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DATA IMAGED FROM
AN EDR OTHER THAN

THE VALUE OF A
VEHICLE'S DELTA-V
IS VERY USEFUL.

Data imaged from an EDR other than the value of a vehicle’s
AV is very useful. Moreover, additional processing of the EDR
data can often provide vital reconstruction information. For ex-
ample, preimpact vehicle speeds are often recorded by a EDR.
Through the use of numerical integration, speed-time data can
reveal the preimpact displacement of the vehicle as a function
of time (relative to the vehicle position at Algorithm Enable,
AE). Estimates of levels of deceleration can be obtained from
changes in preimpact speed over time. Examples are presented
here of two reconstructions that use EDR data in combination
with other accident data and physical evidence in such a way.

The first is a vehicle-pedestrian collision and the second is a
head-on crash of two vehicles. Both are hypothetical, but the
second is based on a staged collision with actual data [2], from
known, measured results. In general, each accident and its re-
construction are unique. The two examples presented here are
just that, examples. However the approach of using all available
quantitative data, traditional and from EDRs, in a scientific
and mathematical manner is illustrative of what is happening
in the field of accident reconstruction.

— i heel Slip and Underreporting of Precrash Speeds
¥. %0y EDRs

mirugm Before proceeding to Example 1, it is helpful to dis-
mr - . .

= m cuss the concept of wheel slip that occurs during brak-
ing. Braking affects the rotational speed of a vehicle’s wheels
through application of a resistive torque to each wheel. This
torque causes the wheel to have a rotational speed (angular ve-
locity) slower than a freely rolling wheel, to the extent that a
locked wheel has zero rotational speed even as a vehicle is still
moving forward (skidding). That is, the vehicle has a forward
speed, but a speedometer connected to a vehicle speed sensor
monitoring the mechanical powertrain output would read zero.
The presence of wheel slip during braking can cause the speed
indicating device on a vehicle to provide a speed value lower
than that of the speed of the vehicle relative to the ground,
that is, underreport the speed. Although the speed measuring
device can vary from vehicle to vehicle (transmission shaft out-
put, wheel sprocket speed, etc.), EDRs report the speed indi-
cated by the vehicle’s speed measuring device, or sensor(s).

v
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Figure 1: Velocities of a rotating wheel with slip.

Figure 1 shows a rolling wheel with a center velocity, V' (the
speed of the vehicle), a wheel rotational angular velocity, ,
the tire/wheel velocity at the contact point with the pavement,
V., and a rolling radius, R. Braking wheel slip, s, typically is

defined as [3]:
e K,i _V-Ra

V 14
(1)

Note that for a locked wheel, w = 0, and the slip s = 1; for pure,
or free, rolling, V' = Rw and the slip s = 0. All conditions of
braking are controlled by the brake pedal force which controls
slip to range between 0 < s < 1. Typically, antilock braking sys-
tems (ABS) control wheel slip to cycle over a region of maxi-
mum tire force [3, 8]. This means that the slip is cycled to re-
main typically in the range of 0.15 < 5 < 0.25. Let the Rw term
in Equation 1 represent an equivalent output of a speed sensor
(speedometer signal) that is recorded and stored by the EDR as
the vehicle speed such that Rw = V. Solving for the speed of
the vehicle indicated by the EDR, V,,, from Equation 1 gives:

DR’

Voo =(1=s)V
)

It is clear from Equation 2 that when a brake is applied causing
s to be greater than zero that the reported speed (as indicated
by the EDR) is less than the vehicle speed. For example, if the
vehicle speed at a given precrash time is V' = 30 mph (44 ft/s,
48.2 kph) but is indicated as V,, = 25 mph (36.7 ft/s, 40.2
kph), this would imply a wheel slip (averaged over the vehicle’s
four wheels) of s = 0.17, an underreporting of 5 mph (7.3 ft/s,
8.0 kph), or 17%. Reust and Morgan [15] found from their
tests that speeds during braking can be underreported by Sens-
ing and Diagnostic Modules (SDMs) by 8% to 18% and sig-
ni%cantly more at low vehicle speeds. With an understanding
of wheel slip, it is possible to estimate speed of the vehicle more
accurately if the average slip of the vehicle’s wheels is known
or can be reasonably estimated. In the following example, the
accelerations suggested by the EDR data are estimated using
the information that the vehicle’s ABS system is in operation.
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= "= xample 1 Vehicle-Pedestrian Collision:

