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A B S T R A C T

The analysis and research of accidents aimed at improving the safety of vehicles and infrastructures are typically
based on the retrospective investigation of data that are collected in in-depth accident databases. In particular,
kinematic data related to accidents (impact velocity, velocity change of the vehicles, etc.) make possible the
identification of correlations between impact severity and injury risk (IR), as well as assessing the effectiveness
of vehicle protection systems. The necessary condition to conduct suitable and significant analyses is to utilise
data which are correct and representative of national statistics, i.e., congruent with physical laws governing the
accident phenomena. Whereas representativeness can generally be retrospectively verified, the checks on ki-
nematic data coherence during codification are rarely performed.

The present work describes a procedure to verify the internal coherence of kinematic data collected in in-
depth accident databases. The introduced checks allow the identification of parameters, which are not internally
coherent because the accident reconstruction model employed is inappropriate or improperly used. These checks
pertain to physical laws on which road accident reconstruction is based, i.e., momentum conservation, com-
patibility of velocity triangles, and energy conservation. Moreover, they can be modified and expanded to
consider other parameters, making the methodology virtually applicable to any database.

In the case of vehicle-to-vehicle collisions, the application of the procedure to detect incongruent data inside
two real databases demonstrates how their number is often not negligible. Furthermore, consequences can be
substantial for both direct and secondary analysis, i.e., determining IR curves (for example, logistic regression on
input data) and identifying IR associated to an accident. Accordingly, the application of checks is particularly
recommended during both analysis and collection phases to confirm the congruence of collected data; conse-
quently, the quality of investigation is enhanced.

1. Introduction

Actions undertaken to increase road safety can be schematically
included in the following categories: accident number reduction, im-
pact severity reduction, and injury risk (IR) reduction (Kullgren, 2008).
For example, the present trend towards autonomous driving (and the
consequent decrease in the human factor influence) promises to dras-
tically reduce the number of accidents and their severity, all at once,
through the activation of advanced driving functions, such as autono-
mous emergency braking (Cicchino, 2017). On the other hand, at equal
crash severity, the development of passive safety systems reduces IR,
which protects vehicle occupants (Mendez et al., 2010). Thus, in gen-
eral, the development of integrated safety systems enhances road safety
(Burnett et al., 2004). An exact quantification of such improvements
requires a retrospective analysis of real-world accident data (Flannagan
et al., 2018), whereas a prospective data analysis is frequently required
to perfect the advanced safety system design.

Thus, the use of accident data is of primary importance for the
enhancement of road safety. A typical requirement in the significant use
of databases is that the contained data must be representative of the
national statistics (McDonald et al., 2014); that is, the database must
reflect the real proportion of accidents based on their characteristics
(type, site, time, drivers, passengers, vehicles, etc.). Eventually, this is
generally verified during data codification and input into the database.
Nevertheless, representativeness is not a strict requirement if a specific
analysis aimed at a specific risk factor identification or IR curve defi-
nition (e.g., vehicle–bicycle impacts, vehicle–into barrier impacts, etc.)
is to be conducted (Yan et al., 2011). The most useful databases for
implementing this process are those that are ‘in-depth’—substantial
amounts of data are collected and codified for each accident. These data
can be schematically divided in categories based on their type and
acquisition method, as follows.

• Objective data: These are incontrovertible data, e.g., type of vehicles
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involved, occupants (gender, age, number), and airbag deployment.

• Measured data: Some examples of these data are the length of skid
marks, and rest positions of vehicles. Uncertainties are typically
associated with these data categories, which depend on measuring
instruments and method (Brach, 1994).

• Calculated (or estimated) data: These data are calculated by means
of the reconstruction of accident dynamics, such as impact velo-
cities, velocity change (ΔV) experienced by vehicles, kinetic energy
loss in pre and post-crash phases, and deformation energy of ve-
hicles. Calculated data are not only affected by the uncertainty
propagation from measured inputs (Vangi, 2005), but also by the
use of simplified physical models to describe accident dynamics and
by approximations because of the estimation of parameters (such as
the coefficient of friction). For example, if the impact phase between
vehicles is reconstructed through impulsive models (e.g., mo-
mentum conservation), some coefficients and parameters must be
assumed (coefficient of restitution, plane of impact, pre and post-
impact directions, etc. (Brach and Brach, 2005)). Literature shows
that non-negligible errors (e.g., a difference of as high as 20% be-
tween calculated ΔV and that collected by event data recorders) are
associated with kinematic parameters derived by special-purpose
software (Niehoff and Gabler, 2006; Gabler et al., 2004). On the
other hand, a more recent study (Pride et al., 2013) demonstrates
that uncertainties related to the estimation of deformation energies
(starting from vehicle pictures) propagate on ΔV output values and
produce errors that reach as high as 7.7%. Injury-related data can be
also grouped in this data category and codified in scales (such as the
abbreviated injury scale (AIS) (Gennarelli and Wodzin, 2008), the
maximum AIS (MAIS) or the injury-severity score (Baker et al.,
1974)); these are susceptible to estimation and codification errors.

