density functions are
often derived from physics or reasoning. The most common shapes for the prior (probability)
density functions po(@)are absolute bounds (po($) = 1 for possible values and po($) = 0 for
impossible values of a parameter) or normal distributions. In section 4.2.1, the default intervals
are defined and explained.

3.4.2

Using the MC-Crash estimation procedure

Now, the probability density function used in MC-Crash, the MC-Crash quality function
(equation 3.17), is defined and the way the prior knowledge is added is explained, in this section
the estimation procedure as it is used in the MC-Crash prototype is described.
After sampling the input parameters 8 and the initial conditions x randomly from their intervals,
they are transferred to PC-Crash. It is important to realise that the initial conditions are also
treated as "unknown parameters" that have to be estimated. Then PC-Crash runs a simulation
with this parameter set @ (Monte Carlo simulation) and the results of the simulation are exported
to the MC-Crash shell to be further analysed. This analysis involves the calculation of the total
error by means of the MC-Crash quality function (equation 3.17) described in section 1.4.
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3.4.2.1

Finding the possible solutions

In most cases, if an estimation method is used, one is interested in finding the best estimated
parameter set @' (point estimation). In this project however, the interest is for the (complete) set of
parameters and initial conditions that produce possible good solutions (interval estimation)(also
see section 2.2.). This requires a different method than most commonly used. In this subsection
the method used is explained.
The MC-Crash quality function (3.17) is used as follows. The basic idea is this: The
reconstructionist has to define a maximum value for Q: Q*.For every calculated Q lower ikan the
defined value Q*,the results will be accepted and the parameter set that was used during the
simulation will be seen as a possible combination. For every calculated Q larger than the defined
Q*,the results are not accepted. The simulation results were too far from the real life accident
data to be reliable. So, the value of Q*defines the region wherein the results have to be. For an
example see figure 3.3 (caution: in this figure only the region for the end position of the vehicle is
shown and not for the total error). The actual value of the quality function (Q) in combination
with the user defined value for the accepted error Q*will be used to reject or to accept the
parameter set that is used in the calculation. Below this is explained by means of a simple
example.
Choosing a larger value for Q* indicates that there is a iarger uncertainty about the real-world
crash information on which the acceptance criteria are based. A larger discrepancy from the
measurements is thus accepted, since the measurements themselves are not exact either.
With the use of the weighting factors it is possible to give the measurements, which are more
precisely known, more influence on the calculated Q than measurements which are only a rough
estimation in the real world case. The first has the largest weighting factor. The sum of all
weighting factors is always one.

Measured end position vehicle 1
Possible end position vehicle 1
regarding measurements errors
Measured end position vehicle 2
Possible end position vehicle 2
regarding measurements errors

Results of simulationruns in
MC-Crash with different
parameter sets 4

b

I

9

Sim. end position vehicle 1
Sim. end position vehicle 2

X co-ordinate

Figure 3.3: Example simulation results endposition.

In figure 3.3, the measured end position of both vehicles in the two dimensional plane is shown.
Instead of one value for both the X and Y co-ordinate, a region is defined to take into account
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measurement errors. This region has to be defined larger (a higher value for Q*)when there is
more uncertainty about the end position and smaller (a lower value for Q*)when the end position
of the vehicles were well defined. The numbers in figure 3.3 refer to the results of simulation runs
with different parameter sets @. The red numbers refer to the calculated end positions of vehicle 1
and the blue numbers refer to vehicle 2. From this figure, it can be concluded that simulation
number five produced the best results: both the end position of vehicle 1 as the end position of
vehicle 2 were calculated to be within the specified region.
It was stated that the numbers in the graph referred to the results of simulations with different
parameter sets @.These parameter sets consist of one value for each different system parameter
and initial condition drawn from the defined intervals (prior knowledge, see section 4.2.1) in
which the true value for each system parameter and initial condition has to lie. In chapter 4, more
details about the definition of these intervals are given. From the figure, it can be concluded that
the parameter set @ that was used to calculate the fifth simulation is a valid one: the combination
of the randomly drawn system parameters and initial conditions from their intervals produced a
realistic result. So, all possible system parameter and initial condition combinations (parameter
sets @) for which the simulation with PC-Crash produces acceptable results have to be found.
Acceptable results in this context means that the total error Q is lower than the value Q* that was
set by the reconstructionist.
Now, let us focus on the MC-Crash quality function (3.17) and the estimation procedure.
The way to find the best parameter set @' ,can be explained with the use of a simplified MC-Crash
likelihood function (3.17) with only one input parameter @ to be estimated as example (see figure
3.4). For MC-Crash, the unknown parameter set @ consists of about 185 input parameters and
initial conditions for a car-to-car accident model.
As written before, the best estimate @* is the value for which the likelihood function reaches its
maximum. In the case of the MC-Crash quality function, the function calculates the total error,
the best estimate is the parameter set for which the error is as small as possible, so the minimum
of the function.

F

@*

Parameter @

Figure 3.4: SimplijiedMC-Crash qualityfunction.
There are several methods to find this value. If it is numerically possible, the complete shape of
the function can be calculated. In most cases this is very time consuming and therefore not very
efficient, because generally the exact shape of the function is not of interest.
Another optimisation method is based on the use of the derivatives of the likelihood function
[I 71, but because of the complexity of the MC-Crash quality function (about 185 variables system
parameters and initial conditions included involved) it is practically impossible to calculate the
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derivatives of the function. However, the advantage of such an optimisation method is that not the
entire shape of the likelihood function has to be calculated explicitly. Instead of this, analytical
methods are used to find the best estimate [I 71.
Instead of using the derivatives in combination with only a few points on the likelihood function
many points of the MC-Crash quality function are calculated. This is done in order to find the
minimum experimentally. With right chosen pre-defined intervals (a priori information, see the
previous chapter) for the unknown parameters @ in the Monte Carlo simulation the shape of the
Me-Crash quaiiQ function is caiciilslted "poiiii by point" ss nearby the mir,im::m ef the fiincticr,
as possible. Unfortunately, many points are needed to find the minimum of the MC-Crash quality
function. Consequently, this is a time consuming process. The parameter set @ that correspond to
the simulation with the results producing the smallest value Q for the MC-Crash quality function
can be considered to be the best parameterset @*. In figure 3.3, only one parameter @ to be
estimated was involved. The best estimate for this parameter is the value that corresponds to @* in
figure 3.4. For the MC-Crash quality function @* is a large parameter set: a combination of about
185 system parameters and initial conditions that produced the best simulation results compared
to the real life accident.

3.4.2.2

Uncertainties in measurement data

In chapter 2, it was mentioned that the main goal was to create a traffic accident simulation tool
taking into account the uncertainties in the reconstruction process. In the previous sections it is
explained how the uncertainties in the input parameters and the initial conditions are taken into
account. In this section it will be explained how the uncertainties in the measurement data are
handled in the MC-Crash prototype.
In section 3.3, it is described that the Bayesian estimation method also takes into account the
errors in the measurement data. The way this is done in the case of the MC-Crash prototype is
described with the use of figure 3.5 below.

Figure 3.5: SimpliJied MC-Crash qualityfunction using Q*

In figure 3.5, the same simplified likelihood function is displayed as described in the previous
section. The shape of this function is calculated with only one (exact) value for the
measurements. As written before, the best estimate @* is the value for Q that corresponds to the
minimum of the function.
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Now the situation occurs that the measurement data themselves are not exactly known. In traffic
accident simulation practice this situation often occurs. For the method used in the MC-Crash
prototype there are two ways to take the uncertainties about the measurement data into account.
The way the uncertainties in the measurements are taken into account in the MC-Crash prototype
is the following. Instead of only searching for the parameter a*that corresponds to the minimum
of the likelihood function, the interest is in every value for that results in a value for the total
quality Q smaller than a user-defined Q*.All values for @ that gave a total error smaller than Q*
wi!! bpi treztec! as possible good values (or "best-estimates") for parameter @.
Another method to take care of the uncertainties in the measurement data is through defining
intervals for the measurements in the same way it is done for the system parameters and initial
conditions. Now from these intervals values are drawn randomly and used in the MC-Crash
quality function. This procedure is repeated X times for the same parameter set, but with another
set of randomly drawn measurements. The calculated total error is compared to a critical value.
This critical value has to be near to zero in opposite to the method described earlier (see figure
3.5). The advantage of this method is that the difficulty of defining a good value for the critical
value Q* is vanished. Another advantage is that the same simulation results can be used more than
once, so in a cheap way, more results are being generated which might save simulation time.
However, at this moment there is no experience with this method, and it might be possible that
the advantage is (partly) destroyed because the total error has to be very close to zero for this
method. It is recommended to implement this method for testing purposes, before clear
statements can be done in this respect. Unfortunately, this idea came up to late in the project to
implement it in the MC-Crash prototype, but can relatively easy be added in a final version.
In section 3.4.2.3 a possible alternative for the quality function itself is investigated.
3.4.2.3 Alternative MC-Crash quality functions
The MC-Crash quality function described in the previous sections introduces some difficulties
when used in the MC-Crash prototype.
The first problem is that it is difficult to give the best value for each weighting factor for each
case. The relation between the accuracy of the values of the validation parameters in the real
world accident and the values of the weighting factors is for most future users difficult to
interpret.
Another disadvantage of the described method is the fact that it is not clear what discrepancy of
what measurement (a co-ordinate of the intermediate or rest position, the heading or the EES
values) is for what part responsible for the value of the quality function (Q).
In this section, possibly an alternative for the method described previously is suggested. The
starting-point of this solution has to be the fact that all possible solutions for the pre-impact
velocities of the vehicles involved can be found: the results have to be used in court safely,
minimising the possibility that people are wrongly accused. Another demand is that the method
has to be relatively easy to understand for not technically educated people like judges to be
accepted as reliable tool.

In the least squares method described earlier, all residuals for the measurements are summed. One
single value for Q is calculated and compared to a value of Q that the user has defined as
acceptance value (Q*).
In order to save the information of which acceptance criterion is responsible for a calculated Q
that exceeds the acceptance value Q*,the quality function can be divided in sub-functions that
calculate the error for every measurement separately. This results in:

Where the normalised error in the x-co-ordinate in the end position is calculated with:

and the normalised error in the y-co-ordinate with the equation below.

When the z-co-ordinate is relevant for a certain accident, it can be taken into account in the same
way as the other co-ordinates.
The quality of the calculated heading of the vehicle in the rest position can be determined by:
The nonnalised error in the heading is calculated using equation (3.19).
For the intermediate position (Qp0,itermediate, Qheading
substituting "end" by "intermediate".

the same equations can be used

The quality function for the value of the Energy Equivalent Speed is given by
QEEs
. 100%
(3.26)
The normalised error in the calculated value for the Energy Equivalent Speed can be determined
with the use of equation (3.20).
So, instead of one single value for the quality function Q, nine different values for the quality can
be formulated: Qxpos, end, Qypos, end, Q ~ p o s ,end, Qheadig, end, Q ~ p o s ,intermediate, Q ~ p o s ,intermediate, Q ~ p o s ,
intermediate, Qheading, intermediate and QEES.
To calculate these values of Q, for all of them a value for the measurement in the real world case
is needed. In case they are known without any uncertainty, there is no problem. But in most cases
they are only known within an interval, due to measurement errors or the fact that only an
estimation is available from the real world accident. In this case the mean of the interval (q,,)
has to be chosen. The uncertainty in the measurement will be squared defining the critical values
(Q*)for every quality function.
The critical value (Q*)for every quality function will be calculated by the following equation:
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where q,,i is the maximum possible value for the measurement i of the real world accident and
q,,,i the mean of the interval that is defined for this measurement i. So the latter is also used for
calculating the normalised error.
With the use of equation 3.27, the difficulty of defining a good value for Q* has vanished,
because this value is now related directly to the measurement uncertainty and the corresponding
interval. This is less abstract and more easily to understand for less technical educated future
users.
A solution of a simulation with a randomly selected parameter set will be accepted when it meets
the following acceptation criterion:
(Qi S Q )for
~ eveiy validation parameter I
It is important to remark that the validation criterion in formula (3.28) is more stringent than the
method described in the previous section. This will have influence on the total computation time
needed to find enough accepted parameter sets to take conclusions from safe1y.h section 3.4.2.4
it is explained when enough accepted simulation have been found.
After testing this method in MC-Crash, it was find out that the simulation time needed to collect
enough accepted parameter sets was not acceptable. After running MC-Crash for 18 hours, only 3
accepted parameter sets were fowd. Compared to the s m e case ming the MC-Crash quality
function described in the previous sections (equation 3.17), it was only bout 3.48 % (86 parameter
sets were found in the same time). From this test it was decided not to use this alternative method,
although it was clearer for the future user. For good conclusions, many accepted parameter sets
are needed as explained in the next section. And it is not acceptable if it lasts more than a few
days (see chapter 2) to collect these data sets.
Another opportunity to improve this process in MC-Crash might be using a method based on the
Bayesian estimation technique, introduced briefly in section 3.3. A disadvantage of this Bayesian
method compared to the method implemented in MC-Crash is its relative complexity. The
information about the system parameters and the initial conditions (the prior density functions)
and the measurements y as well as error distribution has to be known and translated into all kinds
of distributions. It will become more difficult to give insight in the procedure for not technically /
mathematically skilled people like policemen and judges for example.
From the previous it can be concluded that there are possibilities left for improvements in the
estimation process used in the MC-Crash prototype. The method chosen - the weighted least
squares method in combination with the Monte Carlo simulation and uniform distributions for the
input parameters - is considered to be a good starting point for the prototype. The fact that all
simulation results in combination with the used parameter sets are saved in a file keeps the
possibility open to use other methods for analysing the simulation data.
Within this project, there was no time left for trying other methods, but further study in this
direction is highly recommended. Improvements can be expected in the calculation time as well
as in the functionality when a more sophisticated method can be found to identify the possibly
good values for the input parameters and the initial conditions.