@im:  This is an example where a pedestrian, a young man
E weighing 150 Ib, is hit by a 4000 Ib pickup truclg( with

mumim 2 high vertical front profile. This is typically referred
to as a forward projection pedestrian collision [3], where the
pedestrian is propelled straight forward from the vehicle (as
compared to being wrappcc% onto the hood and interacting
with the windshield). Figure 2 shows some of the conditions
of the accident including the rest positions of the vehicle
and pedestrian. It was not possible to determine the point of
impact from the scene évicﬁ)ence but it was determined from
the rest positions that the pickup truck came to a stop 4 feet
closer to the point of impact than the pedestrian. In this case,
the impact severity did not reach a level sufficient to actuate
the driver’s airbag, but the event was recorded by the EDR as
a Non-Deployment event. The road conditions were dry and
it is known that the vehicle had an ABS which was actuated
continuously over a distance of at least 60 feet before coming
to rest.

i
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Figure 2: Vehicle-pedestrian accident diagram.
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Table 1 shows the precrash data imaged from the EDR. The
data have been examined and found to be reliable with no
limitations indicated. Table 2 shows the values of the vehicle’s
average acceleration calculated from the changes in the speed
values shown in Table 1. The acceleration value of -1.23 g’s at
¢ = -1 seconds before Algorithm Enable (AE) indicates a high
level of braking consistent with the observation of ABS activa-
tion. However, with ABS activation, wheel slip would cause the
speed of 42 mph (61.6 ft/s, 67.5 kph) at # = -1 s before AE to
be underreported. Using an average wheel slip of s = 0.2, this
means that the vehicle speed at # = -1 s before AE is 42/0.8 =
52 mph, truncated (76.3 ft/s, 83.6 kph). In turn, this implies
that the actual acceleration from 69 mph (101.2 ft/s, 110.9
kph) to 52 mph (76.3 ft/s, 83.6 kph) is -0.77 g’s, not -1.23
gs. If it is assumed that braking in the last second before AE
remains at this level, the speed at AE can be estimated and is
35 mph (51.3 ft/s, 56.3 kph). These corrected and extrapolated
data are shown in Tables 3 and 4. If AE occurred at the time
of impact with the pedestrian, then the vehicle speed at impact
was 35 mph. This information can be evaluated using a vehicle-
pedestrian impact model.

Seconds Vehicle Engine Percent Brake
before AE | Speed Speed Throttle Switch
(mph) (rpm)

-5 69 3048 85 Off

-4 71 3048 85 Off

-3 71 2056 71 On

-2 69 1208 6 On

-1 42 980 On

Table 1: Data from the CDR Report for the Vehbicle Striking the
Pedestrian in Example 1

Average
Acceleration g’s

{09

.00

-.09
-1.23

Table 2: Average Accelerations, Computed from Speed in
Column 2 of Table 1

Seconds Vehicle Engine Percent Brake
Before AE Speed Speed Throttle | Switch
(mph) (rpm)

-5 69 3048 85 off

-4 71 3048 85 Off

-3 71 2056 71 On

-2 69 1208 On

-1 52 980 On

0 35 On

Table 3: Data from the CDR Report for the Vehicle Striking the
Pedestrian in Example 1, Corrected for Underreporting of Vehicle
Speed, s = 0.20
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Average
Accelerations g’s

