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This article presents an uncertainty analysis of several of the most commonly used methods for calculating
motor vehicle collision speeds. Based on a real-world crash test, a simulation-based collision model and an
energy-based post-impact vehicle motion were developed in MATLAB. The calculation results were optimized
using the Monte Carlo method. A custom-designed script was employed to search the full range of feasible
solutions, and the results were compared with those obtained from analytical reconstruction methods and
simulations conducted in two commercially available vehicle dynamics software packages. The study demon-
strated that analytical calculations are highly sensitive to uncertainties in estimating the base post-impact
trajectory angles and, depending on the reconstruction type (I, Il, I, IV), to pre-impact approach angles. This
sensitivity is not observed in simulation-based calculations, regardless of whether the post-impact motion is
modeled using energy methods or vehicle dynamics models integrated into accident reconstruction software.
Additionally, the performance of optimization algorithms built into these programs was analyzed. In this test, the
uncertainties for the different methods — at measured speeds of 42.1 and 30.0 km/h — did not exceed +/3%. In
contrast, randomizing the friction coefficient (u) resulted in uncertainties of up to +28% and varied across
individual vehicles. These values are consistent with the theoretical analyses conducted by other researchers.
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1. Introduction and aim of the study

The process of recreating road traffic incidents is com-
monly referred to as reconstruction [13]; however, from an
engineering perspective, a distinction is made between
reconstruction calculations and simulation-based calcula-
tions. Theoretical reconstruction calculations can be catego-
rized into four fundamental types, where the selection of
the appropriate model depends on the available data set,
such as information regarding post-impact rotational mo-
tion, velocity vector angles, etc. The specific nature of
theoretical reconstruction calculations — reflected in the
mathematical forms of physical dependencies (e.g., trigo-
nometric functions) — can lead to potentially significant
computational uncertainties, sometimes exceeding 100%.
These methods are highly sensitive to the angles describing
the positions of the vehicles' center-of-mass velocity vec-
tors, both at the moment of impact and immediately there-
after. Post-impact motion poses a particular challenge due
to limited data availability, such as the absence of tire
marks [14]. Another reconstruction method, though charac-
terized by significantly lower uncertainty, involves calculat-
ing collisions with fixed objects (e.g., poles or trees), using
empirical mathematical models [16]. Reconstruction calcu-
lations do not allow visualization of post-impact trajecto-
ries, and a single calculation run can give a misleading
sense of accuracy. Therefore, it is advisable to perform
multiple iterations with varying approaches and departure
angles to assess the uncertainty specific to a given case.

Such uncertainties are not characteristic of computa-
tional methods implemented in simulation environments [6,
8]. These environments utilize iterative vehicle dynamics
models to visualize post-impact trajectories, as demonstrat-
ed in this study using two dedicated accident reconstruction
software packages: V-Sim [1, 15] and PC-Crash [10, 11].

However, simulation-based calculations can also be per-
formed without a full vehicle dynamics model by modeling
post-impact motion through energy-based relationships
(e.g., Marquard, Burg, or McHenry-Marquard [16]). These
models incorporate correction factors for non-parallel
wheel reaction force vectors (empirical models) that ac-
count for rotational motion and sideslip angles [7, 8], alt-
hough they do not model post-impact trajectories sensu
stricto. This approach was implemented in the proprietary
MATLAB algorithm presented in this paper.

The most advanced methods for vehicle collision calcu-
lations are based on the Finite Element Method (FEM) [2,
4, 5, 18]. However, these are primarily used to determine
the EES (Equivalent Energy Speed) parameter, which does
not represent the actual impact speed, but rather the energy
of deformation work expressed in speed units. Consequent-
ly, this parameter is subsequently used as an input in some
of the calculation types presented in this study. FEM meth-
ods are not commonly used by forensic experts to recon-
struct impact speeds in road accidents because they are
time-consuming and resource-intensive. A significant
drawback is also the lack of FEM models for the wide
range of vehicles used in road traffic. Simulation software
used by experts typically contains only a few vehicle FEM
models, mostly of American origin. These methods are
primarily used for research purposes and, on rare occasions,
to solve collision problems involving atypical obstacles,
which are individually modeled based on specific strength
test results.