Uncertainties and their propagation in calculation, jointly with the
estimate and approximation performed, can lead to a non-realistic ac-
cident reconstruction. In this case, several kinematic data that are
collected in an accident database can be misrepresented.

To guarantee the reliability of data contained in a database, the
implementation of some checks should be required during the collec-
tion phase, or even better, during the accident reconstruction phase. In
this case, calculated values can be verified by comparing them with
accident evidences and information. Calculated kinematic data will also
have to satisfy the energy conservation principle. Hence, verifying the
equality between kinetic energy loss and deformation energy is an ef-
fective check. The latter is evaluated by an analysis of vehicle de-
formations (Vangi, 2009), which constitute an objective datum of an
accident. Therefore, during the accident reconstruction phase, it is
possible to verify results based on objective inputs, which guarantee
that data are correct to a proper degree (i.e., the accident occurred
according to reconstructed modes and kinematic values).

As for previously stored data in the database, it is not always pos-
sible to perform a complete verification unless the event is re-
constructed again. However, this is often impossible because of the lack
of necessary information in the database; this explains why the absolute
correctness of reconstruction cannot be assessed. Nonetheless, it is
possible to define some checks on the coherence of previously collected
data. Kinematic data must, in fact, satisfy physical laws depending on
the accident type. Based on this, correlations between these data could
be defined. Accordingly, the verification of these correlations, although
insufficient to guarantee the correctness of results, can ensure that the
physical model and assumed parameters have been appropriately ap-
plied to the case. These coherence checks reduce analysis errors, whe-
ther statistical or not, depending, for example, on the correlations be-
tween impact severity and IR (Kononen et al., 2011).

Based on the type of data considered, different types of checks can
be performed. However, not all of them are applicable to various da-
tabases; for example, a check cannot be implemented because of the
lack of some necessary data. Furthermore, not all checks can be

conducted without initially obtaining the required data through a case-
by-case investigation. In fact, in several cases, the checks can be per-
formed only by extracting information from sketches, such as pre and
post-impact directions, and exact geometrical impact configuration
between vehicles. For instance, checks pertaining to correlations be-
tween the variation of translational and angular velocities can be per-
formed only by knowing the centre of impact (Brach and Brach, 2005),
i.e., the point on the vehicle where the resultant of contact forces ide-
ally acted during the impact. This information can be deduced and
estimated only by an analysis of the deformed shapes of vehicles in-
volved. The same applies in the estimation of the resultant direction.

The aim of the present work is to propose a number of checks for
verifying the internal coherence of kinematic parameters; these checks
can be automatically performed through simple routines, which can be
implemented in any electronic spreadsheet. The proposed checks are
applicable to most of accident databases if proper modifications and
adaptation based on data are actually available. Furthermore, because
of its generality, the approach can be used in data collection and co-
dification processes, as a tool to verify the correctness of a re-
constructed accident.

In this study, analyses are conducted on two accident databases to
demonstrate the results of applying the proposed checks. Moreover,
these highlight how data errors affect the identification of correlations
between IR and impact severity (typically described by ΔV) or the es-
timate of IR starting from a certain value of impact severity.

2. Method

The procedure is based on three different checks: check on mo-
mentum conservation, check on compatibility between pre and post-
impact velocities, and check on energy conservation. The physical laws
defining these three constitute the classical impulse–momentum theory
(Brach and Brach, 2005).

2.1. Check 1—momentum conservation

Applied to the impact between two vehicles, the momentum con-
servation is expressed by the vector relationship given by the following:

= −ΔV ΔVm m ,A BA B (1)

where mA and mB, and ΔVA and ΔVB are the masses and velocity
change vectors of vehicles A and B, respectively. Because the two ΔV
vectors are equal and opposite, i.e., they lie on the same line, only the
modulus can be considered. It can be written as follows:

=m m ΔV ΔV/ / .A B B A (2)

Eq. (2) applies to all types of crashes regardless of velocities and impact
configurations involved (full impacts, sliding impacts, etc.) (Brach and
Brach, 2005; Tolouei et al., 2013), only if the forces exchanged between
vehicles and road surface are negligible (isolated system). This as-
sumption is generally acceptable when impact forces are prevalent
(Mastandrea and Vangi, 2005), i.e., when the crash occurs at a suffi-
ciently high closing speed Vr (Vr> 10 km/h).