0.09
0.00
-0.09
-0.77
-0.77

Table 4: Average Accelerations, Computed from Speeds in
Column 2 of Table 3

An appropriate vehicle-pedestrian impact model [3, 14] ex-
ists l‘Eal: relates the rest positions of the vehicle and the pe-
destrian and allows a full analysis of the collision using the
available information. In summary, the impact speed was 35
mph (51.3 fi/s, 56.3 kph), the difference between the rest posi-
tions is known to be 4 feer and the deceleration of the vcﬂiclc
from impact ro rest was 0.77 g’s. Other collision parameters are
also known. For example, the vehicle and pedestrian weights
{and masses) are known. For a forward projection collision,
the pedestrian launch angle is zero (the center of mass of the
pedescrian is propelled forward horizontally) and the wrap dis-
tance is zero. One of the unknowns however is the value of
the equivalent drag factor of the pedestrian along the ground.
It is known generally co lie in the range 0.7 < f; < 0.8 [3]. The
aI:proach taken here is to put all of the known information (in-
cluding the EDR speed of 35 mph) into the vehicle-pedestrian
model and determine the corresponding value of f,. That is, for
a vehicle impact velocity of 35 mph and a rest position separa-
tion distance of 4 feet, the value of £ is found and compared to
the feasible region. ’

Figure 3 (on the next page) is a copy of the vehicle-pedestrian
impact spreadsheet from the VCRware software package [9].
Using the spreadsheet’s Goal Seek feature, it is fgund that a
value of f = 0.74 is required for agreement with all of the other
collision conditions. (Note that the separation distance is nega-
tive 4 feet because of the definition
of gositive displacement in the

A check can be made on the above vehicle-pedestrian collision
results by making a comparison with other models. For a throw
distance of s = 53.4 ft {16.3 m), the experimental forward-
2 . F E .
projection model of Happer, et al. [10], gives a vehicle speed at
impact, Z, in the range of 22 mph (32.3 ft/s, 35.3 kph) 10 35
mph (51.3 ft/s, 56.3 kph). For a throw distance of §, = 53.4 ft
(16.3 m), the forward projection model of Wood [11], gives a
vehicle speed, 4 in the range of 18 mph (26.4 fi/s, 28.9 kph)
to 35 mph (51.3 ft/s, 56.3 kph). The above reconstructed speed
of 35 mph lies within the ranges of both models, although at
the high end. Note that this reconstruction process may not
apply to all vehicle-pedestrian collisions and can vary wich dif-
ferent conditions and data,

One additional parrt of the reconstruction from the EDR data
remains to be done. Since velocity is the mathematical deriva-
tive of the position, the position (or displacement) is the math-
ematical integral of che velocity. Figure 4 shows the displace-
menc of the pickup truck as a function of time before AE found
by numerical integration of the (corrected) speed data in Table
3, It shows, for example, that in the last two seconds before the
impact, the truck traveled approximately 150 feet.

Finally, the above model of vehicle-pedestrian collisions has
been validated [3, 14] and is one of the few models chac can be
used to reconstruct a vehicle-pedestrian collision using the dif-
ference in rest positions of the vehicle and pedeserian [13, 16]

B'=I= yample 2: Head-On Crash of Two Cars:

W  [n che article on the use of EDR dara and complete

a reconstructions  [2], conditions are presented

Bimm corresponding to a head-on collision.” A reconstruction
of this crash is done here. The crash is based on a staged head-
on crash of a 2009 Chevrolet Impala {(Vehicle A) and a 2008
Ford Focus (Vehicle B). Because tﬁe crash is a head-on cenrral
collision (i.e., preimpact and postimpact rotarional velocities
of the vehicles are negligible), point mass, impulse and
momentum theory [3] cangbe used. Among the data available
for the reconstruction of the collision are those imaged from
the EDR of both vehicles. These contain the speed of the Focus
in the five seconds up to £ = 0 s before impact and the speed of
the Impala including £ = -0.5 s before AE. In summary:

100

model.) Sincc_)i lies in the feasible
range, the reconstruction satisfies
all conditions of the scene obser-
vations and the speed values from
the corrected EDR data. Overall
the reconstruction has not only de-
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termined the speed of the vehicle
at impact but {from Fig 3) the pe-
destrian throw distance, s,, is now
known to be 53.4 feet — locating
the unknown peint of impact, In
addition, the impact of the pedes-
trian with the ground was approxi-
mately 20.5 feet from the point of
initial contact, and so on.
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deceleration of the vehicle at AE
(-1.23 g’s) and the uncorrecred
speed at AE (15 mph) yields a fric-
tional drag value of the pedestrian
of £, = 1.0, which is contrary to ex-
perimental dara.
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Time before Algorithm Enable, s
Figure 4: Vehicle speed and displacement using corrected EDR data (Table 3).
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ped example 01.xls Analysis of Pedestrian Throw Distance from Initial Conditions
8/29/2011 Brach Engineering ™

