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Abstract: Nowadays, each newly produced car must conform to the appropriate safety standards and norms. The

most direct way to observe how a car behaves during a collision and to assess its crashworthiness is to perform a

crash test. This paper deals with the wavelet-based performance analysis of the safety barrier for use in a full-scale

test. The test involves a vehicle, a Ford Fiesta, which strikes the safety barrier at a prescribed angle and speed. The

vehicle speed before the collision was measured. Vehicle accelerations in three directions at the centre of gravity

were measured during the collision. The yaw rate was measured with a gyro meter. Using normal speed and

high-speed video cameras, the behavior of the safety barrier and the test vehicle during the collision was recorded.

Based upon the results obtained, the tested safety barrier, has proved to satisfy the requirements for an impact

severity level. By taking into account the Haar wavelets, the property of integral operational matrix is utilized to

find an algebraic representation form for calculate of wavelet coefficients of acceleration signals. It is shown that

Haar wavelets can construct the acceleration signals well.
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1 Introduction

Worldwide significant efforts have been made to im-

prove the protection of vulnerable road users against

injuries and deaths, especially for pedestrians. How-

ever, the situation of pedestrian safety is still severe

and worrying. On the average, in China, a pedestrian

is injured in every 5 min and one is killed in every

17 min. Even in a country where the traffic manage-

ment is comparatively well organized, for example,

the US, pedestrian safety is also the focus of public

safety. In 1999 in the US, there were 4907 pedestrian

killed, weighting 12% of all traffic fatalities. While

the age and state of health of the pedestrian, the na-

ture of the impact and the vehicle shape all affect the

outcome of injury, the prime factor in injury/fatality

risk is the vehicle impact speed [12]. Nowadays, each

newly produced car must conform to the appropriate

safety standards and norms. The most direct way to

observe how a car behaves during a collision and to as-

sess its crashworthiness is to perform a crash test. One

needs to carry out such a test separately for each dif-

ferent accidents circumstances (e.g. vehicle-to vehicle

collision, an offset collision, vehicle-to-barrier colli-

sion). Also, acceleration measuring devices, the data

acquisition and processing have main roles in this ap-

plication. This makes the testing procedure complex,

time-consuming and extremely expensive. Therefore

it is desirable to find a way to replace it by a computer

simulation.

Occupant safety during a crash is an important

consideration in the design of automobiles. The crash

performance of an automobile largely depends on the

ability of its structure to absorb the kinetic energy and

to maintain the integrity of the occupant compartment.

To verify the crash performance of automobiles, ex-

tensive testing as well as analysis are needed during

the early stages of design [7].

In the last ten years, emphasis on the use of ana-

lytical tools in design and crash performance has in-

creased as a result of the rising cost of building proto-

types and the shortening of product development cy-

cles. Currently, lumped parameter modeling (LPM)

and finite element modeling (FEM) are the most pop-

ular analytical tools in modeling the crash perfor-

mance of an automobile ([1], [2]). The first success-

ful lumped parameter model for the frontal crash of

an automobile was developed by Kamal in [14]. In

a typical lumped parameter model, used for a frontal

crash, the vehicle can be represented as a combina-

tion of masses, springs and dampers. The dynamic

relationships among the lumped parameters are estab-

lished using Newton’s laws of motion and then the set

of differential equations are solved using numerical
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integration techniques. The major advantage of this

technique is the simplicity of modeling and the low

demand on computer resources. The problem with

this method is obtaining the values for the lumped pa-

rameters, e.g. mass, stiffness, and damping. The cur-

rent approach is to crush the structural components

using a static crusher to get force deflection charac-

teristics. The mass is lumped based on the experi-

ence and judgment of the analyst. Usually compli-

cated fixtures and additional parts are attached to the

component being tested to achieve the proper end con-

ditions. This adds complexity and cost to the compo-

nent crush test. Since the early 60s, the finite element

method (FEM) has been used extensively for linear

stress, deflection and vibration analysis. However, its

use in crashworthiness analysis was very limited un-

til a few years ago. The availability of general pur-

pose crash simulation codes like DYNA3D and PAM-

CRASH, an increased understanding of the plasticity

behavior of sheet metal, and increased availability of

the computer resources have increased the use of fi-

nite element technique in crash simulation during the

last few years [10]. The major advantage of an FEM

model is its capability to represent geometrical and

material details of the structure. The major disadvan-

tage of FE models is cost and time. To obtain good

correlation of an FEM stimulation with test measure-

ments, extensive representation of the major mecha-

nisms in the crash event is required. This increases

costs and the time required for modeling and analysis.