The first check on data is based on the application of Eq. (2), with a
certain tolerance interval. To determine the width of this interval, it
must be considered that the actual masses of vehicles may be different
from those inputted into the database. In fact, masses recorded in the
database are generally kerb weights (mkerb) and not the real masses at
the instance of the accident; hence, masses of passengers and loads must
also be accounted for.

The kerb weight, as defined by US regulations (CFR, 2018), is equal
to the ‘weight in operational status… and weight of fuel at nominal tank
capacity’. The nominal tank capacity has an average value of 40 L
(Pride et al., 2013), but its real value varies as a function of mass in the
operational status; a linear relationship between mkerb and mfuel (mass
of the fuel; all masses in kg) is assumed:
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= ⋅ +m m0.02 20.fuel kerb (3)

Eq. (3) considers a capacity of 40 L for a 1000-kg vehicle and 80 L for a
3000-kg vehicle.

The number of occupants, N, involved in the accident is a known
variable inside databases, whereas occupant mass is often unknown.
Hypothesising a minimum mass, mocc_min, of 40 kg for each occupant
(this accounts for the possible presence of children) and a maximum
mass, mocc_max, of 100 kg, it is possible to obtain the minimum and
maximum total masses of occupants (Mmin and Mmax, respectively) in a
single vehicle:

= ⋅ = ⋅M m N M m N_ ; _ .occ occmin min max max (4)

The minimum mass that can be associated with vehicle i (i=A, B) is
equal to the kerb weight with an empty tank plus the minimum total
mass of occupants:

= − +m m m M_ .i kerb fuelmin min (5)

The maximum mass of the vehicle is equal to the sum of kerb weight
(with the tank at a nominal capacity) and maximum mass of occupants
(the mass of the possible cargo is generally unknown):

= +m m M_ .i kerbmax max (6)

The effective vehicle mass can range between these two values. Thus,
for the check on data congruence, Eq. (2) can be expressed as follows:

≤ ≤
m
m

ΔV
ΔV

m
m

_
_

_
_

B

A

A database

B database

B

A

min

max

( )

( )

max

min (7)

where ΔVi(database) is the value of ΔV collected in the database for ve-
hicle i. The check based on Eq. (7) defines data congruence by the
momentum conservation principle. If Eq. (7) is not satisfied, then data
are not congruent. However, the incongruity does not depend on the
masses; it may be a consequence of using an incorrect accident re-
construction model or procedure.

2.2. Check 2—compatibility between pre and post-impact velocities

A methodology notably used in the accident reconstruction field is
based on the kinetic energy that is lost in the vehicle deformation, Ed,
from which the values of ΔV and Vr are derived. This approach is the
basis of several software, such as WinSmash and EDCrash (Sharma
et al., 2007; Day and Hargens, 1987). The calculation relates only to the
modulus; thus, other information regarding the vectors are not avail-
able. For a generic vehicle, velocity change, initial velocity, and final
velocity vectors (ΔV, V, and V̄, respectively) form a closed triangle,
because the vector sum, + =V ΔV V̄i i i , must apply. Thus, a second check
for the data coherence pertains to the fact that the three vectors com-
pose a triangle. However, in most accident databases, directions and/or
moduli of all three velocity vectors are not explicitly reported. For ex-
ample, in the Initiative for the Global Harmonization of Accident Data
(IGLAD, 2018) database, the moduli of vectors ΔV and V, as well as the
Δα angle between V and V̄, are recorded; however, in the National
Automotive Sampling System Crashworthiness Data System (NASS/
CDS, 2018) database, such data are not completely included.