3.4.2.4

Probability distributions of input parameters and initial conditions

With the use of the Monte Car10 simulation method, from every interval for the system
parameters and initial conditions a parameter set is created (realisation) and a simulation is
performed. Then, the results of each simulation are evaluated by means of the MC-Crash quality
function (3.17). Every parameter set that was used in a simulation resulting in a total error lower
than the user-defined value Q* will be seen as a possible combination for the parameters and
initial conditions. The individual system parameters and initial conditions used in these parameter
sets are stored as being possible vahes for the i i i p parameters er initial cnndltions ifiwlwd. So,
all possible values for a certain system parameter or initial condition can be visualised by
projecting the total error Q to the parameter of interest (see figure 3.6). Every value that was used
in a parameter set that resulted in a lower total error than Q*,can be seen as a possible value for
that system parameter or initial condition.
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Figure 3.6: Example plot of the pre-impact velocity versus the total error.

Because in most cases the reconstructionist is interested in the pre-impact velocities of the
vehicles, the pre-impact velocity of a vehicle involved in an accident will be taken as an example.
In figure 3.6, all values for the pre-impact velocity that were used in the MC-Crash simulation are
plotted versus the total error. This error is calculated with the use of the MC-Crash quality
function (3.7). The user-defined interval for the shown pre-impact velocity was set from 20 to 60
kilometres per hour (prior knowledge). If the user decides that all results with a total error less
than 5 % are accepted (Q*: see the red line in the figure), the possible pre-impact velocity ranges
from about 25 to 45 kilometres per hour. In section 4.3.2 it is presented how a probability
distribution can be generated from this kind of graphs.
In the same way, for every other input parameter or initial condition for which an interval was
defined (and thus with uncertainty about the real value) the possible values can be found.
When enough simulations are performed that resulted in a total error less than Q, for the
parameters of interest, like the pre-crash velocity in this case, a frequency distribution can be
generated from the accepted parameter sets. From the frequency distribution it can be seen what
is the mean velocity and what is the minimum and maximum velocity found in the MC-Crash
simulation. The frequency distribution can easily be translated to a cumulative frequency
distribution after which it is possible to make statements like: "in more than 80 % of the results,
the pre-impact velocity was found to be more than 38 kilometres per hour.. ." (see figure 4.7 for
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an example). When the starting point is a probability function instead of a frequency distribution,
statements can be made like: "with a probability of 90 %, the pre-impact velocity of vehicle 1 was
more than the maximum speed allowed on this road." This is very useful in court and the final
goal of a MC-Crash simulation. Below, it is described how to find the probability distribution of
the pre-impact speeds. In the same way, for every other system parameter or initial condition of
interest, the probability distribution can be found.
The probability distribution is strongly related to the frequency distributions. But three aspects are
very i ~ p t zwhen
t
spezking ir? terms of probability.
First, the reconstructionist has to be very sure that the minimum and maximum value that were
found are the real minimum and maximum value. To guarantee this, all parameter intervals has to
be chosen large enough to be sure that no possible value is outside the interval. A check on this
criterion can be performed by making plots like figure 3.7 for all important system parameters
and initial conditions. In this plots no "clipping" may occur for accepted simulation results.
"Clipping" in the figure means that it is very well possible that the real value for a certain
parameter was outside the interval defined for the parameter. From the figure, it can be seen that
it is very likely that a value just outside the interval can also result in smaller total error for the
simulation than Q*. The plot is "cut off'' in one or both directions. In figure 3.7, an example plot
of a parameter for which re lip ping'^ occurred in both directions is shown. The interval definition
(prior how!edge) was taken to near and has to increase in both directions. A disadvantage in this
respect is that the total simulation time will increase by defining larger intervals. Sometimes
"clipping" is allowed for a certain sysem parameter or initial condition. Namely when because of
physics the reconstructionist can be sure that a value outside the pre-defined interval is
impossible. Especially for parameters for which the model is relatively insensitive, "clipping"
may occur. For more details about the sensitivity of the system parameters and initial conditions
the reader is referred to chapter 6.
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Figure 3.7: Example of "cl@ping"for a certain parameter X
Second, as many simulations have to be performed such that the results of more simulation runs
will not affect the probability distribution. This means that there have to be so many simulation
results, that more simulations do not have enough weight influence the probability distribution
and many more simulation results will be equally divided over the distribution that was already
found. In that case only the density of the points will increase and not the distribution itself.
Beforehand, it is difficult to predict how many accepted results have to be found. This can be
statistically checked. After every subset of n performed simulations, a probability distribution is
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generated. From this distribution, the mode and the covariance has to be determined. When the
mode and the covariance of the subsets converge to one value for the mode and to one value for
the covariance, enough simulations are performed to draw conclusions fi-om.
The third aspect can be summarized as follows. As explained above, the basis of the Monte Carlo
simulation is the random number generator. If this random number generator is not 'really
random', the outcome of a Monte Carlo simulation is not statistically reliable for evident reasons.
Thus by performing a large number of numerical simulations, it is possible to give a statistical
foundation to the outcome of an MC-Crash simulation, which unfortunately is not possible by
using analytical methods. For more details about the statistical background of Monte Carlo
simulations the reader is referred to reference [2].
A disadvantage of the method described above is the typically long simulation times to get
sufficient accepted parameter sets. By choosing efficient sampling techniques, the speed can be
increased. From the 1950s, quasi or pseudo Monte Carlo simulation techniques are developed to
get a faster convergence speed and increase the effectiveness of the method. Further study in this
direction is recommended, because speeding up the process can make it more attractive for future
users.
In section 4.3, more attention is paid to the interpretation of the MC-Crash output.
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4

The MC-Crash program

In section 4.1, the structure of the MC-Crash prototype is explained. In section 4.2, some
problems that occurred during the realisation phase of the prototype and the way in which these
were dealt with are presented briefly. In section 4.3, some practical notes can be found that can
help while using MC-Crash and interpreting its output.

4.1 Schematic structure of MC-Crash
As mentioned in the introduction, the program PC-Crash 6.1 will be the base of the MC-Crash
prototype. The prototype MC-Crash is a combination of the program PC-Crash [22] together with
a Visual Basic [23] shell.
In figure 7, a schematic structure of the MC-Crash prototype is shown.
MC-Crash shell

Preparations in
PC-Crash

Definition parameter intervals

Simulationrun in
Handling
results

Results
Excel

Graphical
output

--b

Dynamic Data Exchange
Programmed in Visual Basic 6.0

nProces in PC-Crash 6.1
Proces in MS Excel

Figure 4.1: Schematic structure of MC-Crash.
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The blue boxes in the figure refer to processes in PC-Crash. All common preparations are made
in PC-Crash, like loading the right vehicles and the drawing of the accident scene, defining the
sequences and so on [I]. When all these preparations are done, information is transferred from the
program PC-Crash to the MC-Crash shell. This is done with the use of dynamic data exchange
(dde). Dynamic data exchange is a Windows based protocol that can be used to transfer data from
one Windows application to another.
The procedures in the MC-Crash shell can be divided in three steps as shown in figure 4.1.
In the first step, the parameter intervals for all relevant input parameters (PC-Crash system
parameters and initial conditions) are defined either automatically with the use of the transferred
data or by hand. These input parameter intervals are saved in the status file (*.sts).
In the second step, from these intervals the parameter sets are put together randomly and sent to
PC-Crash. This data transfer is also realised with the dynamic data exchange protocol. When all
data are transferred, PC-Crash starts a simulation on request of the MC-Crash shell.
In the third step, the simulation results are collected from the PC-Crash simulation and sorted
before saved in result files (*.res). Step two and three are repeated N times, until enough
satisfactory results are gained (see section 4.3). The number of simulations performed (N) is also
saved in the status file.
The files with simulation results can be opened with for example MS Excel to analyse the results.
With the use of this program, it is easy to make plots of the parameters of interest. MS Excel is
practically available on any personal computer these days, but the fiies can be opened with any
program that can handle .txt files. This leaves the opportunity to use other programs or to
integrate the analysing process in the shell in the future.
In the next section, more details about the realisation of the MC-Crash shell are given.

4.2 Realisation of the MC-Crash shell
As mentioned before, the MC-Crash shell is programmed in Visual Basic [23]. The reasons for
choosing the program Visual Basic 6.0 Professional Edition for realising the MC-Crash shell are
the following:
Dynamic data exchange (DDE) is possible after compiling the Visual Basic code
A clear windows based user interface is relatively easy to realise
Graphical output can be realised relatively easy with the use of MS Excel
A license agreement for Visual Basic is already in possession of TNO Automotive (saves
money)
The company DSD in Linz (Austria), the vendor of PC-Crash, was asked to make the PC-Crash
program suitable for dynamic data exchange. A list with all input parameters for which it should
be possible to exchange them was provided to DSD (see Appendix A). Furthermore, for all
commands to perform a simulation in PC-Crash it should be possible to activate them in the
Visual Basic shell.
Many problems occurred in the testing phase of the dde interactions. In the MC-Crash program
the dde procedure is used many times (about 400 times per simulation) to send the input
parameters that were randomly drawn from their intervals and to collect the simulation results.
In the first place the syntax to call the dde procedure was changed for version 6 of Visual Basic
and this was not known in Austria when preparing the program PC-Crash for dde interactions.

Page 38 of 111

H.H. Spit

This introduced some minor problems that could be solved relatively easy after intensive contact
with the developers of PC-Crash.
Another problem was that the operating system of the computer has a major influence on the
functionality of the dynamic data exchange. For Windows NT 4.0 and Windows 95 (the standard
at TNO) after a short simulation time (for about N = 30) memory problems occurred and the
process was terminated. In four months many attempts were made to solve this problem in cooperation with the Microsoft helpdesk and DSD and finally a version was developed that
performed well in a Windows 2000 environment. It appeared that the dynamic data exchange
functionality is stiii available in every Windows version and it is used in the operating system
itself. However, it is recommended not to use this feature or at least not that intensive in the
future, since Microsoft does not support the dde functionality for applications anymore. With the
use of Windows 2000 and several adjustments to PC-Crash and the Visual Basic shell it was
finally possible to get around these problems and make the prototype running.
For the future an alternative has to be found. This alternative might be found in the integration of
the Monte Carlo functionality in PC-Crash itself, or in the use of an alternative data exchange
functionality like OLE for example.
In the next three sections the way the input parameters are defined, the way the parameter sets are
chosen and the way the simulation results are dealt with in the Visual Basic shell are discussed,
respectively, in more detail.
4.2.1

Definition input parameter intervals

As mentioned before, for most input parameters in PC-Crash it is not possible to give the exact
value with 100 % certainty. In many cases, it is only possible to estimate its real value where in
other cases measurements are available, but they can also include (measurement) errors. It is
evident that the combination of all these uncertainties might influence the simulation results [I].
For more details about the sensitivity on input parameter changes in a specific situation, see
chapter 6.
In the MC-Crash prototype instead of one single value for every input parameter an interval can
be defined to deal with these uncertainties. In figure 4.2, an example of an input screen of PCCrash and the MC-Crash prototype is given. It is important that these intervals are defined
correctly. This implies that the user has to be sure that the real value for the parameter is within
the interval. Or in other words, it should be impossible that the (best) value for a certain input
parameter lies outside the pre-defined interval and, therefore, would not be used in the simulation
(see section 3.3.1).
On the other hand it has to be avoided that the intervals are defined too large, since that increases
the time to find enough accepted results dramatically. In this case, values for input parameters are
used that are too far fiom the real value resulting in simulations that does not match the real case
close enough according to a certain acceptance criterion.
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Figure 4.2: Example of a PC-Crash input screen (left) and an MC-Crash input screenfor interval
definition.

For an accident with two passenger cars invoived for about i 85 input parameters an interval has
to be defined. This makes it worthwhile to investigate the possibility to help the user with the
problem of defining the right interval for every input parameter. In the MC-Crash shell,
automatically a proposal is done for every interval and it is up to the user to be critical and to
change the proposed interval if necessary in a specific case. In this section, choices for the
proposed intervals are explained.
It is easy to understand that it is more important to define the interval as accurate as possible for
sensitive input parameters than for input parameters that do not have major influence on the
simulation results. On the other hand, for the sensitive input parameters it is very important that
the reconstructionist is convinced that the value of a certain input parameter in the real accident
lies within the user defined interval in order to get reliable results from the MC-Crash simulation.
In chapter 6, the results of the sensitivity analysis are presented. These results give an indication
on the importance of a certain input parameter, although this might change for specific cases.
Coeficient offiiction
An important input parameter that becomes even more important in cases with relatively long
post-crash trajectories is the coefficient of friction. The coefficient of friction (f) is the
multiplying factor that defines the maximum friction force (F,,,,)
between the tyres and the road
surface. FNin the equation refers to the tyre normal force.
FW,,,
=f .FN
(4.1)
In the table below, the values that Baker [20] found for the coefficients of friction are presented.
The maximum value in this table refers to the value found for new, sharp road surfaces, where the
minimum value corresponds to road surfaces that are traffic polished. In table 4.1, only the
boundary values are presented.
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Road Surface:
Velocity range:

Asphalt I Tar:
DRY
WET
<48
248
148
248
kmh
kmh
kmh
kmh

Portland cement:
WET
DRY
=-18
(48
=-a
<48
kmh
km/h
hh
kdh

I

I

I

I

Maximum value:

1.2

1.0

0.8

0.75

1.2

1.0

0.8

0.75

Minimum value:

0.55

0.45

0.45

0.4

0.55

0.5

0.45

0.4

Table 4.1: Friction coeflcients reproducedfiom [20].