It must be emphasized that the "reliability" of accident
reconstruction calculations is inversely proportional to the
computational uncertainty, given the unique, non-repeatable
nature of a single collision. Consequently, the probability of
the occurrence of a single, precise speed value tends toward
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zero [17]. This perspective is dictated by legal requirements
in judicial proceedings, where the range of uncertainty
often determines the range of accident-avoidance possibili-
ties and, thus, the assignment of liability [12].

In light of the above, the aim of this study was to inves-
tigate the uncertainty of calculated impact speeds using the
aforementioned methods, based on a real-world crash test.

The authors were unable to identify any studies that
compare the results of several different methods based on
a single real-world crash test. Existing literature focuses on
the uncertainty of a specific method used by researchers for
a particular test; therefore, a reliable comparison of uncer-
tainties across methods is not feasible, as different crash
tests were used in each case. While study [2] presented
a comparison of method uncertainties, it was based on theo-
retical analysis rather than specific crash tests. Their find-
ings for various methods were as follows: limit values
+30.5%, total derivative +31.3%, second-order total deriva-
tive £33.0%, finite differences +31.3%, Gaussian probabil-
istic method +19.0%, stochastic process probabilistic meth-
od +18.8%, and Monte-Carlo probabilistic method +29.5%.

Consequently, this constitutes the innovative contribu-
tion of the present publication. Nevertheless, establishing
a comprehensive view of the uncertainties inherent in indi-
vidual methods would require numerous analogous anal-
yses, which remains a goal for future research.

2. Research object — crash test

2.1. Vehicles

The crash test data was retrieved from the PC-Crash
software database. The collision involved two vehicles:
a Ford Mondeo and an Opel Vectra, as shown in Fig. 1. The
fundamental technical parameters of both vehicles are pre-
sented in Table 1.

Fig. 1. View of the vehicles selected for the study: Ford (1) with an initial
speed of 42.1 km/h and Opel (2) with an initial speed of 38.0 km/h

Table 1. Vehicle parameters

2.2. Modeling of the collision and post-impact motion

The relative positioning of the vehicles at the moment
of impact, the distances traveled during post-impact motion,
and their final rest positions are presented in Fig. 2.

Fig. 2. Impact and final rest positions in the normal (n) and tangential (t)

coordinate system relative to the vehicle deformation surface, with the

global coordinate system (X, y) overlaid. Shown are the impulses compo-
nents S; and S, (yellow) and the friction cone (green)

In simulation-based calculations, distances and angles
are defined in the normal and tangential impact plane coor-
dinate system, with the origin at the point of application of
the collision impulse. The ratio of the tangential impulse
component S; to the normal component S, is defined as the
friction at the collision node and is described by the prede-
fined parameter tgp (friction cone). If the S/S, ratio equals
or exceeds the given value of tgp (where the collision im-
pulse lies on the surface of the friction cone), a so-called
rough collision with sliding occurs; otherwise, it is classi-
fied as a rough collision without sliding. Furthermore, sim-
ulation-based calculations incorporate a predefined coeffi-
cient of restitution, Kk, that determines the amount of energy
dissipated during the impact. This coefficient is non-
linearly and inversely proportional to the relative velocity
of the vehicles along the impact normal. Consequently,
when modeling the collision process, it is possible to influ-
ence the relative pre-impact angles, the location of the im-
pulse application point within the contact area, the friction
at the collision node, the orientation of the tangential plane,
and the vehicle rebound reflected in the coefficient of resti-
tution [6, 8]. All these parameters affect the post-impact
trajectory angles and the overall dynamics of the vehicles.

Conversely, in reconstruction calculations, the reference
system is the global coordinate system rather than the nor-
mal and tangential planes. These methods do not utilize the
parameter or the coefficient zgp of restitution k. Therefore,
one can only influence the pre- and post-impact motion
angles. However, post-impact angles are difficult to deter-
mine with sufficient precision, and even minor variations in
them can significantly affect the calculation results [14].