In this case, if the threshold value of ΔV allows a closed triangle to
exist, then two geometrical conditions can be derived for vehicle i; these
conditions link ΔVi(database) and the pre-impact speed value reported in
database Vi(database):

< ° ⇒ = ⋅ ≤d V Δα ΔVIf |Δα | 90 sin (| |) ,i i database i i databasei ( ) ( ) (8)

° ≤ ≤ ° ⇒ = ≤d V ΔVIf90 |Δα | 270 .i i database i databasei ( ) ( ) (9)

An example of the inconsistency in the velocity triangle is shown in
Fig. 1, in which all parameters of interest are depicted. In the appli-
cation of Eqs. (8)–(9), an uncertainty in ΔVi(database) associated with the
uncertainty in the masses must be considered, as shown above (where
check 1 was defined). For example, for ΔVi(database) of vehicle A (and

correspondingly for vehicle B) in Eqs. (8)–(9), the following minimum
value can be considered:

= ⋅ΔV ΔV m m_ _ / _A B database B A xmin ( ) min ma (10)

Furthermore, a few uncertainties in the directions of velocity vec-
tors exist and produce an uncertainty on Δα; this uncertainty on Δα can
be assumed as± 3°. This value is typically used in commercial software
packages (e.g., Pro-Impact, whose calculation logic is described in
(Vangi et al., 2018a)) as the uncertainty angle among the directions of
post-impact velocities (the pre-impact velocity is considered known
with a particular degree of certainty) for performing simulations with
the Monte Carlo method. Thus, an angle equal to tα=Δα-3° can be used
in Eqs. (8) and (9).

If Eqs. (8) and (9) are not satisfied, then data are not congruent. This
may be because of the incorrect application of the physical model
employed to reconstruct the accident. The assumptions made or the
data employed (for example, in pre or post-impact directions) may have
also been incorrect.

2.3. Check 3—energy conservation

Consider a case in which both checks 1 and 2 are satisfied, i.e., the
ratio between ΔV of vehicles A and B is congruent with their mass ratio,
and the vectors form a closed triangle (Fig. 2(a)). For the same accident,
Fig. 2(b) presents identical kinematic parameters scaled at a certain
factor. Even in this case, checks 1 and 2 are satisfied. Hence, data ex-
hibit coherence and could similarly be as substantial as those shown in
Fig. 2(a). However, it is evident that in terms of the absolute impact
velocity of the two vehicles, the results are different between the two
cases; analogously, in terms of the impact severity and IR of vehicle
occupants the consequences will be also different (Weaver et al., 2015).
Thus, it is necessary to impose an additional check on the coherence of
kinematic data and those related to the accident (e.g., the consequences
of impact on vehicles).

Consider the example shown in Fig. 3, in which two identical ve-
hicles (equal masses) collide at equal velocities. Considering the crash
as perfectly plastic (an assumption completely acceptable for impacts
where Vr is greater than 40 km/h (Antonetti, 1998)), the final velocities
are null. The application of Eq. (1) yields the relationship = =V V VA B ,
which can be satisfied by infinite combinations of kinematic parameters
determined as congruent through checks 1 and 2. Different velocities
imply different permanent deformations. A check on the deformation
energy, Ed, establishes whether the accident has been reconstructed in a
way that is also congruent with accident results (Brach and Brach,
2005). For the energy conservation law (neglecting the eventual energy
associated to vehicle rotation), the following relationship must hold:

= − = + − + =E E m V m V m V m V EΔE 1
2

( ) 1
2

( ¯ ¯ ) ,c c A A B B A A B B dc
2 2 2 2

(11)

where Ec and Ēc represent the initial and final kinetic energies of the
system, respectively. If the characteristics of occupants are unknown,
an average mass of 70 kg for each occupant can be assumed in order to
compute the actual mass of each vehicle.

To apply Eq. (11), it is necessary to know the pre and post-impact
velocities of the two vehicles, as well as the deformation energy. As-
suming that the kinematic parameters used in check 2 are available,
two possible configurations for closed triangles 1 and 2 are shown in
Fig. 4. In Fig. 4a, the circumference (of a circle with radius ΔVi(database)

and centre at the tip of the vector Vi(database)), intersects the V̄ direction
at point P1; in Fig. 4b, the intersection is at P2. The angle Δγij between
ΔVi(database) and V̄ij for the jth configuration (j= 1,2) is obtainable by
the law of sines based on the values of ΔVi(database), Δαi, and Vi(database);
noting that =Δβ π - Δγ - Δαij ij i, V̄ij can be analogously derived:

=V
ΔV

Δα
Δβ¯

sin
sin( ).ij

i database

i
ij

( )