Frcm these meawred data [20] it car, be calsulzted that the coefficient of friction for a wet road is
about 25 % lower than that s f a dry road (average over new and traffic polished roads as well as
concrete and asphalt road surfaces). From the data, it can also be concluded that the interval can
be set automatically on [0.4 ; 1.21. It is strongly recommended to change the width of the interval
if more information is available. This will improve the accuracy of the simulation results and the
total computation time needed to find enough accepted results will reduce dramatically.
Vehicle weight
The vehicle weights of the cars involved are determined mostly with the use of information
collected from databases like in PC-Crash or car catalogues. This information is generally not
obtained by performing measurements on the damaged cars. It is recommended that a spreading
of ten percent up and down is used on these values, to take into account equipment differences
that c 2 inf
~ usme the t9tal weight. hoth_erpoint that justifies the recommended spreading is the
fact that it is not clear for every source which weight is published. Is it the empty weight of the
vehicle without oil, gasoline and water or the mass of a ready-to-drive vehicle? And what was the
fuel level of the damaged cars?
If measurements are performed on the damaged cars to determine the weights, it Is also
recommended to use a spreading to take into account measurement errors (quantity depending on
the methods used) and eventually the loss of weight due to the impact (water from the radiator,
bumper parts lost and broken glass for example).
Weight of occupants and cargo
For the weights of the occupants in the vehicles, default a spreading is used of 25 % based on
an average weight of a human being of 75 kilogram. On the weight of the luggage in the vehicle
default a spreading of 50 % is defined on the user defined value. Often this weight will be an
estimation made by the MC-Crash user.

+

Distance centre of gravity @omfront axle
This parameter is difficult to determine in practice. Car manufacturers try to design the vehicle
with the centre of gravity in the region of the H-point of the driver (lower back) on the car's
central axis. This results in a good communication between driver and car. The driver can sense
the driving behaviour of his car best, for example resulting in an early reaction when the vehicle
tends to slide. The distance from this H-point to the front axle has to be estimated and
furthermore it is not even sure that the car manufacturer has managed to design the vehicle
ideally, so this value is not known precisely in most cases. Because of this, for the interval a
default spreading is programmed in the prototype of 0.5 meter.

+

Height centre of gravity
For the height of the centre of gravity (I&,,) the same can be said as for the distance of the centre
of gravity from the front axle. Allen (1987) proposed for the centre of gravity height the
following formula [2 11:

In this formula Hvehicle
refers to the total height of the unloaded car. This formula is used in the
MC-Crash shell to estimate the interval for the height of the centre of gravity.
Moments of inertia
In PC-Crash the yaw moment of inertia is calculated with Burg's formula [I]:

The roll moment of inertia is estimated to be a third of the yaw moment of inertia. The value for
the pitch moment of inertia is estimated to be the same as for the yaw moment of inertia.
The yaw moment of inertia is defined in the direction around the z'-axis in figure 4.3. The roll
moment of inertia is defined in the direction around the x'-axis and the pitch moment of inertia in
the direction around the y'-axis in the same figure below.

Figure 4.3: Definition co-ordinate systems in PC-Crash [I].

In the MC-Crash program, the moments of inertia are all calculated after drawing the masses of
the vehicles; so for every new realisation the actual value is used. MacInnes et a1 compared
commonly used estimation techniques for the moments of inertia with the measured values for 92
passenger cars and 42 light trucks [21]. From this study it can be concluded that the lowest value
for the moments of inertia can be calculated by multiplying the actual Burg's moment of inertia
with 0.7 and the highest value by multiplying this value with 1.3. It is important that first the
mass of each vehicle has to be drawn, because these values are used in the calculation of the
moments of inertia.
Brakingfactors
The braking factors of the wheels are input parameters which have relatively large influence the
on the trajectory of the vehicles. Because of this reason, it is important that the intervals for these
parameters are defined carefully. On the other hand, it is very difficult to get information whether
or not the driver of a car involved in an accident did hit the braking pedal after or before the
collision and if he did so, with what force he did it.
With the use of the braking factors it is also possible to simulate a jammed wheel due to the
collision.
The braking factors can be set for all wheels independently. It is left to the MC-Crash user to
define the intervals as large as reasonable. For every wheel the interval has to be defined
independently using all information that is available (damage, traces, statements, etc.).
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Steeringfactor
For the steering factor the same holds for the braking factors. The definition of the interval is left
to the user.
Coefficient of restitution
As stated before, the coefficient of restitution divides the total pre-crash energy (plastic - elastic
collision). It is a very important input parameter used in the collision model of PC-Crash, but on
the other hand it is a purely theoretical one (it can not be measured at all) and thus difficult to
estimate. From literature, it is known that the value for the restitution coefficient typically lies
between 0.01 and 0.3 for accidents that have to be reconstructed (no paking damages for
example)[1,5]. These values are also used in the default settings of the MC-Crash prototype. It
should be remarked that the coeficient of restitution can also be a negative number in case the
structure of one of the collision partners has broken before the impact force has reached its
maximum. This can for example be the case when a vehicle is driving through a wall.
Inter-vehicle friction coeficient
The inter-vehicle friction coefficient is an important input parameter for cases for which the
sliding impact model is used. This is the case when the collision partners are sliding along each
other during the impact phase. The default interval for this parameter is between 0.1 and 1.5. In
the latter case, the vehicles are due to their damage hooked to each other.
Height point of impact
The height of the point of impact is an important parameter of the collision model, see also
chapter 6 of this report. Since the MC-Crash prototype is designed for accidents with passenger
cars only, the default setting for this interval is 0.2 to 1.0 meter.
Pre-crash vehicle positions andpoint of impact
For the height of the point of impact an interval is proposed above. For all other parameters
defining the pre-impact orientation of the vehicles and the location of the (theoretical) point of
impact two options are available in the MC-Crash prototype. The first possibility can be used best
for cases for which the collision spot and the vehicle orientationsjust before the impact are welldefined (tyre marks, scratches and other traces indicating the location of the impact). In this case
for all input parameters describing the impact location and the vehicle orientations the user can
define intervals like for every other parameter. The width of the intervals are left to the user, but
when the default setting is not changed, the parameters will be varied 10 %.
In many cases, however, the precise location of the impact is not known. In these cases, the user
can define a region in which the collision took place. The vehicles will be placed in this region
automatically according to the boundaries that the user has to define. These boundaries yield the
orientation of the vehicles, their position relative to each other and the location of the point of
impact in the overlap. One of the vehicles is randomly placed in the defined region according to
the boundaries concerning the orientation. The other vehicle is placed relative to the first vehicle
according to the circumstances like the location of the damage on the vehicles for example. The
boundaries used that are also defined in intervals. For example, vehicle 1 has to be placed in the
region randomly, but with a heading between 28 and 37 degrees.

+

Pre-impact velocity
The major reason for traffic accident reconstruction is in most cases to obtain information on the
pre-impact speeds of the vehicles involved. As described in chapter 3, it is important for getting
reliable information from the Monte Carlo method, that no clipping occurs, especially not for the
most important parameters like the pre-impact velocities. This means that the interval has to be
chosen wide enough to avoid clipping. On the other hand, the pre-impact velocities do have a
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strong influence on the simulation results like the calculated end positions of the vehicle. An
interval definition that is too large will automatically result in a long total simulation time for
MC-Crash. So it is important to estimate the pre-impact velocities as accurate as possible. A tool
to come to an estimation is the PC-Crash optimiser. More information about the PC-Crash
optimiser can be found in section 5.3. When the results of the PC-Crash optimiser are used as
input for the MC-Crash simulation, it is recommended to use a spreading on the pre-crash vehicle
speeds of f 50 %. Like for all parameters, it is important that these parameters are being checked
on clipping. When more information is available it is important to decrease the spreading,
because this will shorten the simulation time dramatically.

Other input parameters
For all other input parameters, like the input parameters describing the suspension properties and
the tyre model, a default spreading o f f 10 % on the values used in PC-Crash is programmed. In
most cases these parameters have minor influence on the results and in cases the reconstructionist
expects that it might have had influence, the spreading can be increased.
It should be remarked that the optimal interval width changes from case to case, so the default
settings will be changed frequently. The reconstructionist has to keep in mind that by making the
spreading of an input parameter smaller the simulation time will probably decrease, but it is
possible that acceptable solutions are avoided due to clipping. So checks on clipping are very
important using the Monte Carlo method for creating a probability distribution for the pre-impact
speeds.
All values for the input parameter intervals are saved in the .sts file. This makes it possible to stop
and start-up a running simulation if necessary. It also gives information about the input that is
used to get the results that are found with the Monte Carlo method.

4.2.2

Creating the parameter sets

When all preparations in PC-Crash are made and all parameter intervals are defined, the Monte
Carlo simulation can be started (see figure 4.1).
From the user defined input parameter intervals, for every new PC-Crash simulation a value is
chosen. This is done with the use of a random number generator that is available in Visual Basic.
Doing this for every input parameter, a parameterset is created and sent to PC-Crash by means of
dynamic data exchange (dde). With this parameterset PC-Crash performs a simulation run. The
results of this simulation run and the input parameters that are used in this simulation run are
transferred to the shell (dde), put together and saved in a .res file (see also next section). This
procedure is repeated for N times, until enough accepted simulation results are collected. The
number of accepted results needed is a user defined input parameter.
To make it possible to stop a running simulation and start it up again later, at the start the random
number generator is initialised. This means that the random number generator is given a new seed
value (returned by the system timer).
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Handling of the simulation results

As mentioned in the previous section, after each PC-Crash simulation the results together with the
input parameters used for the simulation are transferred to the Visual Basic shell by means of
dynamic data exchange.
With the use of the MC-Crash quality function (3.17) the total error on the result of an MC-Crash
simulation with a certain parameter set is calculated. The calculated total error is compared with
two user-defined values in the shell. The first user-defined value is the value for which simulation
runs with a quality value below this number are accepted (Q*).The parameter set that was used
for this accepted simulation nm and the simulation results are saved together in a .res file with all
accepted runs.
The second user-defined value for the quality function is the value above which the simulation
results can be deleted, because the simulation results were not matching the real case close
enough to be useful.
All parameter sets that produce simulation results with a quality value in between the two userdefined values are saved together with the results in a .res file with rejected results. For further
analysis these data might be useful, although the results did not match the measurements close
enough.
All MC-Crash output files are written in a format that can be opened with practically any widely
known computer program that can be used for analysing the data. This makes it possible to
analyse the files with for example Microsoft Excel, a program installed on almost every personal
computer, but also with Matlab for example, in the case more complex graphs are needed for
further analysing the results or relationships between several parameters.

Page 45 of 111

H.H. Spit

4.3 The MC-Crash output
In the previous section, it is described that two files are being generated. The data in these files
can be transformed to several kinds of graphical output, depending on the goal of the analysis. In
this section, different graphical output presentations are presented and an explanation is given
how these graphs can be interpreted. As mentioned before, the graphical output can be generated
with practically any software that is available in this field, For future purposes, it is recommended
to integrate the possibility of these graphical presentations of the output data in the MC-Crash
program itself, in order to make the program more user-friendly.
4.3.1

Graphs for parameter studies

In order to investigate which values are possible for a certain input parameter or initial condition,
the value of this parameter or initial condition can be plotted against the calculated total error Q.
In figure 4.4, below such a graph is shown for the pre-impact speed. With the use of this figure,
conclusions that can be drawn from such a figure are discussed. Also some points of attention in
relation with this kind of figures will be mentioned in this section.
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Figure 4.4: Example plot pre-impact velocity 1 against the total error Q.