2.3. Energy equivalent speed (EES)
In both types of calculations (simulation-based and re-
construction), the Energy Equivalent Speed (EES) parame-

Ford (1 12
No. | makemocelbpe | \ongeovak 1 | Vs i
1. impact speed [km/h] 42.1 38.0
2. year of manufacture 1995 1991
3. curb weight [kg] 1306 1170
4. length [m] 4.48 4.48
5. width [m] 1.75 1.70
6. height [m] 1.50 1.42
7. wheelbase [m] 2.70 2.60
8. track width [m] 1.50 1.50
9. distance CoG to front axle [m] 1.03 1.09
10. CoG height [m] 0.56 0.50

4
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ter is utilized. It should not be equated with the actual vehi-
cle speed, except in one specific scenario: when a vehicle
strikes a rigid, non-deformable barrier and no significant
post-impact motion occurs. The EES parameter is closely
related to the Equivalent Barrier Speed (EBS); however,
EBS also accounts for the vehicle body's elastic work. This
elastic component can typically be neglected, as it usually
does not exceed at very low speeds (e.g. 10 km/h) and be-
comes negligible at higher speeds, which results from the
velocity-dependent characteristics of the coefficient of
restitution [16].

In simulation-based calculations, the EES parameter is
used as a verification (control) value, whereas in recon-
struction calculations it serves as an input value, though not
in all such calculations. For the purpose of this article, the
EES value (which, in this case, is very similar to the EBS)
was calculated according to the CRASH3 standard using
the RWD software [20], as schematically shown in Fig. 3.
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Fig. 3. Input data and calculation results — example for vehicle (1)

For the second vehicle, the EBS was approximately 13.6
km/h.

3. Methodology - simulation-based calculations

3.1. Limitations of the current objective function

The research workstation consisted of a PC equipped
with specialized software: VV-Sim, PC-Crash, and RWD. To
ensure the comparability of results, the Kudlich-Slibar
collision model [14] was employed in both primary pro-
grams. Although these software packages include alterna-
tive collision models (two in PC-Crash and one in V-Sim),
those models offer limited adjustability, and the user's abil-
ity to influence their parameters is practically restricted.

The calculations were conducted using two distinct ap-
proaches. First, the built-in optimizer of each program was

utilized. Subsequently, the data was cleared from memory,
and the collision was calculated in manual mode. This pro-
cedure was necessary because built-in optimizers often
function incorrectly due to flawed objective functions
(quality functions). As demonstrated in [9], the objective
function in PC-Crash [10], based on the principle of
weighted aggregate criteria, combines parameters that are
incomparable (e.g., angles, distances, EES). Consequently,
the percentage error (uncertainty) calculated by the soft-
ware does not correlate with the collision energy balance
and thus does not represent the actual percentage uncertain-
ty of the speed calculation. In the case of V-Sim, the au-
thors have not disclosed the specific form of the fitness
function, although the input parameters and resulting out-
puts suggest it is more advanced than the one in PC-Crash.
Instead of a percentage error, the user receives a range of
calculated speeds that satisfy predefined post-simulation
motion criteria.

Nevertheless, situations still occur where the calculation
results are physically unrealistic, or it is impossible to
achieve post-impact vehicle positions consistent with the
test documentation. In PC-Crash, it is sometimes impossi-
ble to optimize (find a solution for) a virtual collision —
even one previously designed in manual mode within the
same program — once the sought-after data has been reset
[9]. While the vehicle models in these programs are known
approximations of reality, it is understandable that they may
struggle to optimize a real-world crash test. However, the
algorithm should not encounter such difficulties when solv-
ing a virtual test generated within its own environment.

The criterion for the correctness of the simulation-based
calculations is the achievement of post-impact (post-
simulation) positions by the virtual vehicles. These posi-
tions should align as closely as possible with the actual rest
positions, as the vehicles' kinetic energy is depleted during
both planar and spatial motion.

3.2. Simulation-based calculations in V-Sim
The results obtained using the optimization module are
presented in Fig. 4.
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Fig. 4. V-Sim optimizer calculations (matching post-simulation positions
to real-world data)

In 'manual' mode (without the use of the software's
built-in optimizer), the simulation results were successfully
improved, as demonstrated in Fig. 5.