On the other hand, wavelet transform as a new

technique for time domain simulations based on the

time-frequency localization, or multiresolution prop-

erty, has been developed into a more and more com-

plete system and found great success in practical en-

gineering problems, such as signal processing, pattern

recognition and computational graphics ([13], [8]).

Recently, some of the attempts are made in solving

surface integral equations, improving the finite differ-

ence time domain method, solving linear differential

equations and nonlinear partial differential equations

and modeling nonlinear semiconductor devices ([9],

[11], [15]-[21]). The approximation of general contin-

uous functions by wavelets is very useful for system

modeling and identification. Recently, the paper [23]

studied the spectral decomposition and the adaptive

analysis of data coming from car crash simulations.

The mathematical ingredient of the proposed signal

processing technique is the flexible Gabor-wavelet

transform or the α-transform that reliably detects both

high and low frequency components of such compli-

cated short-time signals.

The present work intends to, emphasizing the

advantages of wavelets, analyze performance of the

safety barrier for use in a full-scale test. Also in this

article, we use the Haar wavelets to calculate wavelet

coefficients. The test involves a vehicle, a Ford Fiesta,

which strikes the safety barrier at a prescribed angle

and speed. The vehicle speed before the collision was

measured. Vehicle accelerations in three directions at

the centre of gravity were measured during the colli-

sion. The yaw rate was measured with a gyro meter.

Using normal speed and high-speed video cameras,

the behavior of the safety barrier and the test vehicle

during the collision was recorded. Based upon the re-

sults obtained, the tested safety barrier, has proved to

satisfy the requirements for an impact severity level.

By taking into account the Haar wavelets, the prop-

erty of integral operational matrix is utilized to find an

algebraic representation form for calculate of wavelet

coefficients of acceleration signals. It is shown that

Haar wavelets can construct the acceleration signals

well.

2 Orthogonal families of Wavelets

Wavelets are a relatively new mathematical concept,

introduced at the end of the 1980s ([5]-[6], [22]). Two

functions, the mother scaling function, φ , and the

mother wavelet, ψ , characterize each orthogonal fam-

ily. These are defined by the following recursive rela-

tions

φ(x) =
√
2

m∑

j=−m

hjφ(2x− j), (1)

ψ(x) =
√
2

m∑

j=−m

gjφ(2x− j). (2)

where hj and gj are the filters that characterize the

family of degreem . These filters must satisfy orthog-

onality and symmetry relations. Due to the choice of

the filters hj and gj , the dilations and translations of

the mother scaling function, φjk(x) , and the mother

wavelet, ψj
k(x) , form an orthogonal basis of L2(R).

This property has an important consequence: any con-

tinuous function, f(x) can be uniquely projected in

this orthogonal basis and expressed as, for example, a

linear combination of functions ψj
k.

f(x) =
∑

j∈Z

∑

k∈Z

djkψ
j
k(x) . (3)

where djk =
∫
∞

−∞
f(x)ψj

k(x)dx.

2.1 Haar Wavelet

The oldest and most basic of the wavelet systems

is named Haar wavelets ([19]) which is a group of

square waves with magnitudes of ±1 in certain inter-

vals and zero elsewhere and the normalized scaling
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function is also defined as φ(t) = 1 for 0 ≤ t < 1 and

zero elsewhere. Just these zeros make the Haar trans-

form faster than other square functions such as Walsh

function ([3]). We can easily see that the φ(.) and

ψ(.) are compactly supported, they give a local de-

scription, at different scales j, of the considered func-

tion.