From this figure, it can be seen that for one (almost the sane) value of the pre-impact speed
different values for the total error can be found. This depends on the parameter set in which the
value for the pre-impact velocity was used. Since every dot in the figure represents the result of a
PC-crash simulation with a certain parameter set, including the displayed pre-impact velocity of
vehicle 1, depending on the combination of used input parameters and initial conditions the total
error can vary. All input parameters and initial conditions are drawn from their pre-defined
intervals, which means that every value used in the simulation is a possible value for that specific
parameter.
On the other hand, for the same or almost the same total error, different sets of initial conditions
and input parameters are possible. This means that there is a sensitivity between certain system
parameters and / or initial conditions. An example of such a relation between two values are the
pre-impact velocity and the mass of a vehicle. It is possible that increasing the pre-impact
velocity will not have a significant influence on the total error while in the mean time the mass of
the vehicle is decreased for a certain amount. With about 185 parameters and initial conditions
involved in the Monte Carlo simulation, it might be expected that more dependencies like this one
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can be found, resulting in almost the same value for the total error Q with complete different
parameter sets. For the MC-Crash functionality these phenomena are not a problem, since the
interest is in uncovering all possible values (mainly for the pre-impact velocities).
Furthermore, fi-om figure 4.4 it can be seen that the pre-defined interval was set on 120,601
kilometres per hour. When an error of 10 % was taken as critical value Q*, no "clipping" occurred
according to the plot. The interval was taken wide enough to not exclude possible values for the
pre-impact velocity 1.
From the figure it also can be seen that the number of simulations performed was too less to find
enough accepted results. Accepted results in this context means resuits with a total error less than
10 %. According to the figure, many calculations are performed in this example MC-Crash
simulation, but most simulations resulted in a too large discrepancy from the real life
measurement data.
From the figure it can be concluded that only parameter sets with a pre-impact velocity 1 between
about 25 km/h and 45 km/h gave accepted results. In fact, the interval for this parameter was
chosen too wide, probably because no more information was available and the reconstructionist
was anxious to discard possible values. With the use of this figure, the reconstructionist can
decide to decrease the width of the interval to [20, 501 kmh. From this graph it may be expected
that he will not ignore possible good values for this initial condition by decreasing the interval
like mentioned above.
When after a sinificant computation time very few accepted simualtions are found, it is
recommended to check the widths of the intervals of the most sensitive (see Chapter 6) system
parameters and initial conditions. When it can be concluded that the interval was taken too wide,
it is worthwhile to decrease it. This will influence the total MC-Crash simulation time positively,
resulting in less time needed to find enough acceptable simulation results to draw conclusions
from. From experience it is known that in most cases at least 200 accepted simulations have to be
performed in order to have enough results to take conclusions from. The figure itself can also
help to decide whether or not enough accepted simulations are performed to take conclusions. In
general it can be said that the outer line of the curve has to be as smooth as possible. From
experience it can be said that when the curve is smooth, it has reached its final shape and enough
simulations are performed. Statistical checks as described in the previous chapter can help to
decide if the results are reliable.
So, it can be concluded that these kind of graphs can also be used during the reconstruction
process to collect prior knowledge for the important input parameters and initial conditions.
Another possibility is to investigate the sensitivity of certain input parameter changes with the use
of this kind of graphs. In chapter 6, examples can be found.
4.3.2

Probability distribution graphs

When enough simulations are performed resulting in a total error less than the critical value Q*,
these results can be analysed further in order to make statements about certain parameters. In
most cases it will mainly be focussed on the pre-impact velocities. From the velocities that were
used in randomly drawn parameter sets that produced accepted results, frequency distributions
can be generated. In figure 4.5 an example of a frequency distribution is given from the velocity
of a vehicle involved in an accidentjust before the impact.
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Figure 4.5: Example graph frequency distribution.

In the example plot, the pre-impact velocity is categorised. Every category contains all pre-impact
velocities found in a range of one kilometre per hour.
Under certain conditions, described in section 3.3, frequency distributions can be translated to
probability distributions. In figure 4.6, the estimate of the probability density function is shown,
assuming that the MC-Crash simulation that generated these results meets the conditions
described earlier.

Figure 4.6: Example of a probability distribution.

From this figure, it can be concluded that the mode lies at 35.6 kilometres per hour. It can be
concluded that with a probability of 85 %, the velocity of vehicle 1just before the impact was
between 27.7 kilometres per hour and 38.6 kilometres per hour. The possibility to make this kind
of statements was the goal for MC-Crash prototype. In many cases the reconstructionist wants to
know what confidence he can have in a calculated pre-impact speed, both for research purposes
like TNO Automotive practices for the in-depth database and for the use in court. Now, the
reconstructionist has the opportunity to set the confidence level himself. In court however, often
questions arise like: "What was the probability that vehicle 1 was driving faster than X kilometre
per hour?' To answer this question with the results from the MC-Crash simulation, the posterior
probability density function (figure 4.6) can be transformed to a cumulative posterior probability
distribution, see figure 4.7 below.
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Figure 4.7: Example of a cumulative distribution graph

From this figure, it can be seen that with a probability of 100 %, the vehicle hit the other one with
at least 23 kilometres per hour. With a confidence of 85 %, the pre-impact speed was at least 28.9
kilometres per hour, according to this figure.
So, with the use of a cumulative probability function, important questions can be answered after a
good MC-Crash simulation process. In this section, the pre-impact speed is taken as an example,
but for every other input parameter or initial condition of interest the same kind of graphs can be
generated.
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5 Testing MC-Crash
In this chapter, the MC-Crash prototype test results are presented. In section 5.1, the results of
some fundamental tests are given. These tests are performed to check the principle of MC-Crash
itself.
Next, a car-to-car crashtest is reconstructed with the use of MC-Crash and the results of this
reconstruction are compared with the measurements of the test. Extra attention is paid to the
interpretation of the MC-Crash resuits.
In section 5.3 the method in the MC-Crash prototype is compared with a module recently added
to PC-Crash 6.2 where the Monte Carlo simulation is also used. The PC-Crash collision optimiser
is also introduced in this section.
Finally, in the last section of this chapter conclusions on the test results are presented and the
potential performance of the MC-Crash prototype is assessed.

5.1 Functional test
In this section, the results of some basic tests are presented.
In Chapter 3, it was explained that in order to obtain reliable results it is really important that the
random number generator used in the Monte Carlo simulation procedure is 'really random'. In
test cases this is checked for the random drawing from many parameter intervals. In the figures
below the values used from the intervals for the centre of gravity and the mass of both vehicles
are plotted.
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Figure 5. I : Examples ofplots to check the random inputparameter drawing.

These plots are made after about ten thousand simulations. The intervals used in the simulation
were defined as follows:
[ 0.37 ; 0.571
Height centre of gravity vehicle 1[m]
[ 0.33 ; 0.531
Height centre of gravity vehicle 2 [m]
[ 1377 ; 16831
Mass vehicle 1 [kg]
[ 729 ; 89 11
Mass vehicle 2 [kg]
From all plots it could be concluded that the random number generator used in the Monte Carlo
simulation module is suitable for the MC-Crash prototype. These plots are made after relatively
few simulations, but the whole region is almost covered equally. After more simulations the plot
becomes more dense over the entire region and for a typical MC-Crash reconstruction (with more
than 100.000 simulations in PC-Crash) a very good distribution over the intervals can be
expected.
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Other tests that are performed in this phase consider the repeatability of the results. It is evident
that it is important that simulations with equal values for the system parameters and initial
conditions produce equal results. No problems were found in this respect. Errors in programming
the transfer of the data may easily cause these kind of problems.
Easy crash configurations were used to check the refresh command in PC-Crash after dynamic
data exchange. These crashes simulated with the MC-Crash prototype generated unexpected
results. There turned out to be some dimension problems in PC-Crash. For example, for some
inpit pmiiiieters the vahes ir, metres were zutom~ticdychmged in cefihetres. This was the
case after these values were sent from the shell to PC-Crash and the refresh command was used
(new values were activated in PC-Crash). These kinds of problems could relatively easy be
solved.

5.2 Car-to-car crashtest
In this section results are presented from a car-to-car crashtest reconstructed with the use of the
MC-Crash prototype. This test is performed by MIRA. In section 5.2.1 the preparations in PCCrash are described. In section 5.2.2 the results of the MC-Crash simulation are discussed.
The test was presented during a workshop about accident reconstruction in England. As a
preparation the attendees had to reconstruct this test case. Many different tooh were zsed to do
this, and the results were compared.
The measurements of the crashtest were kept secret. The information given to the attendees was
limited to a drawing of the accident scene (see figure 5.2) and the types of the vehicles involved.
Also all information (photographs and measurements) about the damage was given.

Figure 5.2: Drawing of the crash test scenevy including the endpositions ofthe cars
involved.

5.2.1

Preparations and modelling

The preparations for the MC-Crash simulation start with modelling the crash test in PC-Crash 6.1.
The drawing of the scenery with the end positions of the vehicles is loaded into the simulation
Window of PC-Crash and scaled, see Appendix C.
The cars involved in the crash test, a Peugeot 306 and a Ford Mondeo are modelled with the use
of the vehicle database. This database contains technical information, like masses and geometries
as well as information about the powertrains. For this reconstruction information about the
powertrains is not needed. The technical data are presented in appendix C as well.
The difficulty of simulating this car-to-car crashtest is the fact that no information is available
regarding the location of the point of impact. Because PC-Crash is a scenery-based accident
reconstruction tool, this information is really important to obtain a viable simulation. The position
of the point of impact and the configuration of the cars in the point of impact is now estimated
from the end positions of the cars and the damage. This is completely based on experience from
other simulation jobs. The detailed information of the damage is only used to estimate the total
deformation energy, divided over the vehicles by means of the Energy Equivalent Speeds (EES).
After estimating all relevant system parameters and initial conditions as good as possible, the PCCrash collision optimiser (see section 5.3.1) is used to find the best simulation result with PCCrash.
For more details about the modelling of a traffic accident in PC-Crash see [1,8]. The results from
this optimisation process are also used for the definition of the intervals for unknown parameters.
When all preparations are made in PC-Crash and with using the collision optimiser and the trialand-error method "acceptable" results are found, the MC-Crash prototype can be started.
"Acceptable" in this context means that the kinematics of the vehicles looks good and the rest
positions are not too far from the measured rest positions. Then it will be a possible good starting
point for a MC-Crash simulation. Starting from a very "bad" simulation, it is possible to find
acceptable results with the use of the MC-Crash prototype, but the total simulation time needed
will increase dramatically, while very large intervals have to be defined.

In appendix D the interval definitions are presented, used in the MC-Crash simulation. These data
are copied from the .sts file, generated by the MC-Crash prototype.

5.2.2

Interpretation of the results

In this section, the results found from the MC-Crash simulation are discussed.
From the .sts file in appendix D it also can be seen that in total 262587 simulations are performed
with different parameter sets. The intervals are in the same order as in the input windows, and can
be reloaded easily.
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As mentioned before, no information was available about the location of the impact. Also the
initial directions of the vehicles were unknown. This results automatically in large intervals for
these parameters / initial conditions.

In figure 5.3 and 5.4 below, the results for the pre-impact velocities are presented.
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Figure 5.3: Accepted results regarding the pre-impact velocity of the Peugeot 306.
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Figure 5.4: Accepted results regarding the pre-impact velocity of the Ford Mondeo.

From these figures it can be concluded that very few accepted results are found considering the
large number of simulations performed. This in spite of the fact that the critical value for the total
error was set relative large: 15 %.

The main cause for this is that no information was available considering the point of impact and
the impact location. For the MC-Crash simulation this results in large intervals for the parameters
describing the location and the point of impact. These parameters turned out to be sensitive
parameters for the simulation in the sensitivity analysis in [1] (also see chapter 6).
It can be concluded that too less accepted results were found to generate the probability
distributions of the pre-impact velocities. The general functionality of the MC-Crash prototype is
judged to be good. No unexpected errors did occur. The time needed for the data exchange
between the MC-Crash shell and PC-Crash itself is considerably. Improvements have to be made
in this respect before a final version can be released, because otherwise the MC-Crash simulation
will take more time than already needed to perform so many PC-Crash simulations.
Now the results for the pre-impact speeds of the simulation with the smallest error (5.7 %) will be
compared with the measurements presented by MIRA afterwards.
In the figure in appendix C, the initial positions of the vehicles are displayed in the PC-Crash
simulation window. In appendix E, the initial positions are presented as measured during the
crash test. It can be concluded that the configuration found in the MC-Crash simulation is
comparable with the measurements for the relative angle between the vehicles.
The pre-impact speed for the Peugeot 306 was found to be 85.4 kilometres per hour, that of the
Ford Mondeo 47.9 kilometres per hour. Compared to the measurements, for the Peugeot 81.2
kilometres per hour and the Ford 42.8 kilometres per hour, an error on the pre-impact velocities
of respectively 5.1 % for the Peugeot and 11.9 % for the Ford are found. Below the results found
with other simulation tools, presented during the workshop are shown.

Velocity
Ford:

Error on
rest position

75 km/h

36 km/h

-

MC-Crash prototype

85.4 km/h

47.9 km/h

5.7 %

MIRA measurements

8 1.2 kmh

42.8 krnh

-

Reconstruction tool:

Velocity
Peugeot:
I

Analytical+EES estimation

Table 5.1: Results reconstructions consideringpre-impact velocities.

Only for the reconstruction in PC-Crash information is given about the total error on the end
position. It can be concluded that the best results of the MC-Crash simulation is relatively good
regarding the pre-impact velocities of the cars compared to the results presented in table 5.1.
Errors in the calculated pre-impact speeds of about 10 % are considered to be quite common in
traffic accident reconstructions using simulation programs or analytical methods [I ,8].
From figure 5.3 and 5.4 it can be concluded that the measured velocities are about in the middle
of the found distribution. This is promising for the results when more accepted simulations have
been found.

5.3 Monte Carlo method in PC-Crash versus MC-Crash
The company DSD, the developers of PC-Crash, prepared PC-Crash for dynamic data exchange.
During the MC-Crash project the company DSD got more and more interested in the Monte Carlo
approach used in the MC-Crash prototype. DSD decided to develop a simplified Monte Carlo
simulation module in the new version of PC-Crash.