(12)
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The two post-impact velocities involve two different values in the
kinetic energy of each vehicle. The sum of kinetic energies in the var-
ious combinations calculated by Eq. (11) is expressed as ΔEc_kl, with
k= 1,2 and l= 1,2; the foregoing indicates the configuration from
which V̄ is obtained for vehicles A and B. Negative values of V̄ij are not
acceptable because they imply a closed triangle only in the case where
Δαi has an opposite sign (or is complementary) to that reported. Fur-
thermore, negative values of the kinetic variations of ΔEc_kl must be
discarded because of the absence of any physical meaning. For all cases
in which these requirements are satisfied, the check on kinetic energy
can be expressed as follows:

≤ ≤E ΔE E_ _ _d c kl dmin max (13)

where Ed_min and Ed_max are the threshold deformation energies.
As previously stated, ΔV of the two vehicles must act along the same

direction. Therefore, only two of the four possible velocity triangles are
valid, i.e., those characterised by the same direction of ΔV; this facil-
itates the verification of energy conservation. However, to do this, the
directions of pre-impact velocities must be known in a fixed reference
system. These directions can be deduced from eventual sketches col-
lected in the database; however, the calculation cannot be automated.
The proposed procedure, even if it considers four possible solutions for
ΔEc, is in fact applicable starting only from numerical data typically
present in databases; therefore, it can be automated.

As for the deformation energy in general, Eq. (14) has a parameter
that is often reported in databases. This parameter links Ed and the
energy equivalent speed (EES) of the two vehicles:

= +E m EES m EES1
2

1
2d A A B B

2 2
(14)

If it is to be assumed that a road accident expert commits an error,
te= 3 km/h (Vangi, 2009) in estimating the EES by using approximate
methods, then the following relationship can be deduced:

= − + −

= + + +

E m EES t m EES t

E m EES t m EES t

_ ( ) ( ) ,

_ ( ) ( ) .

d A A e B B e

d A A e B B e

min
1
2

2 1
2

2

max
1
2

2 1
2

2
(15)

If none of the four ΔEc_kl satisfies the check in Eq. (13), a coherence
error between kinematic data and impact consequences exists in the
case.

2.4. Example of procedure application to a single case

To clarify the concepts introduced above, the procedure is applied
to a single real accident case found in the IGLAD database; Table 1
summarises the data required for process implementation, all of which
are stored in IGLAD database.

Considering the relationships expressed in Eqs. (3)–(6), derived data
are summarised in Table 2. Based on Eq. (7), the inequality 0.88 ≤ 1.04
≤ 1.16 holds, and check 1 is satisfied.

The data listed in Table 3 are calculated using Eqs. (8)–(10). The
inequalities of Eqs. (8) and (9) hold, and consequently, check 2 is sa-
tisfied.

Table 4 summarises the parameters which must be derived to apply
check 3 (defined in Section 2.3). Multiple values of the listed kinematic
parameters derive from various configurations of velocity triangles,
depicted in Fig. 4. As mentioned above, negative values of both V− and
ΔEc can be omitted from the analysis; among the different possibilities,
a ΔEc value that satisfies Eq. (13) exists. Overall, the internal data
congruence is verified for the analysed case.

For more application examples (including the use of incoherent
data), the reader is referred to a previous work of the authors (Vangi
et al., 2018b).

3. Procedure application to complete databases

To demonstrate the applicability of the method in the complete
evaluation of accident databases, IGLAD and NASS/CDS, are analysed.
Only collisions between two vehicles, which fall under the following
categories are considered: passenger cars, multi-purpose vehicles, vans,
and light trucks. The errors highlighted by the application of each check
on analysed databases can be defined for a single vehicle, i, as follows:

= − −ε ΔV ΔV ΔV ΔVCheck1 min(| _ |; | _ |),m i database i i database i( ) max ( ) min

(16)

= −ε d ΔVCheck 2 ,Δα i i database( ) (17)

= − −ε ΔE E ΔE ECheck3 min(| _ |; | _ |),EES c d c dmax min (18)

where ΔEc is the kinetic energy solution that approximates the condi-
tion of congruence among other possible solutions (Eq. (13)). Assuming
that ΔV(database) is correct for the other vehicle involved in the crash, the
maximum and minimum values of velocity changes are equal to the
following:

= =

= =

ΔV ΔV ΔV ΔV

ΔV ΔV ΔV ΔV

_ , _

,

_ , _

.

_
_

_
_

_
_

_
_

A B database
m
m A B database

m
m

B A database
m
m B A database

m
m

min ( ) max ( )

min ( ) max ( )

B
A

B
A

A
B

A
B

min
max

max
min

min
max

max
min (19)

Fig. 1. Conditions of velocity triangle inconsistency: (a)
|Δα|< 90°; (b) 90° ≤ |Δα| ≤ 270°.