The wavelet series representation of the one-

dimensional function y(t) in terms of an orthonormal

basis in the interval [0, 1) is given by

y(t) =
∞∑

i=0

ai ψi(t) (4)

where ψi(t) = ψ(2jt − k) for i ≥ 1 and we write

i = 2j + k for j ≥ 0 and 0 ≤ k < 2j and also defined

ψ0(t) = φ(t). Since it is not realistic to use an infinite

number of wavelets to represent the function y(t), (4)

will be terminated at finite terms and we consider the

following wavelet representation ŷ(t) of the function

y(t):

ŷ(t) =
m−1∑

i=0

ai ψi(t) := aTΨm(t) (5)

where a := [a0, a1, . . . , am−1]
T

, Ψm :=

[ψ0, ψ1, . . . , ψm−1]
T

for m = 2j and the Haar

coefficients ai are determined as

ai = 2j
∫

1

0

y(t)ψi(t) dt. (6)

The approximation error Ξy(m) := y(t) − ŷ(t) de-

pends on the resolution m. Generally, the matrix Hm

can be represented as

Hm := [Ψm(t0),Ψm(t1), . . . ,Ψm(tm−1)] , (7)

where i
m

≤ ti <
i+1

m
and using (5), we get

[ŷ(t0), ŷ(t1), . . . , ŷ(tm−1)] = aTHm. (8)

For further information see the references [3]-[4],

[19]-[21].

2.2 Integral Operation Matrix

In the wavelet analysis of dynamical systems, we con-

sider a continuous operator Õ on the L2(ℜ), then the

corresponding discretized operator in the wavelet do-

main at resolution m is defined as ([19])

Õ
m

= Tm ÕTm (9)

where Tm is the projection operator on a wavelet ba-

sis of proposed resolution. Hence to apply Õ
m

to a

function y(t) means that the result is an approxima-

tion (in the multiresolution meaning) of Õ y(t) and it

holds that

lim
m→∞

‖Õ
m
y − Õ y‖2 = 0, (10)

where the operator Õ
m

can be represented by a matrix

Pm.

In this paper, the operator Õ is considered as inte-

gration, so the corresponding matrix

Pm =<

∫ t

0

Ψm(τ) dτ,Ψm(t) >

=

∫
1

0

∫ t

0

Ψm(τ) dτ ΨT
m(t) dt

represents the integral operator for wavelets on the in-

terval at the resolution m. Hence the wavelet integral

operational matrix Pm is obtained by

∫ t

0

Ψm(τ) dτ = PmΨm(t). (11)

For Haar functions, the square matrix Pm satisfies a

recursive formula ([3], [19]-[21]).

3 Vehicle kinematics in a fixed bar-

rier impact

Having the acceleration measurements in three direc-

tions (x - longitudinal, y - lateral and z - vertical) by

their integration we obtain corresponding velocities

and displacements. Since the car undergoes the most

severe deformation in the longitudinal direction, we

analyze only its acceleration changes along x - axis.

Integration process yields velocity and displacement

in that direction. Our aim was to create a model which

simulated will give the displacement curve as similar

as possible to the real car’s crush.

Let us remind the basic kinematic relationships

between body’s acceleration, velocity and displace-

ment. The first and second integrals of the vehicle

deceleration, a(t), are shown below. The initial ve-

locity and initial displacements of the vehicle are v0
and x0, respectively.

a =
dv

dt

dv = a dt
∫ v

v0

dv =

∫ t

0

a dt

v = v0 +

∫ t

0

a dt
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(12)

x = x0 +

∫ t

0

(
v0 +

∫ t

0

a dt

)
dt, (13)

Major parameters which characterize car’s behav-

ior during a crash are:

• maximum dynamic crush C - the highest value

of car’s deformation

• time at maximum dynamic crush tm - the time

when it occurs

• time of rebound velocity (or separation velocity)

tr - the time at which the velocity after the re-

bound reaches its maximum value.