NOTATION, COORDINATES, UNITS & VARIABLES: re
X - coordinate parallel to ground ( :Rw
y - coordinate perpendicufar to ground

“ehicle Crash Reconstruction Software

INPUT INFORMATION (KNOWNS): ‘wwwhmchengineering com

a; 0.77 deceleration of vehicle over distance s, g's

fo 0.74 drag resistance coefficient of pedestrian over distance s

g 3217 s acceleration of gravity

h 276 |n height of pedestrian center of gravity at launch, t,

S4 0.00 |r distance of travel of vehicle at uniform speed
Veo 51.33 |ws initial speed of vehicle

350  mph initial speed of vehicle

Xy 0.00 |t x-distance of pedestrian from initial contact to launch

o 1.00 ratio of pedestrian speed to vehicle speed at time of launch
;] 0.00 |deg angle of launch of pedestrian relative to x axis

) 0,00 |[deg road grade angle

n 0.74 impulse ratio for pedestrian-ground impact

m 124.32 |w-em  mass of vehicle, weight /g

m, 487 [b-#m  mass of pedestrian, weight/g

OUTPUT INFORMATION (UNKNOWNS):
Veo 49048 ws  velocity of vehicle after impact with pedestrian

Voo 4948 s initial speed of pedestrian

R 2048 range of pedestrian throw, launch to ground impact

to1 0.41 s time from impact to pedestrian initial contact with ground

s 3205 1 pedestrian ground contact distance, impact to rest

S 8340 throw distance; total distance from initial contact to pedestrian rest

t 208 s total time of travel of pedestrian, initial contact to rest

tey 007 s time of travel of vehicle to travel from initial contact to s + s,

Sp 000 distance of travel of vehicle with pedestrian contact

S, 4940 1 distance of travel of vehicle with uniform deceleration, a,
Sg+Sy+S, 4940 total distance of travel of vehicle

te 207 s vehicle travel time, initial contact to rest

d 400 distance between rest positions of vehicle and pedestrian

=0

ifure 3: Spreadsheet showing the reconstruction of the vehicle-pedestrian impact, Example 1. Shaded cells are input values for an
lysis but unknown input values can be found using the ‘What If z%ature of the spreadsheet for a reconstruction when output infor-

mation is Rnown.
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e The Focus data show no preimpact brake lamp actuation
with the speed at # = 0 s as 25.9 mph (37.99 fi/s, 41.7
kph).

o Tie Impala data show brake lamp actuation beginning at
t = -0.5 s before AE and a speed at # = -0.5 s of 23 mph
(33.73 ft/s, 37.0 kph).

e The EDR data include the longitudinal crash AV values,
AV =19.24 mph (28.2 ft/s, 30.9 kph) for the Impala and
AV =23.15 mph (34.0 ft/s, 37.2 kph) for the Focus.

The frontal residual crush of both vehicles was measured and
crush energy analyses were carried out [2]. The results of these
analyses are expressed as values of 4V, computed from crush

energy:

s AV = 18.2 mph (26.7 ft/s, 29.3 kph) for the Impala
o AV A=23.3 mph (34.2 ft/s, 37.5 kph) for the Focus.

The initial speeds of each vehicle cannot be reconstructed using
the results of the crush energy analysis alone; only the closing
speed can be determined. Moreover, EDR data is known to
contain inaccuracies and that values sometimes are truncated.
However, if the EDR data are available and are considered reli-
able, a reconstruction of the preimpact speeds of the vehicles
can be carried out using combined data from the crush analysis
and the EDR. This minimizes the effects of inaccuracies and
truncation errors and allows a reconstruction rather than com-
parison of the individual values of AV from the EDR with their
corresponding values from the crush analysis and separately us-
ing the speeds at AE from the EDR data.