In this section this module is evaluated and compared to the MC-Crash prototype. The new PCCrash version is not released yet. The experience with this Monte Carlo functionality is from a
test version, tested during the PC-Crash Spring Seminar in Linz, Austria.
The Monte Carlo module in PC-Crash is a new part of the "collision optimiser" that was already
available in PC-Crash. In section 5.3.1 this tool is briefly described. In section 5.3.2, the PCCrash Monte Carlo module is discussed.
5.3.1

The PC-Crash collision optimiser

The aim of the collision optimiser tool in PC-Crash is help to determine the pre-impact velocities
and some other important parameters that make the simuiation best match the intermediate and i
or end positions of the vehicles. The pre-impact parameters that can be varied during the
optimisation are:
0
the impact velocities of the vehicles;
the X and Y co-ordinate of the impact position;
the height of the point of impact;
the angle of the contact plane in the collision;
the pre-impact heading of the vehicles;
the coefficient of restitution;
the inter-vehicle coefficient of friction.
In the PC-Crash collision optimiser, two optimisation methods are available. The first one is
Gauss-Seidel's linear or co-ordinate approach method. It splits a multi-dimensional problem into
a relatively simple one dimensional optimisation task. This means that each parameter in the list
above is optimised separately. The optimisation process is stepwise: the parameter is varied with
a certain step-width as long as the quality function decreases. The quality function defines the
error in the simulation compared to the real accident. The quality function is based on the
weighted least square principle and is similar to the one defined in section 3.3. If the quality
function does not decrease anymore, the step-width becomes smaller andor the direction of the
step is changed until the solution is found for that specific parameter resulting in the lowest value
for the quality function. In the next step the next parameter is optimised starting with the best
solution found in the optimisation of the previous parameter.
The major problem using this relatively simple optimisation process is that it is very likely that a
local minimum in the quality function is found and not the global minimum that is searched for.
Due to the complexity of the models and the many input parameters that are used describing a
traffic accident in a simulation program, the shape of the curve describing the quality function
will not be really smooth. In this situation it is better to chose the alternative optimisation method
described below.

The linear method can effectively be used when only one specific parameter needs to be varied.
In such a case the optimisation process is relatively fast using the described method.
Nevertheless, in most cases there is an uncertainty in more than one parameter; then, it should be
preferred to vary more than one or two (important) parameters during the optimisation process.
The second optimisation algorithm that is available in the PC-Crash collision optimiser is the
genetic algorithm.
Using the genetic algorithm for optimisation problems is a very common approach. This method
does not divide the problem in one dimensional optimisation tasks, but it can be used to optimise
subsets of the input parameters or all input parameters at the same time. The subsets in which the
input parameters are divided are optimised in an iterative optimisation process. This iterative
method can be explained as follows. The values defined by the user are taken as initial values,
also called the first generation. The algorithm varies these values automatically (all values in the
subset). Different step widths can be used for these variations. For each of the resulting parameter
sets a PC-Crash simulation is performed. The results of these PC-Crash simulations are evaluated
with the use of the quality function described before. The values used in the simulation leading to
the results with the lowest value for the quality function (smallest error) are used in the next step
of the optimisation process (the second generation). This process is repeated until no further
improvement is achieved in the value of the quality function. Then the step width for the variation
is decreased and the procedure described above is repeated until the lowest value for the quality
function has been found. Depending on the initial values (the user defined values) this solving
process can take more or fewer steps.
The genetic method has a relative good numerical stability. Also its performance is good in
comparison to the method described earlier. It does less tend to stop at a local minimum,
depending on the starting point and the step width. The starting point is, as described earlier, the
parameter set defined by the PC-Crash user. Consequently, it is important that the user is as
confident as possible about the initial values in the simulation. Otherwise there is a significant
chance that the optimisation process will find a local minimum, although this chance is smaller
than in the linear approach method.
5.3.2

The PC-Crash Monte Carlo module

The Monte Carlo module in PC-Crash is based on the collision optimiser. This means that only
for the input parameters and initial conditions mentioned in the previous section intervals are
defined. The pre-impact velocities are the only parameters for which the user can set the interval.
For the other initial conditions and input parameters automatically an interval is defined with a
spreading of 10 % from the user-defined value.
The working principle is the same as in the MC-Crash prototype: from the intervals randomly a
value is drawn. With these values, parameter sets are created for which a PC-Crash simulation is
performed. The results of the simulation are evaluated with the use of the quality function, and
the results are plotted in a figure (see figure 5.4). On the vertical axis the total error is shown. On
the X-axis, the pre-impact velocities are shown.
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Velocities

Figure 5.4: Example of PC-Crash plot Monte Carlo simulation.
The Monte Carlo process stops automatically after 160 simulations. The red dots in the figure
refer to vehicle 1 and the blue ones to vehicle 2. From the figure it can be concluded that to less
simulations should be performed to find results with a total error less than 10 %. This in spite of
the fact that only a few parameters were varied in the Monte Carlo simulation.
For the purpose described in chapter 2, this tool is too limited. Not all input parameters and initial
conditions of interest can be varied. It is only possible for the reconstructionist to add prior
knowledge to the pre-impact speeds himself. The default spreading of 10 % is for the MC-Crash
purpose too small, because this would imply that all values are known within 10 % certainty, and
for most parameters this is not true.
The idea of the Monte Carlo module in PC-Crash is to give the PC-Crash user an idea of the
sensitivity of the simulation to (small) changes in important parameters and initial conditions.

5.4 Conclusions
From the tests in this chapter it can be concluded that the MC-Crash prototype is performing as
expected. The the estimation method chosen and the Monte Carlo process are concluded to be
useful for the purposes of the MC-Crash prototype.
The random number generator has been tested intensively, and it can be concluded that it can be
assumed from these tests that it is "really random". This is important for the reliability of the
probability distributions that can be estimated after using MC-Crash.
Other functional tests that were performed from an early stage in this project on, did not give
strange unexpected results and, therefore, it can be concluded that finally the programming job
was done without making big mistakes like false references for example.
By using the MC-Crash prototype for a reconstruction of the M R A car-to-car crashtest, the
functionality of the program could be tested. Moreover, because of the fact that the conditions of
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the test and the pre-impact velocities were known afterwards, an impression of the reliability of
the results could be given. Of course such a test only gives an indication for that specific
situation, but it is useful to test.
Comparing the intervals with the measured data, it can be concluded that these measurements
were within the calculated distribution. Not enough accepted parameter sets were found to create
a reliable probability distribution.
The expectation that many calculations will be needed, and thus a lot of computation time,
became true. The total computation time during this test was about 96 hours. This emphasises the
importance of doing research aiming at the reduction of this computation time. Moreover, the
time needed to transfer the data between PC-Crash and the MC-Crash shell has to be reduced in
the future.
Considering the Monte Carlo functionality implemented in the newest version of PC-Crash, it can
be concluded that it is not suitable for the purposes described in chapter 2. Not every input
parameter or initial condition for which the exact value is uncertain, can be varied in the Monte
Carlo simulation. Furthermore, only for the pre-impact velocities the user can set the interval
manually, the other interval widths are set automatically to 10 % of the defined value. It should
be mentioned that the Monte Carlo module of beta version was tested, before the official release
of the new PC-Crash version 6.2.
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6 Sensitivity analysis
Sensitivity analysis is an important tool that can help analysing traffic accidents in the
reconstruction process. It can help to determine the most important system parameters and initial
conditions. This is important, because falsely defined values for these system parameters or initial
conditions will result in unreliable simulations or a large total error. For the Monte Carlo
simulation itself, it is important to define the intervals of the sensitive parameters as narrow as
possible in order to save computation time. Because of this, it is worthwhile to invest more time
in defining these initial conditions and system parameters that are sensitive in a specific
simulation of an accident to be reconstructed.
In the MC-Crash prototype, a tool is integrated that is convenient for the purpose of sensitivity
analysis. With this tool, relations between certain system parameters and / or initial conditions
can be investigated.
In the start window of the MC-Crash shell, a button can be pressed called "TEST
GEVOELIGHEID. By pressing this button, all values for the system parameters and initial
conditions are transferred to the MC-Crash input windows and a default interval with zero width
is set automatically. The user can now change an interval of a specific parameter manually. After
starting the Monte Carlo simulation, all system parameters and initial conditions keep their value,
except for the one for which an alternative interval is defined. From this interval, values are
drawn randomly and simulations are performed in a similar way as described earlier. By saving
the results of all simulations, regardless of the calculated total error (by defining a very large
critical value Q*),the sensitivity of parameter changes can be visualised plotting the parameter
versus the corresponding calculated error. In the next section, this is done for a specific side
impact configuration.
An alternative sensitivity study, to investigate the influence of a specific input parameter or initial
condition on the pre-impact velocity, an interval can be defined for the pre-impact velocities as
well. In this way the relation between these values can be investigated. Of course, the relation can
be investigated for any couple of input parameters and / or initial conditions. For this study, also a
smaller critical value can be specified, in order to check which combinations generated acceptable
results.

6.1 Sensitivity in side impact case
In this section, an example of a sensitivity study for a side-impact traffic accident is presented. In
appendix F, a figure with the situation modeled in PC-Crash is shown. Vehicle 1, a Mercedes
Combi, hits another car, a Peugeot 205, at the right side. The simulated end positions are marked
to be the rest positions of the cars. In appendix G, the values for the system parameters and initial
conditions used in the simulation are presented from the PC-Crash report. Using the values
presented in this appendix for the PC-Crash simulation will result in a calculated total error of 0
%, the starting point for the sensitivity analysis in this example.
The selection of the parameters that is varied in this sensitivity study is based on the findings
reported in [I].
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The first system parameters that are varied, are the masses of the vehicles. In figure 6.1 graphs are
presented of the masses versus the calculated total error Q. For generating these graphs, in the
Monte Carlo simulation 10.000 PC-Crash runs are performed.
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Figure 6.1: Sensitivity on mass changes Mercedes (lej?,) and Peugeot.

From this figure, it can be seen that the models in PC-Crash are not continu (broken lines). This
discontinuity is caused by the fact that multiple impacts may occur when the parameters change.
For both vehicies, a mass change of iO% causes a totai error on the rest positions of about 2 %. if
both masses are not known exactly, for both an interval (in this case of 10 % for both) is defined.
In the figure below it can be seen how it influences the simulated end positions and therefore the
calculated total error.

Figure.6.2: Sensitivity changes in both vehicle masses.

From figure 6.2, it can be concluded, that a change in both the masses with 10 % will result in a
calculated total error in the end positions of about 5 %, which can be concluded to be
considerable.

950

Page60of 111

H.H. Spit

The same study is done for the heights of the centres of gravity of both empty cars. When masses
are defined for the occupants and 1 or luggage
-- - in the trunk or on the roof, the height of the centre
of gravity is adjusted. ~ bthe
r Peugeot, the interval is set to [0.33 ; 0.531 metres and for the
Mercedes it is defined [0.35 ; 0.551 metres. In figure 6.3, the results of the sensitivity analysis
changing one of the centres of gravity are presented.
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Figure 6.3: Sensitivity for height centre of gravity changes Mercedes (left) and Peugeot.

From the plots in figure 6.3, it c m be coiichded thzt chmges in the height of the c e w e of gravity
of the Mercedes (the bullet vehicle), have a larger influence on the calculated total error than
changes in the height of the centre of gravity of the Peugeot. This is directly related to the masses
of the vehicles. A small change from the original values (0.47 m for the Mercedes and 0.43 for
the Peugeot) does not influence the simulated end position of the cars at all.
Also in figure 6.3 it can be seen that multiple impacts may occur for certain values of the height
of the centre of gravity. For some of these impacts the 'sliding impact' model is automatically
used instead of the 'full impact' model [I].
Below in figure 6.4 the results when both heights are varied in the same time are presented.

Figure 6.4: Sensitivity to changes in both heights of the centre of gravity.

From this figure as well as from figure 6.3, it can be concluded that the decrease the height of the
centre of gravity of the Mercedes has the largest impact on the end positions. But even then, only
an error is found of 1.3 %. The large discontinuity in the figure can be declared again by the fact

that in certain situations multiple impacts were detected after the first main impact. From these
results, it can be concluded that the heavier the vehicle, the more important a good definition of
the centre of impact is.
A parameter that is considered to be very important, especially when there is a relatively long
post-impact trajectory, is the coefficient of friction [I].
With the use of the MC-Crash prototype a sensitivity analysis is performed for this system
parameter. The results are presented in the figure below. The value is varied in the range from
0.72 to 0.88. The reference valiie is 0.8 for this pmiiiieter. These values me ca!cu!ated from
measurements of the surface that is used in the crash laboratory.

Figure 6.5: Sensitivityfor coeflcient of friction tyre-road.