COMBUSTION ENGINES, 0000;XXX(X)



Analysis of uncertainty in vehicle collision calculation methods

Fig. 5. V-Sim manual calculations (matching post-simulation positions to
real-world data)

In both calculation cases, by appropriately selecting the
input forces and accounting for the tire-road friction coeffi-
cient (n), the delayed braking of the Ford's wheels (ob-
served in the test video) and the lift-off of the Opel's left
wheels were modeled. The calculated speed results will be
presented collectively at the end of the paper.

3.3. Simulation-based calculations in PC-Crash
The use of the built-in optimizer yielded the results
shown in Fig. 6.

Fig. 6. PC-Crash optimizer calculations (matching post-simulation posi-
tions to real-world data)

During the calculations, the software's optimization al-
gorithm tended to converge on local minima, resulting in
unrealistic impact speed values. Furthermore, the simulated
vehicles came to a rest far from their target positions. In
‘manual’ mode, the simulation results were significantly
improved, achieving a better fit to the final rest positions
than in VV-Sim, as shown in Fig. 7.

In contrast to V-Sim, manual calculations using the
Kudlich-Slibar model are significantly more efficient in
PC-Crash, as adjustments to the impulse application point
and other parameters can be made without closing the navi-
gation window while maintaining overall stability. This
may be because the software was primarily designed for the
force-based collision method [15]. However, this force-
based model is fully automated and does not allow for user
intervention. Consequently, it is impossible to model the
observed immediate post-impact motion resulting from, for
instance, shifting the impulse application point (due to
variable body stiffness at different structural locations) or

varying the friction at the collision node by rotating the
tangential plane. Therefore, the Kudlich-Slibar model re-
mains the most practical choice for such analyses.
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Fig. 7. PC-Crash manual calculations (matching post-simulation positions
to real-world data)

4. Methodology — type | analytical reconstruction
calculations
Due to the orthogonal directions of the vehicles' pre-
impact velocity vectors, Type | analytical reconstruction
calculations based on the principle of conservation of mo-
mentum were applied. This approach is schematically pre-
sented in Fig. 8.
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Fig. 8. Parameter designations for reconstruction calculations [14]

After appropriate transformation, the equations take the
following form:

m;- Vi sin(az—a)) + my - V5 sin(az—ab)

Vv, = 1)

my- Vi sin(aj—a;)+my- V5 sin(ah—oy) @)

my- sin(oy—0otq)

Vz = my- sin(oy—0otq)
where: o — the pre-impact velocity vector angle (immediate-
ly before impact), o — the post-impact velocity vector angle
(immediately after impact).

Post-impact speeds were calculated using Marquard’s
energy-based relationships [16] for braking distance, incor-
porating empirical correction factors:

ke = 0.17-k® — 0.488 k% — 0.03-k + 1 3)

ky, = 0.328-k* — 0.772-k? + 1.072-k 4)
_ |ae
k= |3 ©)
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where Kk in this relationship denotes the rotation factor ra-
ther than the coefficient of restitution, | — vehicle length.

Since the post-impact motion angles were well docu-
mented in the crash test, the calculations had low uncertain-
ty. However, it was observed that even minor variations in
the departure angles had a drastic impact on the results. In
contrast, real-world traffic incidents are typically not as
well documented as they are in video footage.

5. Methodology — optimization-based simulation
calculations in MATLAB
The Kudlich-Slibar collision model [14] was imple-
mented within the proprietary optimization script, with its
fundamental relationships defined as follows:

my * (Viee = Vie) = Sy (6)
my - (Vien = Vien) = Sp ()
my © (Vaer = Vac) = =St (©))
m © (Vaer = Vae) = =St )

Lic- (w3 —wy) =S nge — Sy - tye (10)
L (w5 — wy) =S, -ty — Sp Ny (11)

The quantities Nyc,tie,Noc,tre (iMpulse moment arms — see
Fig. 2 and Fig. 9) represent the geometric coordinates of the
nominal contact point Z relative to the center of mass of
each body.