Method of Least Squares: An analysis of a combination of the
crush and EDR data can be carried out using the method of
least squares, described as follows. The quantity Q is defined
as the sum of squares of differences between each value of a
variable obtained from physical evidence (e.g. the 4V from
the EDR data) and the value of that same variable that corre-
sponds to the solution of an appropriate physical model (here
the point mass central impact equations). Let:

Z w,(u, —
3)

where 7 is the number of variables whose values are to be used
from the data, w, is a weighting factor, u; dua is the value of vari-
able 7 from physical evidence and #, is the corresponding value
of variable 7 that satisfies the physical model. The approach
is to minimize Q in a way that determines the values of vari-
ables, v from the model of the physical system, that are needed
from a reconstruction. This process satisfies the physical model
AND matches the physical evidence in a “best, or optimal”
way. It is not always necessary that the reconstructed/unknown
variables, v, be the same as the fitted variables, #, although
they can be. In this example the values used from the data
are the four values given in Table 5. The variables to be found
(reconstructed) are the initial speeds, V, and V. All values of
the welghtmg factors, w, were chosen to be umty, that is, w, =
Lisl,. .04

4’/(7] 7

Impala (Veh A)
18.2

Focus (Veh B)
23.3

AV from crush, mph

Initial Velocity,

EDR, mph ol

25.9

lable 5: Physical Data used for Least-Squares Reconstruction
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A convenient way to carry out such a reconstruction is to place
the impulse-momentum model equations into a spreadsheet
[3], set up the computation of Q and let the optimization rou-
tine of the spreadsheet carry out the minimization [12]. Fig-
ure 5 shows a spreadsheet from the VCRware software package
(9] that is programmed to handle central impacts (including
low speed 1rnpacts) using the impulse-momentum model. The
equations in this spreadsheet allow the effects of braking-tire
impulses to be taken into account because for low speed colli-
sions such effects can be significant.

Figure 5 (on the following page) shows the results of the mini-
mization process. Figure 6 shows the input to the spreadsheet’s
optimization routine (called “Solver”), including the “target”
cell containing Q which is to be minimized, and the cell num-
bers of the quantities whose values are to be determined (recon-
structed) through the minimization process. The reconstructed
values of the initial speeds are: V, = -20.52 mph (30.1 ft/s, 33.0
kph) and V, = 23.42 mph (34.4 ft/s, 37.7 kph) Because the
spreadsheet “solves the general central impact problem many
other reconstructed results are shown. Table 6 shows a summa-
ry of results of the speed reconstruction. Table 6 also contains
the initial speeds measured from the crash test for comparison.

— RS

Solver Parameters X
Set Target Cell: $C440
Equal To: Max @ Min Value of: |0 [—]

| By Changing Cells: =
| [$cs14,8c15] E%] [ guess ]
Sybject to the Constraints:
[ | e ]
\
‘ Change
| M=

]

]

Help

Figure 6: ]Z,put to Solver routine for minimization of Q (cell
C40) in order to find the vehicle initial speeds (cells C14 and

CI5).
Impala | Focus
(Veh A) | (Veh B)
Reconstructed Initial Speed, mph 20.5 23.4
Reconstructed Velocity Change, mph 20.43 23.52
Measured Initial Test Speed, mph 22 25

Table 6: Reconstruction and Test Results

Note that the reconstructed closzng velocity that satisfies the im-
pulse momentum equations is V. = 43.9 mph (64.4 fifs, 70.7
kph).

Some comments can be made concerning the reconstruction
process (least-square minimization) and results.