Also in this graph, the discontinuity in the figure is caused by the change of the used model in the
situation where multiple impacts are detected. From this figure, it can be concluded that a change
of ten percent in the value of the coefficient of friction, causes an error in the end positions of
about 6 %, which is relatively large. In the example, the post-impact trajectory is not even long,
because the impact velocities are not very high.
6.1.1

Sensitivity impact model parameters

Till now, two examples are given of the sensitivity of changes in the system parameters for the
vehicle models. In [I] it was concluded that the calculated total error is very sensitive to changes
in the initial conditions. Furthermore, it was concluded that the model describing the impact is
relatively simple, but that the parameters describing this impact model are difficult to define
exactly. This is related to the fact that these theoretic parameters can not be measured from the
real accident. Therefore, these parameters are often used as tuning parameters in PC-Crash
simulations.
In this section, with the use of the MC-Crash prototype the sensitivity for changes in the
individual parameters describing the impact model [I] is investigated.
First, the sensitivity of the calculated end position for changes in the coefficient of restitution is
investigated (see equation 3.1). The reference value is set on 0.17 for this example. Below in
figure 6.6, the graph is presented that results from a parameter variation between 0.07 (more
plastic behaviour) to 0.27 (more elastic behaviour).
From this figure, it can be seen that changes in this theoretical parameter do influence the
simulation considerably. This means that it is important to accurately estimate this parameter. It is
difficult to obtain such good estimate, since no measurements reveiling this parameters can be
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performed. Therefore, the interval definition for the Monte Carlo simulation is critical. Defining
the interval too narrow results in possibly excluding possible values, where a too large definition
for the interval results in an unacceptable long computation time to find enough accepted
simulations.
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Figure 6.6: Sensitivity for changes in coeflcient of restitution.

In appendix H, results are presented from a sensitivity analysis of the location of the point of
impact (see also [I] for the definition of this theoretical point).

It can be concluded that the end positions and therfore the total error is very sensitive to changes
in these parameters. A slightly different location might result in completely different dynamics of
the vehicles and consequently, completely different rest positions. Total errors can be found of 50
% and more. In this example case, the X co-ordinate of the point of impact is the critical one in
this respect.
For the exact location of the point of impact, the theoretical spot where all impact forces are
acting, the same difficulty as described for the coefficient of restitution occurs. These parameters
are very complex to estimate, but have a large influence on the simulation results.

6.2 Conclusions
From the results presented in section 6.1, it can be concluded that varying more parameters
simultaneously will increase the maximum total error significantly. This is important to
recognise, because this phenomenon is responsible for the big discrepancies between the
calculated total errors from different realisations (parameter sets) in the Monte Carlo simulation.
Many system parameters and initial conditions are varied simultaneously, some of them over a
large interval, resulting in the expectable large variance.
From the sensitivity study, it can be concluded that the total error on the end positions can be very
sensitive for relatively small changes in system parameters describing the vehicle models, as there
are the masses and the location of the centers of gravity. Also the initial conditions have a large
influence on the calculated end positions, which was also concluded in the sensitivity analysis in
[ll.
Difficulties can be expected considering the definition of the parameters describing the impact
model. These parameters are difficult to define accurate, but the simualtion results are very
sensitive to changes in these parameters and, therefore, have a large influence on the total
computation time needed to find enough excepted results.
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It is recommended to invest relatively a lot of time in defining the intervals for the masses of the
vehicles, the location of the centre of gravity, the initial conditions and the system parameters
describing the impact models in PC-Crash as small as possible. This time investment is easily
earnt back by means of saving computation time during the Monte Carlo process, considerably.
Moreover, it helps to get insight in the dynamics of the vehicles and the quality of the PC-Crash
simualtion that will be the starting point of the Monte Carlo simulation.
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7 MC-Crash in practice
In this section, a case from the Dutch Accident Research Team (DART) of the TNO Automotive
Crashsafety Centre is analysed with the use of MC-Crash. This is done in order to test the method
in practice. Because of the fact that a real traffic accident is simulated, no measurements of the
pre-impact velocities and other initial conditions are available to check the simulation results.
In the next section, the case is introduced briefly and some detaiis about the preparations are
given. In section 7.2, the results from the Monte Carlo simulation are presented and evaluated.

7.6 Preparing the case
The case that is used as example, is a side impact between a Rover 111L (vehicle 1) and an Opel
Astra GSI (vehicle 2). In figure 7.1, a picture of the accident scene, including the rest positions of
both vehicles is presented. In this picture, it also can be seen that measurements are made to
define the end positions and other measurements defining the impact location and the accident
scene. Using these measurements, detailed scaled drawings of the accident scene will be made.

Figure 7.1: Photograph of the impact scene.

From this picture and the damage of the cars (see figure 7.2), it can be concluded that the Opel hit
the Rover at its right side. Therefore, the Rover had to be in a heading direction about
perpendicular to the direction of the road.
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Figure 7.2: Damaged Astra (left) and Rover

From these pictures, it can be seen that the damage is considerable. The first estimation of the
Energy Equivalent Speeds from the EES-database is about 40 W h for the Rover and 30 kmlh for
the Astra.
In the picture below, the PC-Crash simulation window is presented. The drawing of the accident
scene according to the on-scene measurements is loaded and the vehicle end positions are
defined, The grass on the side of the road is modelled with a relative high coefficient of friction.
This is done to model the wheels digging in the mud.

Figure 7.4: The PC-Crash simulation window after the preparations.

In appendix I, the values for the system parameters and initial conditions used in the PC-Crash
model are printed from the PC-Crash report. All common preparations are done in PC-

Page 66 of 111

H.H. Spit

Crash to start-up a simulation that meets, as closely as possible, the traces of the real accident,
such as the tyre traces from wheel slip, the dust and vehicle pieces indicating the region of the
impact location and the endpositions of the vehicles. Moreover, statements of the whitnesses are
used in the PC-Crash simulation. From these statements, it was known that the Rover lost control
after it left the road on the right side. The driver tried to correct this by steering to the left
suddenly. As a result of this manouvre, the vehicle slipped and ended on the left lane, where the
Opel hits it at its right side. Traces were found on the accident scenery that confirm these
statements.
After satisfiing results are obtained using PC-Crash, the MC-Crash prototype is used. A lot of
time is spent to define the intervals as good as possible. In appendix J, the intervals are defined
from the .sts file like in the example in chapter 5. In total 19.417 simulations are performed
during the Monte Carlo process. In the next section, the results from the Monte Car10 simulation
are presented.

7.2 Evaluating the results
In figure 7.5, the distribution for the pre-impact velocities are presented. As a critical value for
the total error 15 % is taken to find enough accepted results. The simulation results can have a
discrepancy with respect to the reai accident measurements of i 5 %, which is a qiiiie eommon
value for traffic accident analysis using PC-Crash or other computer simulation tools.
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Figure 7.5: Pre-impact velocity distributions of Rover (le$) and Opel.

166 results are found with a total error less than 15 %. The best result has an error of 4.8 %. The
pre-impact velocities used in this simulation are 29.5 km/h for the Rover and 67.3 kmlh for the
Opel Astra. From the figures it can be seen, that especially for the Rover a V-shape has been
found. This means that the closer the mentioned pre-impact speeds were approached, the smaller
the total error became.
As concluded in chapter 6, the parameters describing the impact model are difficult to define but
the calculated error is sensitive to variations in these parameters. In this example, the intervals are
chosen wide enough to be sure that the real value was within the defined interval. In the figures
below, the plots are shown with respect to the coefficient of restitution (as example of an impact
model parameter, figure 7.6) and the coefficient of friction (figure 7.7). The road was moisty at
the moment the accident happened, which is the reason for chosing the relative low values for the
interval of the coefficient of friction.
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Figure 7.6: Distribution of the coeficient of restitutionfor accepted results.
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Figure 7.7: Distribution of the coeficient offriction for accepted results.

For both parameters, it can be concluded that "clipping" occurred. For values from the eatire
interval accepted results were found. Since the intervals were defined in a way that the
reconstructionist can be sure that the real value was within the defined interval, this is no
problem. Because the reconstructionist has to be confident that the possible values are within the
defined intervals, these were defined relatively large. This despite of the increase of the total MCCrash computation time.
In the same way, the distribution can be checked for all other system parameters and initial
conditions varied during the Monte Carlo simulation process. Again, it is recommended to
investigate the system parameters and initial conditions mentioned in chapter 6 in this respect.
Now, the distributions found for the pre-impact velocity are translated into a frequency
distribution (figure 7.8) and an estimated cumulative probability distribution (figure 7.9). It
should be mentioned that the 166 accepted results will not meet the demands for estimating
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reliable probability distributions. For the example in this chapter it is useful to present these
distributions anyway.
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Figure 7.8: Frequency distribution ofpre-impact speeds Rover Qep) and Opel.

From the plot of the frequency distribution of the Rover, it can be concluded that the mean is
found to be at about 29 kmlh and that it is developing into a clock shape (normal distribution).
For the Opel, however, the mean value is difficult to determine confidently. Most values have
been found in the interval between 61 kmlh and 69 W h . More simulations are needed to pass the
statisticti1 check described ir, sectim 3.4.2.4.
To complete the example, below the estimated cumulative probability distribution is presented.
Due to the fact that not enough accepted parameter sets have been found to meet the demands
presented in section 3.4.2.4, the distributions have not yet reached their final shapes. However,
the estimated probability distributions can obtain first estimations for the pre-impact velocities of
the vehicles involved in the accident. The estimated distributions are promising for the results
when more simulations are performed. Especially for the pre-impact velocity of the Rover.
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Figure 7.9: Cumulative probability pre-impact speeds Rover (lep) and Opel.

Although not enough accepted simulations are performed, from the results of this analysis it can
be concluded that it is not likely that one of the vehicles involved in this accident was speeding.
The Rover had lost most of its velocity in the pre-crash phase. Just before the accident, the
vehicle was passed by another car. The driver stated that the Rover was driving slowly. Probably
the driver of this car fell asleep. More reasons to believe this were found during the
investigations.
From the results concerning the Opel it can be concluded that till now no pre-impact velocity was
found higher than 75 krnlh. Because no tyre marks were found that indicates severe braking and
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the Rover crossed the lane unexpected, it can not be expected that the Ope1 was driving much
faster than allowed on this road section (as it is 80 kmlh).

H.H. Spit

Page70of 111

8 Conclusions
In this chapter, the conclusions about the functionality and performance of the MC-Crash
prototype are presented.
An MC-Crash prototype is developed in Visual Basic 6.0. With this prototype it is possible to
estimate the probability distribution of the pre-impact velocities of two collided passenger cars.
,4ttent,ien is p d te 2 rece=isab!e Windows-oriented user interface in Butch. The prototype is
based on the traffic accident simulation program PC-Crash, version 6.1. This simulation program
is developed by the company DSD in Linz, Austria. DSD prepared PC-Crash for the data transfer
between the Visual Basic shell and PC-Crash itself. In the prototype this data transfer is done by
means of dynamic data exchange (dde). In future Windows versions this feature for data
exchange between two Windows based programs will no longer be supported.
The principle in the MC-Crash prototype to find the probability distributions of important system
parameters andor initial conditions is based on well-known estimation methods. Using the Monte
Carlo simulation method, from the intervals of about 185 system parameters and initial
conditions, used in the 3-dimensional dynamic models in PC-Crash, a value is drawn randomly.
The intervals contain the prior knowledge of the system parameters and initial conditions and are
user-defined. Together the drawn values form a parameter set (realisation). This parameter set is
transferred to PC-Crash and a simulation is performed.
The results of the simulation are compared to the measurements from the real accident. This is
done by means of the MC-Crash quality function. This quality function is based on the weighted
least squares estimator.
The total error calculated with the MC-Crash quality function is compared to a pre-defined
critical value for the total error. By defining this critical value, the uncertainty in the
measurements is taken into account. The chosen value has a relatively large influence on the final
results, although it is not straightforward to choose this value. Another method was tested in an
early stage, but increased the computation time dramatically.
If the calculated value for the total error is smaller than the defined critical value, the results of
the simulation matched the real life accident close enough. The system parameters and initial
conditions used in the parameter set (realisation) are assumed to be possible values for the initial
conditions and system parameters and are saved in a file with accepted results.
Repeating this sequence N times (N is typically large), enough accepted results will be found to
estimate probability distributions of the system parameters or initial conditions of interest. Three
demands have to be met in this respect.
First, the intervals for the system parameters and initial conditions have to be defined such that no
"clipping" will occur. Only when the reconstructionist is really confident that a value outside the
defined interval is impossible, "clipping" can be accepted for this system parameter or initial
condition.
Second, the random number generator used in the Monte Carlo simulation has to be "really
random".
The last demand is that the number of simulations is high enough to ensure that the plots of the
estimated probability distributions have reached their final shape. This can be check with a simple
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statistical test. The mean and covariance of the estimated probability distributions of subsets from
the accepted simulations have to converge to one value for the mean and one for the covariance.
The prototype is tested thoroughly on different levels. After performing several tests, the random
number generator is assumed to be "really random". Many tests are performed to check the data
transfer between PC-Crash and the Visual Basic shell. After many problems, with the use of
Windows 2000 this could be solved.
A car-to-car crash test is simulated with the use of the MC-Crash prototype successhlly. Too less
results were found with a calculated total error smaller than the defined critical value for the total
error. Mainly because of the fact that no information about the impact location was available. The
estimated distribution of the pre-impact speeds did meet the measured data from the test, with an
acceptable spreading. The expectation that a relatively long computation time is needed to
estimate the probability distributions was correct.
The Monte Carlo module in a beta-release version of the latest version of PC-Crash (version 6.2)
is tested. It is concluded that this module is not suitable for the purpose of the MC-Crash
prototype. This is mainly caused by the fact that not every system parameter or initial condition,
for which the real value is not known (exactly), can be varied in the Monte Carlo simulation. For
the values that are varied automatically, an interval width of 10 % is defined. Only for the preimpact velocities the user can define the intervals.
The developed MC-Crash prototype turned out to be a suitable tool for sensitivity studies. Using
the sensitivity analysis option in MC-Crash, the parameters for which the simulation results are
most sensitive, can be uncovered. For these system parameters and initial conditions it is
especially important to define the corresponding intervals (a-priori information) as small as
possible. This will shorten the total computation time needed significantly.
In general, it can be said that changes in the system parameters and initial conditions defining the
impact location, the orientation of the vehicles at the moment of impact and pre-impact velocities
(the initial conditions) have a large influence on the simulation results. Also the tyre-road friction
coefficient, and system parameters describing the mass and the location of the centre of gravity of
a vehicle do have a relatively large influence on the simulation results. Finally, the total error is
sensitive to variations in the parameters describing the impact model in PC-Crash.
Till now, several cases have been analysed using MC-Crash, both by the Netherlands Forensic
Institute and TNO Automotive. Satisfying results can be reported, after typically long simulation
times.
Finally, it can be concluded that the MC-Crash prototype is able to take the uncertainties in the
traffic accident reconstruction process into account. It estimates a probability distribution for the
pre-impact velocities and other parameters of interest instead of calculating one single solution.
The Netherlands Forensic Institute has started a pilot project using the MC-Crash method in court
and TNO Automotive uses the prototype for analysing accidents for an in-depth database.
However, in this phase the prototype will not be suitable to be used generally by the Dutch Police
Force. The reason for this is, that there have to be still made too many decisions that are not
straight forward, but that have a large influence on the estimated distributions. Examples are the
definition of the intervals, especially for parameters that can not be measured from the real
accident, and the choice of the critical value for the total error.
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9 Recommendations
During the development of the MC-Crash prototype, many difficulties were encountered. The
detection of these difficulties was partly the goal of developing this prototype. In this chapter,
recommendations are made for research in order to develop the prototype further into a useful
version for among others the Dutch Police Force.