Fig. 9. Parameter designations for simulation-based calculations [14]

The post-impact motion was modeled according to
Marquard's method, with the braking distance relationships
transformed from a reconstruction (backward) to a simula-
tion (forward) form. Consequently, the input data consisted
of the post-impact speeds derived from the collision simula-
tions, along with the known distances and angles of the
post-impact motion. The calculation criterion (convergence
condition) was satisfied when the speeds at the end of the
post-impact phase reached values near zero, indicating that
the vehicles' kinetic energy had been sufficiently dissipated.
The objective (optimized) values were the pre-impact
speeds, which were sampled using a uniform distribution
via the Monte Carlo method. The proprietary script contin-
ued to iterate until a predefined number of speed pairs satis-
fying the velocity reduction condition in the post-impact
motion were collected. This process can be described by the
following objective function, which serves as the equivalent
of Marquard’s relationship:

f(Vk)z\]V’z—Z-ks-u-g-s (12)

m
0<Ve<05[7 (13)
The proprietary algorithm also incorporates the capabil-
ity to randomize (search for) the friction coefficient (p),
reflecting the utilization of braking forces. This approach
yielded a three-dimensional relationship between the pre-
impact speeds of both vehicles and their post-impact decel-
erations, as shown in Fig. 10.

0.65

Friction coefficient p [-]

70 20

Initial speed of Vehicle 1 [km/h] Initial speed of Vehicle 2 [km/h]

Fig. 10. 3D view of initial vehicle speeds as a function of the friction
coefficient (u) within the range of 0.4 to 0.8

The interdependencies between the calculated impact
speeds are presented in Fig. 11.

The relationship, indicating that higher post-impact mo-
tion resistance coefficients lead to higher calculated pre-
impact speeds, demonstrates the forensic importance of
examining the full uncertainty range within physically
realistic limits. Post-impact motion can be highly complex;
furthermore, it is impossible to precisely reconstruct the
actual resistance coefficient at the moment of the incident
for the specific vehicles involved. In most cases, further
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empirical research is no longer possible, as the vehicles
have been destroyed and a significant amount of time has
elapsed since the event [12].
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Fig. 11. 2D view of initial vehicle speeds as a function of the friction
coefficient (w) within the range of 0.4 to 0.8

6. Summary of results

During the calculations performed using all methods, it
was observed that the speed of vehicle No. 1 (Ford
Mondeo) was significantly higher than the value measured
during the crash test. However, there is no evidence to
suggest that the test measurement was erroneous; therefore,
this discrepancy must be attributed to modeling uncertainty
and the assumed coefficients — for instance, the tire-road
friction utilization, even though the values selected were as
low as possible while remaining physically realistic.

The chart in Fig. 12 presents pre-impact speed values
calculated using various methods. The horizontal lines
represent the mean values; however, calculations from the
proprietary MATLAB script were excluded from the over-
all mean. This is because those results themselves represent
the average values derived from 100 solutions that satisfied
the criteria. This approach was taken to avoid the "mean of
means" bias and to allow for a direct comparison between
the averages of individual methods and the mean values
generated by the proprietary script. The final two bars of
the chart refer to the additional optimization of the friction
coefficient (u), corresponding to the plots shown in Fig. 10
and Fig. 11. The larger deviation of the mean in the case of
u-randomization results from a significant expansion of the
speed range satisfying the criteria. Although the p values
were sampled from a range of 0.4 to 0.8, it appears that in
this specific case, values closer to the lower bound were
more appropriate. Nonetheless, in a real-world traffic inci-
dent — lacking a precise video recording — it would be im-
possible to narrow this range, making all resulting values
equally probable.

As mentioned in the introduction, the authors were una-
ble to identify any studies that compare commonly used
forensic methods across a single specific crash test or a
group of tests. While such comparisons are likely per-
formed during the preparation of expert opinions and foren-

sic reports — as verifying results with a second method is
considered best practice (though rarely using all available
methods) — these findings are extremely seldom published.
An additional complication is the frequent lack of a 'ground
truth' reference for actual speed; even when Event Data
Recorder (EDR) records are available, they must be verified
using independent methods based on other physical evi-
dence. Consequently, in forensic reports, uncertainty is
estimated while the absolute true value remains unknown.
For instance, if a vehicle is skidding sideways or has locked
wheels, the recorded EDR speed may not reflect the actual
velocity. The same applies to acceleration with loss of trac-
tion.