*  The Impala EDR showed a brake application in the last
half-second before AE. Depending on the level of braking,
this could have added an external frictional impulse to the
collision. This impulse could have been taken into account
in the least square minimization process by adding the
friction co«:fﬁment,ﬁ1 (see Figure 5), of Veh A to the list
of unknowns to be found. This was done initially, but the
closing speed of the collision was high enough to be con-
sidered a high speed collision and the change in results due
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A | B | e | o | E | F | & ] H
1 |Head On Crash.xis Low Speed Front-to-Rear Impact of Vehicles
2 |version 2.0 (including tire friction effects)
3 |7/24/2011
< ; weight Ib friction coefficients
5 2009 Impala wt, W,! 3,800.0 fa 0.00
6 2008 Focus wt, Wg: 3,300.0 fg 0.00
7 ) i
8 mass Ib-s"2/ft contact duration, sec
5 My 118.11 At
10 Mg: 102.57
1 mbar: 54.90
12
13 initial speeds mph coefficient of restitution
14 2009 Impala Veh A -20.52 low e (e4) 0.00
15 2008 Focus Veh B 23.42 high e (e,) 0.05
16
17
18 range: velocity changes (e, e,) ft/s mph
19 2009 Impala AV, 29.96 31.45 20.43 21.45
20 2008 Focus AVg -34.50 -36.22 -23.52 -24.70
21
22 average acceleration, g's peak accel, g's, (210 3 X @ayg)
20 a,, avg: 8.87 9.31 aa, peak: 17.7 279
24 ag, avg. -10.21 -10.72 ag, peak: -20.4 -32.2
25
26 Energy Equivalent Barrier Speed ft/s mph
27 2009 Impala EEBS, 30.10 30.07 20.5 20.5
28 2008 Focus EEBSg 34.35 34.30 23.4 23.4
29 tire-friction
30 impulses, Ib-s
31 B | 2008 Facus A Pa 0.0
32 Ps 0.0
33
34
35 FOE
36
37
. Brach Engineering ™
39 Sum of Squares re
40 Q 23.03 CRu)a
41
42 Vehicle Crash Reconstruction Software
43 www. brachengineering.com
44

Figure 5: Spreadsheet showing the results of the least-square reconstruction, Example 2. Shaded cells are input values for an analy-
sis but unknown values can be found using the “What If” feature of the spreadsheet for a reconstruction when output information is

nown.
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to the external friction impulse, if it existed, was negligible.

e The coefficient of restitution was chosen to be fixed at
e = 0 for the least-square reconstruction. It too could
have been found as part of the least-square process. Ini-
tially it was included in the least-square minimization,
was found to be zero and was then simply fixed at ¢ = 0.

° A question could be asked as to why the AV values from
crush were used in the fitting process rather than the AV
values from the EDR. This was done intentionally because
the values generated from the crush energy analyses were
considered to be independent from the EDR data. Because
the impact speeds from the EDR were being used, the use
of crush energy data gives a more balanced reconstruction.

&"™"™ ymmary and Conclusions
@Qimss, Example 1 shows that EDR data and other, tradi-
tional, quantitative accident data can be combined to
mumuw provide a reasonably accurate reconstruction. It also
shows how knowledge of wheel slip can be used to correct un-
derreported EDR vehicle speeds during braking. It shows that
the location of the vehicle-pedestrian impact (point of impact),
or throw distance, is not always needed to reconstruct the ve-
hicle speed. Note that few pedestrian throw models allow such
reconstructions; a comprehensive study [16] mentions none.

THE METHOD OF LEAST
SQUARES USED ABOVE
RECONSTRUCTS THE
INITIAL VEHICLE SPEEDS

(AND CLOSING SPEED)
USING COMBINED CRUSH
DATA AND EDR DATA.

From Example 2 the method of least squares used above recon-
structs the initial vehicle speeds (and closing speed) using com-
bined crush data and EDR data. The results are reasonably ac-
curate in that the reconstructed initial speeds of the vehicles are
within approximately 1.5 mph (2.4 kph) of the measured test
values and also that the reconstructed collision closing speed
of 44 mph (64.5 ft/s, 70.7 kph) is within 3 mph (4.8 iph) of
the measured value, 47 mph (68.9 ft/s, 75.5 kph). A significant
feature of this procedure is that all of the reconstructed results
satisfy the central impact equations of Newton’s laws.

In general, both examples show that the use of appropriate,
validated mathematical models used with conveniently formu-
lated software allows an accurate reconstruction to be carried
out using data from numerous sources.
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Footnotes:

1. The terms Event Data Recorder (EDR) and Crash Data Re-
corder (CDR) are often used synonymously. EDR is used in
this paper since it conforms to terminology of the NHTSA
(National Highway Traffic Safety Administration), Ref 1 [1].

2. The reader is encouraged to refer to [2] for additional in-
formation of the crash conditions and limitations of the EDR
data, particularly for Example 2.
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