The f rst recemmend&ion is re!&!ted to the dslta excharge between the Visual basic shell md the
program PC-Crash. Since the dynamic data exchange (Me) feature is no longer supported in
Windows, another solution has to be found. Another feature for data exchange is available within
Windows, called OLE. This might be useful, but in order to speed up the MC-Crash simulation it
is better to integrate the Visual Basic shell in PC-Crash itself. The data exchange of about 200
parameters and results, twice per PC-Crash simulation, takes relatively a lot of time, which can be
saved by integrating the shell.
In order to make the MC-Crash program more user-friendly, the graphical output part should be
integrated. In this way, it is possible to update the desired plots during the simualtion process.
This makes it more easy to draw conclusions about the progress of the simulation process and
intervene in an earlier stage if possible.

For the interval definition (prior knowledge), it is recommended to investigate the possibility to
use other distributions for the intervals than the uniform distribution. For example, using normal
distributions, more detailed information on the system parameters or initial conditions is added,
probably resulting in less computation time. Because of the fact that more detailed information is
added, research has to be done in order to find out if this is allowed for every system parameter or
initial condition, without manipulating the estimated probability distributions. Moreover, research
is needed in this respect to determine the influence on the total computation time.
Sensitivity studies such as performed in chapter 6 might be helpful to collect more information on
the interval definition. By defining an interval for the pre-impact velocities as well as for other
parameters for which the sensitivity is investigated, the influence of this parameter on the preimpact velocity can easily be investigated using the MC-Crash prototype.
Another recommended improvement is related to the difficulty of defining the critical value for
the total error Q*.At this moment, the MC-Crash quality function is based an the weighted least
squares method. Another opportunity might be the use of a method based on the Bayesian
estimation method, where the error distribution is taken into account. Also the possibility of
drawing the values for the measurements from predefined intervals, taking into account the
uncertainties in the measurement data, in combination with a value for Q*near to zero has to be
explored further. The advantage of this method is that the difficulty of setting the critical value is
vanished and a less abstract definition of the uncertainty in intervals of the measurement data has
replaced it.
Another recommendation is to integrate the statistical test to decide whether or not enough
accepted simulations have been performed to estimate the probability distributions. In this way it
will be possible to stop the MC-Crash process automatically when a confident estimation of the
probability distributions can be generated.
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In general it can be concluded, that more research should be performed in order to decrease the
total simulation time needed to estimate reliable probability distributions of the system
parameters and initial conditions of interest. Different options to do this are mentioned, but more
options might be found after in-depth studies on this field.
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Appendix A Variables MC-Crash
Itemname-string:
[WHEELBASE:1,data]
[WHEELBASE:2,data]
[WEIGHT:1,data]

WEIGHT:^,^^^^]
Distance of c.0.g. from front axle

I
Centre of gravity height
Moment of inertia (Yaw)
Roll moment

I Pitch moment
I Stiffness right wheel front axle
I

I Unit:
I [ml

I [kg]

[COG-AXLE: 1,data]
[COG AXLE:2,data]
[COGheight: 1,data]

[ml

[MOMENT-YAW: 1,data]
[MOMENT_YAW:2,data]
[MOMENT-ROLL: 1,data]
[MOMENT ROLL:2,data]
[MOMENT PITCH: 1,data]

[kg.mLl

bl

[kg.m2]

[STIFFNESS AlL:2,data]
[STIFFNESS AIR: l,data]

I Nml

[STIFFNESS A2E:2,data]
[STIFFNESS-A2R: 1,data]
[STIFFNESS A2R:2,data]
[DAMPING AIL: 1,data]

CN/ml

Stiffness left wheel rear axle
Stiffness right wheel rear axle
Damping left wheel front axle

N m l

Damping right wheel front axle
Damping left wheel rear axle
Damping right wheel rear axle

Tyre modef (Points on curve):
LATERAL:
Max. lateral slip angle left wheel front axle

I [DAMPINGPA2R:2,data]
1
I [ANGLE-SLIP-AIL: l,data]

Max. lateral slip angle right wheel front axle
Max. lateral slip angle left wheel rear axle
Max. lateral slip
wheel rear axle
- angle
- right
F,

left wheel front axle

F,

right
- wheel front axle

F,

left wheel rear axle

F,

right wheel rear axle

I

[ANGLE SLIP-A1 L:2,data]
[ANGLE-SLIP-AIR: l,data]
[ANGLE-SLIP AlR:2,data]
[ANGLE-SLIP-A2L: 1,data]
[ANGLE-SLIPPA2L:2,data]
[ANGLE-SLIP-A2R: 1,data]
[ANGLE SLIP A2R:2,data]
[FYMAX-Ll :1,data]
[FYMAX L1:2,data]
[FYMAXRl :1,data]
[FYMAX R1:2,data]
[FYMAXL2: 1,data]
[FYMAX-L2:2,data]
[FYMAX-R2: 1,data]
[FYMAX R2:2,data]

I
I
( ["]
["]
["]
["]

[-I
[-I
[-I

1-1

I
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S,

left wheel front axle

S,

right wheel front axle

S,

left wheel rear axle

S,

right wheel rear axle

FSllpleft wheel front axle
FSl,,right wheel front axle
FsI, left wheel rear axle
FsIlpright wheel rear axle
SsI, left wheel front axle
SSI, right wheel front axle
Ssl, left wheel rear axle
SS1, right wheel rear axle
Fg, left wheel front axle
Fg, right wheel front axle
Fg, left wheel rear axle

Fg,right wheel rear axle
LONGITUDINAL:
Max. lateral slip angle left wheel fiont axle
Max. lateral slip angle right wheel front axle
Max. lateral slip angle left wheel rear axle
Max. lateral slip angle right wheel rear axle
F,

left wheel front axle

F,

right wheel front axle

F,

left wheel rear axle

F,

right wheel rear axle

S,

left wheel front axle

S,

right wheel front axle

S,

left wheel rear axle

[SYMAX-L1 :1,data]
[SYMAX L1:2,data]
[SYMAX-R1 :l,data]
[SYMAX R1:2,data]
[SYMAX-L2: 1,data]
[SYMAXL2:2,data]
[SYMAX-R2: 1,data]
[SYMAX-R2:2,data]
[FYSLIPLl :1,data]
[FYSLIP 51:2,0a?a]
[FYSLIP~R
:1~,data]
[FYSLIP R1:2,data]
[FYSLIPL2: 1,data]
[FYSLIP L2:2,data]
[FYSLIP-R2: 1,data]
[FYSLIP R2:2,data]
[SYSLIP-L1 :1,data]
[SYSLIP L1:2,data]
[SYSLIP-R1 :1,data]
[SYSLIP R1:2,data]
[SYSLIP-L2: 1,data]
[SYSLIP L2:2,data]
[SYSLIPX2: 1,d&taj
[SYSLIP R2:2,data]
[FYOPLl :1,data]
[FYOP LI :2,data]
[FYOPRI :1,data]
[FYOP R1:2,data]
[FYOPL2: 1,data]
[FYOPL2:2,data]
[FYOP-R2: 1,data]
PYOP R2:2,data]

["I

[ANGLE-SLIP-A1 L: 1,data]
[ANGLE SLIP AlL:2,data]
[ANGLE-SLIP-AlR:l,data]
[ANGLE SLIP AlR.2,data]
[ANGLE-SLIP-A2L: l,data]
[ANGLE SLIP A2L:2,data]
[ANGLE_SLIPA2R: 1,data]
[ANGLE SLIP A2R:2,data]
[FXMAX-L 1:1,data]
[FXMAX L1:2,data]
[FXMAX-R1 :1,data]
[FXMAX R1:2,data]
[FXMAXL2: 1,data]
[FXMAX L2:2,data]
[FXMAX-R2: 1,data]
[ F X M W :2,data]
[SXMAX-L 1:1,data]
[SXMAX_L1:2,data]
[SXMAX-R1 :1,data]
[SXMAX R1:2,data]
[SXMAXL2:1,data]

["]

["I
["I

["I
[-I

[-I
[-I
[-I
["I
["I
["I
iOj

[-I
[-I
[-I
[-I

["]
["]
["]

[-I
[-I

[-I
[-I
["I

["I
["I
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right wheel rear axle

Fsli, left wheel front axle
Fslipright wheel front axle
Fslipleft wheel rear axle
FSlipright wheel rezr d e
Sslipleft wheel front axle
SSli,
. right wheel front axle
-

I
I

Sslipleft wheel rear axle
SsliDright wheel rear axle
FOpleft wheel front axle
Fopright wheel front axle
I

FOpleft wheel rear axle
FOpright wheel rear axle

[SXMAX L2:2,data]
[SXMAXXMAXR2:
1,data]
[SXMAX R2:2,data]
[FXSLIPLl: 1,data]
[FXSLIP L1 :%,data]
[FXSLIP-Rl :1,data]
[FXSLIP R1:2,data]
[FXSLIP-L2: 1,data]
[FXSLIPL2:2,data]
[FXSLlP-R2: 1,data]
[FXSLIP R2:2,data]
[SXSLIP-Ll :l,data]
[SXSLIP L1:2,data]
[SXSLIPRl: 1,data]
[sxsLIPR~:~,~~~~]
[SXSLIP-L2: 1,data]
[SXSLIP L2:2,data]
[SXSLIP-R2: 1,data]
[SXSLIP R2:2,data]
[FXOP-Ll :1,data]
[FXOP L1:2,data]
[FXOPRl :1,data]
r vn
L F ~ vXI
l :2,daia]
CFXOPL2: 1,data]
[FXOP L2':2,data]
[FXOP-R2: 1,data]
[FXOP R2:2,data]

["I
[-I

1-1
[-I

[-3
["I

1 ["I
-

-

["I
["I
[-I
I

[-I
[-I
[-I

RUNK CARGO:2 dat

I Simulation parameters:

I Coefficient of restitution of secondary
impacts
Crash simulation:
Pre-impact velocities

I
I [COEFF_REST2,data]
1

Equivalent Energy Speed (EES)
Coefficient of restitution
Inter vehicle friction coefficient
X-co-ordinate point of impact
Y-co-ordinate point of impact
Z-co-ordinate point of impact

-

I
I

[VEL P R V M P : 1,data]
[VEL-PRE IMP:2,data]
[EES:1,data]
[EES:2,data]
[COEFF REST,data]
[COEFF FFUCTION,data]
[IMPACT X,data]
[IMPACT Y,data]
[IMPACT Z,data]

1
I [-I
I
[km/hl
[kmlh]

I
I

[-I
[-I
[ml
[ml
[ml

I

Anele
t i m ~ a c t I [IMPACT-ANGLE,datal
" co-ordinate svstem in ~ o i nof
Initial conditions
(for each vehicle):
I [COG-X: 1.data]
X-co-ordinate centre of gravity
[COG X:2,data]
[COGY: 1.data]
Y-co-ordinate centre of gravity
[COG Y:2,data]
[COG-Z: 1.data]
Height of centre of gravity
[COG Z:2,data]
Veiocity
[VEL:l ,data]
[VEL:2,data]
Velocity direction
[VEL-DIR: 1,data]
[VELDIR:2,data]
[VEL-Z: 1,data]
Velocity in z-direction
[VEL-Z:2,data]
Yaw velocity
[VEL-YAW: 1,data]
PELYAW:2,data]
Roll velocity
PEL-ROLL: 1,data]
P E L ROLL:2,data]
Pitch velocity
PEL-PITCH: 1,data]
P E L PITCH:2,data]
Yaw angle
[ANGLE-YAW: 1,data]
[ANGLE YAW:2,data]
Roll angle
[ANGLE-ROLL: 1,data]
[ANGLE ROLL:2,data]
Pitch angle
[ANGLE-PITCH: 1,data]
[ANGLE PITCH:2,data]

Acc. / braking factors left wheel front axle
Acc. / braking factors right wheel front axle
Acc. / braking factors left wheel rear axle

[STEERING 2:2,data]
[BRAKING-Ll :1,data]
[BRAKING L1:2,data]
[BRAKING-R1 :1,data]
[BRAKING R1:2,data]
[BRAKING-L2: 1,data]

[rad Is]

[-I

[-I
[-I
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Appendix C Preparations MIRA crash test

Crash test scenery modelled in PC-Crash (including definition end position and estimated point of
impact).