Typical shapes of acceleration, velocity and dis-

placement are shown in fig:curves.

Figure 1: Exemplary signals.

At tm - the time when the relative approach ve-

locity is zero, the maximum dynamic crush occurs.

The relative velocity in the rebound phase then in-

creases negatively up to the final separation (or re-

bound) velocity, at which time the two masses sepa-

rate from each other (or a vehicle rebounds from the

barrier). At the separation time, there is no more resti-

tution impulse acting on the masses, therefore, the rel-

ative acceleration at the separation time is zero. In

another words: in the deformation phase (up to tm)

car’s crush increases and during restitution phase (af-

ter tm) it decreases to some steady value. Plots shown

in fig:curves do not come from any real crash test -

they are results of simulation of second order oscil-

lating element and are provided here to graphically

present dependences described above.

In the fixed barrier test, vehicle speed is reduced

(velocity decreases) by the structural collapse, there-

fore, the vehicle experiences a deceleration in the for-

ward direction. To study the effect of vehicle decel-

eration on occupant-restraint performance in a real

test, the performance of the safety barrier was de-

termined by performing a full-scale test at Lista Air-

port ([24]). The test involves a vehicle, a Ford Fiesta,

which strikes the safety barrier at a prescribed angle

and speed. The vehicle speed before the collision was

measured. Vehicle accelerations in three directions at

the centre of gravity were measured during the colli-

sison. The yaw rate was measured with a gyro meter.

Using normal speed and high-speed video cameras,

the behaviour of the safety barrier and the test vehicle

during the collision was recorded.

3.1 Test procedure

This vehicle to pole collision was performed at Lista

Airport (Farsund, Norway) in 2004. A test vehicle

was subjected to impact with a vertical, rigid cylinder.

During the test, the acceleration was measured in three

directions (longitudinal, lateral and vertical) together

with the yaw rate from the center of gravity of the

car. The acceleration field was 100 meter long and had

two anchored parallel pipelines. The pipelines have a

clearance of 5 mm to the front wheel tires. The force

to accelerate the test vehicle was generated using a

truck and a tackle. The release mechanism was placed

2 m before the end of the pipelines and the distance

from there to the test item was 6.5 m. The vehicle

was steered using the pipelines that were bolted to the

concrete runaway. Experiment’s scheme is shown in

fig:runaway.

Figure 2: Scheme of the crash test.
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3.2 Vehicle dimensions

Figure 1 shows the characteristic parameters of the ve-

hicle, and these parameters are listed in Table 1.

Table 1: Vehicle dimensions in [m].
Width Length Height

1.58 3.56 1.36

Wheel track Wheel base Frontal overhang

1.42 2.28 0.63

Rear overhang

0.65

Figure 3: Vehicle dimensions.

3.3 The position of the center of gravity

To determine the position of the center of gravity each

test vehicle was first weighed in a horizontal position

using 4 load cells. Then the vehicle was tilted by lift-

ing the front of the vehicle. In both positions the fol-

lowing parameters were recorded:

• m1 : wheel load, front left

• m2: wheel load, front right

• m3 : wheel load, rear left

• m4 : wheel load, rear right

• mv : total load

• θ : tilted angle

• l : wheel base

• d : distance across the median plane between the

vertical slings from the lift brackets at the wheel

centers and the load cells.

The horizontal distance between the center of

gravity and the front axle centerline, i.e. Longitudi-

nal location, is defined as follows:

CGX = (
m3 +m4

mv
)l

and Laterally location is the horizontal distance be-

tween the longitudinal median plane of the vehicle

and the center of gravity (positive to the left) which

is defined as

CGY = (
m1 +m3 − (m2 +m4)

mv
)
d

2

Also, location of the center of gravity above a plane

through the wheel centers is

CGZ = (
m1 +m2 −mf )

mv tanθ
)l

where

• mf : front mass in tilted position

• mb : rear mass in tilted position

Table 2. shows the measured parameters to calculate

the center of gravity. The position of the centre of

gravity for the test vehicle is measured and the result

is listed in Table 3.