Fig. 2. Velocity triangles satisfying checks 1
and 2, but with a different scale factor.
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3.1. The IGLAD database

The IGLAD database has been created by the collaboration between
vehicle manufacturers and research institutes. The purpose is to make a
wide array of accident cases available, on which investigations to im-
prove road safety could be based. The database is updated yearly with
hundreds of cases from various parts of the world regarding collisions
between vehicles, vehicles and infrastructures, vehicles and pedes-
trians, etc. It is divided into several phases based on the year of data
collection. In the present work, all cases currently available are ana-
lysed (that is, all accidents that occurred between 2013 and 2016).

The IGLAD database (including the German In-Depth Accident
Study (GIDAS) database (BASt, 2018)) belongs to accident databases in
which impulsive models are typically employed to reconstruct acci-
dents. For this reason, the information regarding pre and post-impact
velocities are known, and all checks presented above can be applied to
the database (Vangi et al., 2018b). The parameters used for both ve-
hicles involved in the collision are thus mkerb, ΔV(database), N, V(database),
Δα, and EES. The results of the application of the checks to a total of
1170 crash cases involving two vehicles are reported in Fig. 5. It dis-
tinguishes between cases to which the single check cannot be applied,
and cases that do and do not satisfy the criteria. Overall, the number of
cases in which all three checks are applicable is 272, of which 91 satisfy
at least one of the criteria and 181 satisfy all checks.

The error distribution of cases not satisfying the proposed checks
(Eqs. (16)–(18)) is represented in Fig. 6. The entity of errors in check 2
appears to be spread over a wider range of values with respect to dis-
tributions corresponding to checks 1 and 3. It is worth noting that the
number of cases affected by the error in Fig. 6c is not equal to the
number of cases that do not satisfy check 3 in Fig. 5. This discrepancy is
explained by the presence of cases compatible with negative values of
ΔEc only (values that lack physical meaning).

3.2. The NASS/CDS database

Over 1000 accidents between two vehicles in different states of the
USA are collected yearly and inputted into the NASS/CDS database.
Cataloguing follows accident reconstruction, which is generally con-
ducted using software packages based on energy algorithms, such as
CRASH3 or WinSMASH (Sharma et al., 2007).

Because there are variables stored in the NASS/CDS database that
differ with those of IGLAD, it is not possible to apply all checks to the
former database. Check 1 can be applied because the mass (mkerb),

number of occupants (N), and ΔV(database) of the vehicles are reported in
practically all cases and can therefore be employed. On the other hand,
check 2 is not applicable (particularly with the use of automation)
because of the lack of information regarding pre and post-impact ve-
locity directions (note that although there is a database field dedicated
to the pre-impact velocity modulus, it is rarely filled). As for check 3, it
is impossible to apply the criterion because the EES is not known, al-
though the deformation energies of vehicles are. Analogous to the
analysis of the IGLAD database (Fig. 5), Fig. 7 shows results of the
application of check 1 to NASS/CDS cases that involve collisions of two

Fig. 3. Collision between two identical ve-
hicles in which only the extent of deformation
can provide adequate indications of re-
construction correctness.

Fig. 4. Two possible configurations in which the velocity triangle can be closed with the same known kinematic parameters: (a) intersection at P1 and (b) intersection
at P2.

Table 1
Data of a real accident case stored in the IGLAD database.

Mkerb (kg) N ΔV(database)

(km/h)
V(database)

(km/h)
Δα (°) EES

(km/h)

Vehicle A 865 1 70 94 29 54
Vehicle B 810 2 67 45 144 78

Table 2
Data calculated by Eqs. (3)–(6) for the considered real accident case.

Mmin (kg) Mmax (kg) mfuel (kg) mmin (kg) mmax (kg)

Vehicle A 40 100 37 868 965
Vehicle B 80 200 36 854 1010

Table 3
Data calculated by Eqs. (8)–(10) for the considered real accident case.

tα (°) d(km/h) ΔVmin (km/h)

Vehicle A 26 41 59
Vehicle B 141 45 60

Table 4
Data calculated by relationships introduced in Section 2.3 for the considered
real accident case.

Δγ (°) Δβ (°) V̄ (km/h) ΔEc (kJ) Ed_min (kJ) Ed_max (kJ)

Vehicle A 41 110 136 −300 300 376
139 12 30 −1253

Vehicle B 23 13 26 335
157 −121 −98 15
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Fig. 5. Results of the application of three checks to data stored in IGLAD database.