From PC-Crash report:
Vehicle :

PEUGEOT-306 1.8 - 7A/7

START VALUES
Velocity magnitude (v) [kmlh] :
Heading angle [deg] :
Velocity direction (D) [deg] :
Yaw velocity [radh] :
Center of gravity x [m] :
Center of gravity y [m] :
Center of gravity z [m] :
Velocity vertical [kmlh] :
Roll angle [deg] :
Pitch angle [deg] :
Roll velocity [rads] :

FORD-Mondeo 1.8 TD - GBP

Pitch velocity [radls] :

0.00

0.00

INPUT VALUES
PEUGEOT-306 1.8 - 7A17 FORD-Mondeo 1.8 TD - GBP
Vehicle :
4.01 4.48
Length [m] :
1.69 1.75
Width [m] :
Height [m] :
1.38 1.42
2.00
2.00
Number of axles :
Wheelbase [m] :
2.58 2.70
Front overhang [m] :
0.81 0.90
Front track width [m] :
1.46
1.50
Rear track width [m] :
1.46
1.50
Mass (empty) [kg] :
1109 1404
143.00 148.00
Mass of front occupants [kg] :
Mass of rear occupants [kg] :
0.00 0.00
Mass of cargo in trunk [kg] :
0.00 0.00
Mass of roof cargo [kg] :
0.00
0.00
1.29 1.03
Distance C.G. - front axle [m] :
C.G. height above ground [m] :
0.50 0.50
436.80 646.50
Roll moment of inertia [kgmA2]:
Pitch moment of inertia [kgmA2] :
1456.00
2155.10
Yaw moment of inertia [kgmA2] :
1456.00
2155.10
Stiffness, axle 1, left [Nlm] :
18132.15
28464.70
Stiffness, axle 1, right P l m ] :
18132.15
28464.70
Stiffness, axle 2, left [Nlm] :
18132.15
17446.10
Stiffness, axle 2, right [N/m] :
18132.15
17446.10
Damping, axle 1, left [Nslm] :
2039.87
3202.28
2039.87
3202.28
Damping, axle 1, right !JVs/m]:
Damping, axle 2, left [Nslm] :
2039.87
1962.69
Damping, axle 2, right [Nslm] :
2039.87
1962.69
Max. slip angle,axle 1, left [deg]:
10.00 10.00
Max. slip angle,axle 1, right [deg]:
10.00 10.00
Max. slip angle,axle 2, left [deg]:
10.00 10.00
Max. slip angle,axle 2, right [deg]:
10.00 10.00
No
No
ABS :
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Appendix D MC-Crash intervals MIRA crash test
Aantal simulaties: 262587
Aantal voertuigen: 2
Invoer parameters:
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Sensitivity analysis side impact example
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Appendix G Start values sensitivity analysis side impact

Vehicle

:

MERCEDES-E 250 T Ds. - 124T

PEUGEOT-205 1.4 - 741A./C20

START VALUES
Velocity magnitude (v) [km/h] :
Heading angle [degj :
Velocity direction (E) [deg] :
Yaw velocity [rad/sl :
Center of gravity x [ml :
Center of gravity y [ml :
Center of gravity z [ml :
Velocity vertical [km/h] :
Roll angle [deg] :
Pitch angle [deg] :
Roll velocity [rad/s] :
Pitch velocity [rad/s] :

END VALUES
Velocity magnitude (v) [km/h] :
Heading angle [deg] :
Velocity direction (E) [deg] :
Yaw velocity [rad/s] :
Center of gravity x [m] :
Center of gravity y [m} :
Center of gravity z [ml :
Velocity vertical [km/h] :
Roll angle [deg] :
Pitch angle [deg] :
Roll velocity [rad/sl :
Pitch velocity [rad/sl :

Vehicle :
Driver :
t [sl:
Pre Impact vel . [km/hl:
Post Impact vel. [km/h]:
Velocity change (dV) [km/h]

1 MERCEDES

:

Deformation depth [m] :
EES [km/h] :
Coefficient of restitution (e)

:

2

PEUGEOT-

0.00
40.00
27.15
14.89

0.00
30.00
35.23
27.54

0.38
17.92

0.33
22.75
0.17

Separation speed [km/h]:
Friction coefficient (mu) :
Point of Impact x [ml :
Point of Impact y [ml :
Point of Impact z [ml :
Angle of contact plane (phi) [deg] :
Angle of contact plane (psi) [deg] :
Total Deformation Energy [J] :
Impulse [Nsl :
Direction of impulse [deg] :
Vertical direction of impulse [deg] :
Moment arm about C .G. [m] :
0.50
Principal Direction of Force [deg]: -155.60
VALUES BEFORE COLLISION
Velocity magnitude (v) [km/h] :
Heading angle [deg] :
Velocity direction (E) [degl :
Yaw velocity [rad/sl :
Center of gravity x [ml :
Ceriter of gravity y :m3 :
Center of gravity z [m] :
Velocity vertical [kn/h] :
Roll angle [degl :
Pitch angle [deg] :
Roll velocity [rad/s] :
Pitch velocity [rad/s] :

VALUES AFTER COLLISION
Velocity magnitude (v)
Heading angle [degl :
Velocity direction (f3)
Yaw velocity [rad/sl :
Center of gravity x [ml
Center of gravity y [ml
Center of gravity z [ml
Velocity vertical [km/h]
Roll angle [degl :
Pitch angle [deg] :
Roll velocity [rad/sl :
Pitch velocity [rad/s] :
SEQUENCES
1

MERCEDES

:

REACTION
Reaction time [sec]

:

:
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BRAKE LAG
Threshold time [secl

:

BRAKE
maximum stopping distance [ml :
Brake force [%I
Axle 1, left :
Axle 1, right :
Axle 2, left :
Axle 2, right :
mean brake acceleration [m/s2] :
START VALUES
Velocity [km/h] :
Friction coefficient

:

BRAKE
maximum stopping distance [ml :
Brake force [%I
Axle 1, left :
Axle 1, right :
Axle 2, left :
Axle 2, right :
mean brake acceleratim [m/s2j :
2

PEUGEOT-

:

REACTION
Reaction time [secl
BRAKE LAG
Threshold time [secl

:

:

BRAKE
maximum stopping distance [ml :
Brake force [%I
Axle 1, left :
Axle 1, right :
Axle 2, left :
Axle 2, right :
mean brake acceleration [m/s21 :
START VALUES
Velocity [km/hl :
Friction coefficient

:

BRAKE LAG
Threshold time [secl

:

BRAKE
maximum stopping distance [ml
Brake force [%]
Axle 1, left :
Axle 1, right :
Axle 2, left :
Axle 2, right :

:
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mean brake acceleration [m/s2] :

-7.75

INPUT VALUES
MERCEDES-E 250 T Ds. - 124T
Vehicle :
Length [ml :
Width [ml :
Height [ml :
Number of axles :
Wheelbase [m] :
Front overhang [ml :
Front track width [m] :
Rear track width [ml :
Mass (empty) [kg] :
Mass of front occupants [kg] :
Mass of rear occupants [kg] :
Mass of cargo in trunk [kg] :
Mass of roof cargo [kg] :
Distance C.G. - front axle [ml
C.G. height above ground [m]

:

:

Roll moment of inertia [kgmA2] :
Pitch moment of inertia [kgmA2] :
Yaw moment of inertia [kgmA2] :
Stiffness, axle 1, left [N/ml :
Stiffness, axle 1, right [N/ml :
Stiffness, axle 2, left [N/m] :
Stiffness, axle 2, right [N/m] :
Damping, axle 1, left [Ns/m] :
Damping, axle 1, right [Ns/m] :
Damping, axle 2, left [Ns/m] :
Damping, axle 2, right [Ns/ml :
Max. slip angle,axle 1, left [deg]: 10.00
Max. slip angle,axle 1, right [deg]: 10.00
Max. slip angle,axle 2, left [deg]: 10.00
Max. slip angle,axle 2, right [deg]: 10.00
ABS :
0.10

PEUGEOT-205 1.4 - 741A./C20

Appendix H Sensitivity for location point of impact
-

11.5

12

12.5

X-co-ordinate P.O.I.

-8.9

-8.8

-8.7

-8.6

13

[-I

-8.5

Y-co-ordinate P.O.I. [-]

-8.4

-8.3

-8.2

0.2

0.25

0.3

0.35

0.4

Height point of impact [m]

0.45

0.5

Appendix I

Input data PC-Crash for DART case

Vehicle :
START VALUES
Velocity magnitude (v) [krnlh] :
Heading angle [deg] :
Velocity direction (13) [deg] :
Yaw velocity [rads] :
Center of gravity x [m] :
Center of gravity y [m] :
Center of gravity z [m] :
Velocity vertical [ W h ] :
Roll angle [deg] :
Pitch angle [deg] :
Roll velocity [rads] :
Pitch velocity [radls] :

END VALUES
Velocity magnitude (v) [km/h] :
Heading angle [deg] :
Velocity direction (J3) [deg] :
Yaw velocity [rads] :
Center of gravity x [m] :
Center of gravity y [m] :
Center of gravity z [m] :
Velocity vertical [km/h] :
-0.00
0.00
Roll angle [deg] : -0.00
0.00
0.00
Pitch angle [deg] :
0.00
Roll velocity [radls] : 0.00
0.00
Pitch velocity [radls] : 0.00

SEQUENCES
1 ROVER- 11 :
ACCELERATE
Maximum acceleration distance [m]
Accelerative force [%I
Axle 1, left : 12.23
Axle 1, right : 12.23
Axle 2, left : 12.23
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Axle 2, right : 12.23
Average acceleration [m/s2]:
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1.20

STEERING
Steering time [s] : 1.OO
New steering angle [deg]
Axlel:
13.70
Axle 2 : 0.00
19.17
Turning circle [m] :
START VALUES
Velocity [kmlh] : 29.00
Friction coefficient : 0.62
Friction polygons used
BRAKE
maximum stopping distance [m] :
Brake force [%I
Axle 1, left : 140.83
Axle 1, right : 140.83
Axle 2, left : 58.54
Axle 2, right : 58.54
mean brake acceleration [m/s2]:

100.00

-6.08

STEERING
Steering time [s] : 1.OO
New steering angle [deg]
Axle 1 : 13.70
Axle 2 : 0.00
Turning circle [m] :
19.17

2 OPEL-AST
START VALUES
Velocity [km/h] : 67.00
Friction coefficient : 0.62
Friction polygons used
BRAKE LAG
Threshold time [sec] : 0.50
BRAKE
maximum stopping distance [m] :
Brake force [%I
Axle 1, left : 136.23
Axle 1, right : 136.23
Axle 2, left : 43.85
Axle 2, right : 43.85
mean brake acceleration [m/s2]:

100.00

-6.08

INPUT VALUES
Vehicle : ROVER- 111 L - - 1
OPEL-Astra 2.0 16V - F
Length [m] : 3.52 4.05
1.55
1.70
Width [m] :
Height [m] : 1.38 1.41
Number of axles : 2.00 2.00
Wheelbase [m] : 2.27 2.52
Front overhang [m] : 0.70 0.70
Front track width [m] : 1.35
1.42
Rear track width [m] : 1.35 1.42
Mass (empty) [kg] :
790.00 1090.00
Mass of front occupants [kg] : 75.00 155.00
Mass of rear occupants [kg] : 0.00 0.00
Mass of cargo in trunk [kg] :
15.00 15.00
Mass of roof cargo [kg] :
0.00 0.00
Distance C.G. - front axle [m] : 1.14 0.98
C.G. height above ground [m] : 0.40 0.50
Roll moment of inertia [kgmA2]:
240.30 423.50
Pitch moment of inertia [kgmA2]:
801.00 1411.70
Yaw moment of inertia [kgmA2]:
801.00 1411.70
12916.50
21739.40
Stiffness, axle 1, left [Nlm] :
Stiffness, axle 1, right [Nlm] : 12916.50
21739.40
Stiffness, axle 2, left [Nlm] :
12916.50
13903.60
13903.60
Stiffness, axle 2, right [Nlm] : 12916.50
Damping, axle 1, left [Nslm] : 1453.11
2445.68
Damping, axle 1, right [Nslm] :
1453.11
2445.68
Damping, axle 2, left [Nslm] : 1453.11
1564.15
1453.1 1
1564.15
Damping, axle 2, right [Nslm] :
Max. slip angle,axle 1, left [deg]:
10.00 10.00
Max. slip angle,axle 1, right [deg] :
10.00 10.00
Max. slip angle,axle 2, left [deg]:
10.00 10.00
Max. slip angle,axle 2, right [deg]:
10.00 10.00
ABS: No No

Appendix J

MC-Crash intervals DART case

H.H. Spit

Next object
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