Since the methods utilized in this study remain standard
in forensic accident reconstruction, it is essential to contin-
ue research on various crash tests to obtain a broader under-
standing of uncertainty across different collision types.
Furthermore, it is critical to acknowledge that the calculated
impact speed is mathematically dependent on post-impact
movement parameters, which are typically burdened by
high partial uncertainty. Moreover, the pre-impact re-
sistance is often unknown, creating additional difficulties in
establishing the initial speed at the onset of danger — the
parameter of greatest interest to judicial authorities.
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Fig. 12. Impact speeds calculated using various methodologies
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In general, for this specific test at measured speeds of
42.1 and 30.0 km/h, the uncertainties for the various meth-
ods did not exceed £13%. In contrast, randomizing the
friction coefficient (n) resulted in a maximum uncertainty
of £28%, with results varying across vehicles. These values
fall within the range of theoretical analyses by other re-
searchers [2], who obtained the following results: limit
values £30.5%, total derivative +£31.3%, second-order total
derivative +33.0%, finite differences +31.3%, Gaussian
probabilistic method £19.0%, stochastic processes +18.8%,
and Monte-Carlo simulation £29.5%.

7. Conclusions
The computational analysis, conducted using available

methodologies and further enriched by calculations per-

formed with a proprietary MATLAB script, has led to the
following conclusions.

1. Objective functions in simulation software allow for
moderately effective matching of post-impact vehicle
positions; however, they provide the capability to ran-
domize input parameters, thus enabling uncertainty
analysis in a qualitative sense. The objective function in
PC-Crash lacks physical significance in terms of energy
balance; consequently, the percentage error reported by
the software does not correlate with the actual speed
calculation error, although it may be misinterpreted as
such. In contrast, V-Sim does not report a percentage er-
ror; instead, it provides only the number of results that
satisfy the defined constraints. This approach does not
mislead the user regarding the actual uncertainty of the
results.

2. The collision simulation designed in MATLAB, based
on Kudlich-Slibar relationships and Marquard-based
post-impact motion, enables rapid assessment of the so-
lution's consistency with observed collision effects and
the investigation of uncertainty ranges for various pa-

rameters. However, it lacks visualization capabilities
and does not account for post-impact trajectories sensu
stricto, which in certain cases represents a significant
limitation.

A comparison of the results obtained through various
methodologies—including the analytical reconstruction
model, simulation-based calculations in V-Sim and PC-
Crash, and the proprietary MATLAB script — demon-
strated their mutual consistency. From the perspective
of road accident reconstruction, the results showed suf-
ficient alignment with real-world crash test data, thereby
validating their practical applicability.

Analytical reconstruction calculations demonstrated that
even minor deviations in the input data (a few degrees
in the approach and departure angles) can drastically af-
fect the resulting speeds (by 100% or more), confirming
a well-known shortcoming of this methodology. The
computational uncertainty determined in this study re-
mained low only because the precise pre- and post-
impact vehicle motion was known — specifically, the
trajectory angles immediately following the collision
While simulation-based calculations may exhibit sensi-
tivity in certain cases, they are generally significantly
less sensitive to uncertainties regarding the aforemen-
tioned angles than analytical methods

Generally, for this specific test, the uncertainties of the
various methods did not exceed a maximum of £13%,
whereas the randomization of the friction coefficient (n)
resulted in a maximum uncertainty of +28%, with re-
sults varying for each vehicle. These uncertainty levels
were consistent with values reported by other authors
who have investigated the problem from a theoretical
perspective. For other collision configurations and con-
ditions, these values may differ.

Nomenclature

E energy m mass

EES equivalent energy speed S distance

EBS equivalent barrier speed tgp  friction coefficient at the collision node

k coefficient of restitution, or Marquardt’s rotation n coefficient of friction of the wheels on the road

coefficient
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