Fig. 6. Distribution of errors for a single vehicle highlighted by the application of (a) check 1, (b) check 2, and (c) check 3 to cases collected in the IGLAD database.
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vehicles in a total of 12 353 accidents (2004–2015).
The distribution of errors for vehicles that do not satisfy check 1 (Eq.

(16)) is reported in Fig. 8.

4. Discussion

Although only car-to-car collisions have been considered in this
study, the proposed checks can be applied to all vehicle-to-vehicle
crashes, including motorcycles. With the methodology described above,
any impact configuration can be analysed both at high and moderate
velocities. The imposed conditions to verify data correctness allow the
combination of cases from different databases to increase the number
and enhance the quality of cases with substantiated data. This is par-
ticularly important because different countries generally have different
collection methods and accuracies (Fildes et al., 2013). The tolerance
values mmin, mmax, and te that were used in this work are only illus-
trative and can be modified based on the desired accuracy level for
subsequent analyses.

The examples regarding cases in IGLAD and NASS/CDS databases
show how coherence errors can be present in a remarkable number of
accidents. It is possible to highlight a number of incongruities, which
are undoubtedly lower in the NASS/CDS database compared to that of
IGLAD. On the other hand, for the latter database, all three checks are
applicable; thus, the remaining data can be assessed with high quality.
This suggests that further proper investigations would be necessary for
data in the NASS/CDS database. Figs. 5 and 6 identify an additional
problem, which researchers frequently encounter during in-depth ac-
cident database analysis: the presence of several cases with incomplete
data. This includes both the possibility of a parameter not codified and

a datum not collected in certain accidents. Under both circumstances,
the contribution that the database offers in a specific analysis, where
kinematic data are needed, can be limited. In this regard, technicians
and groups involved in the data collection process can refer to the
checks described in this work as an additional verification for the
quality of uncertain data, which are often excluded from the database.

Assume that a search is made for information regarding the per-
formance of a vehicle in terms of crashworthiness in a frontal impact.
For a crash, this is typically obtained as the combination of IR and
associated injury severity (Newstead et al., 2016). Without the loss of
generality, for a fixed injury severity—which can be expressed by a
MAIS index—it is possible to refer only to IR curves obtained through
logistic regression. If the occupant suffers no severe injury in a crash
characterised by an IR higher than 50%, it can be stated that the vehicle
possesses a high crashworthiness in the first instance; literature-based
IR curves are found in (Jurewicz et al., 2016), depicted in Fig. 9, and
referred to MAIS higher than 2 (MAIS 3+). For instance, if a ΔV (im-
pact severity index) from the database is equal to 43 km/h (point A),
with an associated error of −9 km/h (a value encountered with a non-
negligible frequency in the analysed database, point B), the error pro-
pagates on the IR value (shifting it from 56 to 25%) and makes the
analysis inconsistent.

On the other hand, if IR curves are obtained by logistic regression
models, the use of correct data certainly benefits the analysis. To en-
hance the overall quality, the errors on ΔV can be compensated by
translating the IR curves derived using reconstructed ΔV to match the
real associated ΔV values (Funk et al., 2008). In the case of incongruity,
the kinematic data that are affected by errors can be excluded. For
example, considering only occupants with a maximum MAIS inside a
vehicle involved in a crash, Fig. 10 shows two IR curves (MAIS 3+)
representing the IGLAD data, which were obtained by employing 1) all
cases and 2) only cases with congruent values of ΔV (verified by check
1). The difference between the two curves reaches values that are
higher than 7% (corresponding to ΔV=65 km/h (IR ≅ 60%)); the ex-
tent of this difference is higher than that of the confidence interval
typically adopted in a statistical analysis, which can be assumed equal
to 10% of the IR value (Pride et al., 2013). Thus, the use of as-is data
only introduces erroneous information. Hence, the application of the
described checks is always advisable in database analysis. The benefits
derived from the proposed procedure becomes more evident as the
number of cases that are subject to disposal decreases (Ye and Lord,
2014). Whereas confounding factors, such as occupants’ age, position,
and seatbelt use, are not considered in determining IR curves as in
(Funk et al., 2008), results depict how low-quality kinematic data can
affect the analysis.

The checks can also be employed by reconstruction experts, who
participate in the data collection process to enhance the quality of

Fig. 7. Results of check 1 applied to data collected in the NASS/CDS database.