Table 2: Measured parameters.

m1 [kg] m2 [kg] m3 [kg] m4 [kg] mv [kg]

235 245 182 157 819

mf [kg] mb [kg] d [m] l [m] θ [deg]

443 376 1.71 2.28 22.7

Table 3: The position of the centre of gravity.

Longitudinal location Lateral location Height

CGX [m] CGY [m] CGZ [m]

0.94 0.02 0.50

4 Instrumentation

During the test, the following data should be deter-

mined:

• Acceleration in three directions during and after

the impact
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• Velocity 6 m before the impact point

The damage should be visualized by means of:

• Still pictures

• High speed video film

The observations should establish the base for a per-

formance evaluation. Eight video cameras were used

for documentation purposes. These cameras are

placed relative to the test item. Two 3-D accelerom-

eters were mounted on a steel bracket close to the

vehicles centre of gravity. This bracket is fastened

by screws to the vehicle chassis. The accelerom-

eter from which the measurements are recorded is

a piezoresistive triaxial sensor with accelerometer

range: ±1500g. The yaw rate was measured with a

gyro instrument with which it is possible to record

1o/msec. Figures 2-4 show the measurements of the

3-D accelerometer in x−,y− and z− directions.

Data from the sensors was fed to an eight channel

data logger. The logger has a sampling rate of 10 kHz.

The memory is able to store 6,5 sec of data per chan-

nel. The impact velocity of the test vehicle was mea-

sured with an equipment using two infrared beams.

The equipment is produced by Alge Timing and is us-

ing Timer S4 and photo cell RL S1c. On the test ve-

hicle a plate with a vertical egde was mounted on the

left side of the front bumper. This vertical egde will

cut the reflected infrared beams in the timing equip-

ment and thereby give signals for calculation of the

speed.

The test vehicle was steered using a guide bolt

which followed a guide track in the concrete runway.

About 7m before the test vehicle hit the test item the

guide bolt was released. Vehicle accelerations at the

centre of gravity was measured, and also the yaw rate

of the vehicle. These measurements make it possible

to calculate the Acceleration Severity Index (ASI), the

Theoretical Head Impact Velocity (THIV), the Post-

impact Head Deceleration (PHD) value and the yaw

rate. The impact speed of the test vehicle was deter-

mined. The ASI-, the THIV- and the PHD-values are

calculated according to EN 1317-1 clause 6 and clause

7, and the results are shown in Table 4. Using normal

speed- and high-speed video cameras, the behavior of

the safety barrier and test vehicle during the collision

was recorded, see Figures 5-6. The value of ASI cor-

responds to the requirement for impact severity level

B. The THIV- and PHD-values are below the limiting

values.
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Figure 4: Acceleration signal in x- direction.
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Figure 5: Acceleration signal in y- direction.

5 Wavelet-Based Signal Analysis

This section attempts to show the effectiveness of the

wavelet technique to represent the measured signals

of the test. By choosing the resolution level j = 7

(or m = 27) and expansion of the acceleration sig-

nal x(t), v(t), a(t) in (12)-(13) by Haar wavelets, we

have

x(t) = XΨm(t)

v(t) = VΨm(t)

and

a(t) = AΨm(t),

Table 4: The calculation results.
ASI THIV PHD

1.28 29.9 7.8
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Figure 6: Acceleration signal in z- direction.

Figure 7: The situation recorded at the first contact.

in which the row vectors X,V,A ∈ ℜ1×m are

the Haar wavelet coefficient vectors. Utilizing the

property of the Haar integral operation matrix, Haar

wavelet representation of equations (12)-(13) are, re-

spectively,

VΨm(t) = V0Ψm(t) +

∫ t

0

AΨm(τ) dτ

= V0Ψm(t) +APmΨm(t) (14)

and

XΨm(t) =

X0Ψm(t)+

∫ t

0

V0Ψm(τ)dτ +

∫ t

0

∫ t

0

AΨm(τ) dτ dt,

= X0Ψm(t) + V0PmΨm(t) +AP 2
mΨm(t) (15)