Fig. 8. Distribution of errors in a single vehicle, highlighted by the application
of check 1 to cases in the NASS/CDS database.

Fig. 9. Example of error propagation from ΔV to IR (IR curve referred to frontal
impacts, MAIS 3+ (Jurewicz et al., 2016)).
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accident reconstruction prior to data insertion. For this purpose, ΔV can
be considered as the main kinematic datum to assess reconstruction
plausibility, because all proposed checks are only applicable if its value
is known. The values of the reconstructed ΔV approximating the ex-
tremities of the congruence interval expressed by Eq. (7) can imply an
inadequacy in the reconstruction model (e.g., the stiffness of considered
vehicles). In this case, shifting from categorical stiffness coefficients
(based on the corresponding vehicle body type) to that of a specific
stiffness can result in a more accurate estimate of ΔV by approximately
5% (Niehoff and Gabler, 2006). The quality can further be increased by
considering the restitution phase of the crash; this results in extremely
small differences between real ΔV values and those calculated (ap-
proximately 1%) (Niehoff and Gabler, 2006). The reconstruction soft-
ware setup can thus be adjusted to make all parameters agree to the
fullest with the conditions expressed by Eqs. (7)–(9) and (13).

While special attention has been paid to real accident cases in which
only two vehicles collided, the proposed procedure identically applies if
more than two vehicles are involved in the accident. In particular, the
kinematic parameters of interest must be reported singularly for each
event composing the accident (i.e., each crash between two vehicles):
for what regards the analysed databases, this condition applies.

5. Limitations

Whereas the procedure represents an efficient tool to assess internal
coherence among data for cases codified in in-depth accident databases,
the absolute correctness of reconstructed data cannot be verified. In
fact, although internal coherence is a necessary condition to assess the
appropriateness of the reconstruction, it is not sufficient; if the as-
sumptions for the reconstruction are not consistent with real accident
kinematics, then the reconstructed data can still be internally coherent.
To highlight eventual conflicts between real accident kinematics and
associated data recorded in the database, an additional reconstruction
of the event would be required. Moreover, because this operation
cannot be automated, the benefits and potentials of collecting synthetic
data in in-depth accident databases would be diminished.

Because the technique cannot be applied to the complete NASS/CDS
database, the procedure cannot be entirely implemented as-is for the
analysis of any in-depth accident database. This is because of the dif-
ferent types of data stored in the database and reconstruction meth-
odologies used for their calculation. Hence, different formulations of
the same physical laws (or others) should be implemented to compre-
hend the parameters that differ from those reported in this work.

6. Conclusions

The procedure described in the present work represents an efficient
tool for checking the internal coherence among kinematic data col-
lected in accident databases. The proposed data checks are based on 1)
momentum conservation, 2) compatibility of velocity triangles, and 3)
energy conservation.

Among all possible checks for the internal coherence of data, those
proposed in this paper are applicable without the necessity to analyse
each case individually. This can be achieved through the recalculation
of parameters or by a sketch analysis; on the other hand, the checks can
easily be automated in the database. In principle, although no conclu-
sion can be derived regarding the correspondence between true kine-
matic data resulting from the crash and those obtained by reconstruc-
tion, the internal congruence check among the parameters guarantees
that the physical models have been properly applied. Consequently,
these checks are useful in the accident reconstruction phase, data col-
lection, data codification into the database, and accident analysis
phase.

Considering the uncertainties present in the measurable and cal-
culable parameters obtained from accident reconstruction, the pro-
posed checks define threshold values as a function of the verified
parameters. The threshold values assumed in the present work are
based on physical considerations that can be modified according to the
accuracy required on a case-by-case basis.

The application of checks to IGLAD and NASS/CDS demonstrates
that a relevant number of incongruent kinematic data are present in
these two different databases. These incongruities inevitably affect the
statistical analysis based on kinematic parameters (implementable by
database analysis) as the correlation between impact severity and IR.
Moreover, the individuation of an IR associated with a certain accident
can be inconsistent if the real case is characterised by incongruities in
the collected parameters.

Tolerances proposed in the present work for each check are illus-
trative and can be modified to account for uncertainty (if known) on
data collected in the analysed accident database. In general terms, the
choice of more strict tolerances is associated to a decrease in the sample
size of the dataset, making the results of the associated analysis less
reliable: for this reason, appropriate values for tolerances must be se-
lected to cater both needs of data accuracy and adequate sample size.

The application of the procedure to check data congruence is es-
sential to perform the analyses of real accidents based on kinematic
data.
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