Constituting the Haar wavelet properties in (14)-

(15), a seven-level wavelet decomposition of the mea-

sured x-acceleration signal (ax) is performed and the

Figure 8: The situation recorded 0.148 sec after the

impact.
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4
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0
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d
1

Figure 9: Detail d1 of the 7-level Haar wavelet de-

composition.

results, i.e. the approximation signal (a7) and the de-

tail signals (d1-d7) at the resolution level 7, are de-

picted in Figures 7-14. One advantage of using these

multilevel decomposition is that we can zoom in eas-

ily on any part of the signals and examine it in greater

detail. Using the approximation signal (a1) and the

detail signal (d1) at the resolution level 1 by Haar

wavelets, Figure 15 compares the constructed signal

ax(t) (solid line) with the real signal (dashed line). It

is noted that the approximation error between those

curves in Figure 15 is decreasing when the resolution

level j increases. The results in Figures 7-15 show

the capability of the Haar wavelets to reconstruct the

measured signals well.
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Figure 10: Detail d2 of the 7-level Haar wavelet de-

composition.
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Figure 11: Detail d3 of the 7-level Haar wavelet de-

composition.

6 Conclusions

This paper studied the wavelet-based performance

analysis of the safety barrier for use in a full-scale

test. The test involves a vehicle, a Ford Fiesta, which

strikes the safety barrier at a prescribed angle and

speed. The vehicle speed before the collision was

measured. Vehicle accelerations in three directions at

the centre of gravity were measured during the colli-

sion. The yaw rate was measured with a gyro meter.

Using normal speed and high-speed video cameras,

the behavior of the safety barrier and the test vehicle

during the collision was recorded. Based upon the re-

sults obtained, the tested safety barrier, has proved to

satisfy the requirements for an impact severity level.

By taking into account the Haar wavelets, the property

of integral operational matrix was utilized to find an

algebraic representation form for calculate of wavelet

coefficients of acceleration signals. It was shown that

Haar wavelets can construct the acceleration signals

0 0.5 1 1.5 2 2.5 3 3.5

x 10
4

−10

−5

0

5

10

d
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Figure 12: Detail d4 of the 7-level Haar wavelet de-

composition.
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Figure 13: Detail d5 of the 7-level Haar wavelet de-

composition.

well.
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Appendix

Head Injury Criterion (HIC)

NHTSA (National Highway Traffic Safety Adminis-

tration) proposed to determine a variable which will

be one of the conditions needed to be satisfied in

frontal barrier crash tests. It is defined as follows:

HIC =

[(
1

t2 − t1

∫ t2

t1

adt

)2.5

(t2 − t1)

]
|MAX

where a is the effective acceleration of head in g’s and

t = t2 − t1 is the duration in milliseconds. The HIC,

specified in the FMVSS 208 (Federal Motor Vehicle

Safety Standard), states that the resultant acceleration

at the center of gravity of the head of a 50th percentile

male dummy must be such that the value of the HIC

does not exceed 1000. t1 and t2 are any two points in

time (milliseconds) during the crash separated by not

more than a 36 ms interval [12].

Acceleration Severity Index (ASI)

The other coefficient which allows us to asses the

crash severity for an occupant is an acceleration sever-

ity index (ASI). It is defined as:

ASI =

√√√√
(
ax
âx

)2

+

(
ay
ây

)2

+

(
az
âz

)2

where ax, ay and az are the 50 - ms average compo-

nent vehicle accelerations and âx, ây and âz are corre-

sponding threshold accelerations for each component

direction. The threshold accelerations are 12 g, 9 g,

and 10 g for the longitudinal (x), lateral (y), and ver-

tical (z) directions, respectively. Since it utilizes only

vehicle accelerations, the ASI inherently assumes that

the occupant is continuously contacting the vehicle,

which typically is achieved through the use of a seat

belt. The maximum ASI value over the duration of the

vehicle acceleration pulse provides a single measure

of collision severity that is assumed to be proportional

to occupant risk.
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