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ABSTRACT

In the field of impact engineering, one of the most concerned issues is how to exactly know the
history of impact force which often difficult or impossible to be measured directly. In reality, in-
formation of impact force apply to structure can be identified by means of indirect method from
using information of corresponding output responses measured on structure. Namely, by using
the output responses (caused by the unknown impact force) such as acceleration, displacement,
or strain, etc. in cooperation with the impulse response function, the profile of unknown impact
force can be rebuilt. A such indirect method is well known as impact force reconstruction or im-
pact force deconvolution technique. Unfortunately, a simple deconvolution technique for recon-
structing impact force has often encountered difficulty due to the ill-posed nature of inversion.
Deconvolution technigue thus often results in unexpected reconstruction of impact force with the
influences of unavoidable errors which is often magnified to a large value in reconstructed result.
This large magnification of errors dominates profile of desired impact force. Although there have
been some regularization methods in order to improve this ill-posed problem so far, most of these
regularizations are considered in the whole-time domain, and this may make the reconstruction
inefficient and inaccurate because impact force is normally limited to some portions of impact du-
ration. This work is concerned with the development of deconvolution technique using wavelets
transform. Based on the advantages of wavelets (i.e., localized in time and the possibility to be ana-
lyzed at different scales and shifts), the mutual reconstruction process is proposed and formulated
by considering different scales of wavelets. The experiment is conducted to verify the proposed
technique. Results demonstrated the robustness of the present technigue when reconstructing

impact force with more stability and higher accuracy.
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INTRODUCTION

Identification or measurement of impact force apply-
ing on structures has been considered as one of the
essential issues in the field of impact engineering be-
cause the important information of impact force is re-
ally necessary for structural design process or evalu-
ating impact behavior of structure during collisions.
However, direct measurement of impact force is ei-
ther rather difficult or even impossible except for
some special cases. To address such difficulty, indi-
rect measurement method or inverse or deconvolu-
tion methods have widely been used and developed
in order to reconstruct or estimate impact force from
its output response (e.g., strain, displacement, accel-
eration, etc.) along with the impact characteristic

of structure !

. Basically, if the impact response at a
certain location on the structure can be considered
linearly dependent to impact force, the relationship
between such impact response and impact force can
be expressed by linear convolution. Therefore, the-

oretically, if the impact response can be measured

and the impulse response function can also be known
in advance, impact force can be estimated by solv-
ing this convolution. Unfortunately, deconvolution
for reconstructing impact force often encounters the
ill-posed nature of the inverse analysis, and as such,
it often leads to an unstable reconstruction. Thus,
many techniques have been utilized to deal with the
ill-posedness in order to obtain a more stable estima-
tion.

So far, in seeking a more robust deconvolution tech-
nique for impact force reconstruction, deconvolu-
tion in the wavelet domain using wavelet transform
has been taken into account due to the advantages
of wavelets such as localized in time, possibility to
represent a signal at different scales and translations.
Since the impact force is often finite in reality, the
use of wavelets seems to be preferable and promis-
ing!. Doyle et al.> used wavelets by only shifting
without scaling, Inoue et al. 3 utilized Gabor, Lifschitz
etal.* and Li et al. applied multiple resolution anal-
ysis of wavelets. Recently, Tran and Inoue®’ devel-
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oped and verified the deconvolution technique with
wavelet transform approach by numerical simulation.
Although deconvolution technique with wavelets has
been affirmed to be effective in estimating impact
force, the ill-posed nature still exists and affects the
reconstructed result. Thus, this paper proposed a mu-
tual deconvolution technique, in which scale compo-
nents of wavelets is considered as the regularization
method in order to achieve a more robust approach
for force reconstruction.

MUTUAL DECONVOLUTION
TECHNIQUE USING WAVELETS

Basic knowledge of reconstructing impact
force by deconvolution technique

When an arbitrary structure is subjected to an impact
force f(t), if the induced response e(t) at a particu-
lar position on this structure linearly depends on the
force, the relationship between this force and response
can be represented by the following convolution inte-
gral

e(t) = [ih(z) f (1 - D), )

where h(t) is the impulse response function (IRF)
which characterizes impact behavior of the system. It
is assumed that A(t) = f(t) = 0 for r < 0. Suppose
that there is the reference force f (¢) also applying on
this structure, and this reference force induces the ref-
erence response € (). The mutual deconvolution can
be formed according to E. Wu et al.® as follows

Joe@)f@t—r)dt = [ge()f(t —T)dr. )

Obviously, with three known quantities, namely the
reference force f(¢), the reference response e (t)
(these two values can be obtained by calibration or
numerical analysis), and the measured response e(t),
the impact force f() can be estimated by Eq. (2).

Wavelet expansion of impact force

According to the theory of discrete wavelet trans-
form”, the impact force f(t) can be expanded into its
time-frequency components as

f(t) = erg:mo Zﬁtvgno fr‘riln Vi, (I)

N o oua(t), )
of which
Vinalt) = ay" 2y [(1 = nboaf) a] @)
and
oun(t) = ag "o [(1—nboalf) alf] )

Slé61

are the dilated and translated versions of the wavelet
function v (¢) and the scaling function ¢ (), respec-
tively, in which a(; m/2 is a normalization constant,
a,™ and nboaj represent the dilation and transla-
tion parameters, respectively; m(mg < m < M) and
n(ng < n < Ny) are integers. j?,fin and f}”wn are re-
spectively the expansion coeflicients at a certain dila-
tion level m and M; the superscripts d and a denote
the detail and approximation terms, respectively. For

more detail, reader can refer to Tran and Inoue’.

Mutual deconvolution with wavelets

Letting the right-hand side of Eq. (2) is, then substi-
tuting f(¢) in Eq. (3) into the left-hand side of Eq. (2),
we yield

Z%:mo anno fr‘rll,n amy" ([)

XN Bualt) = (1), ©)
where

O (1) = j(; e(t)Yma(t —1)dt 7)

Ban(t) = Jo2(t) W n(t —7)dt (8)

Discretizing the time variable as # = kVt and using the
vector and matrix representations for Egs. (3) and (6),
we can write

{ry=wi{7} ©)

{ey=11{7},

in which {f} and {g} are column vectors composed
of f(kAr) and g (kAt), respectively, with row index

(10)

k; § f ¢ is a column vector whose elements are f,in

and flﬁln with row indices m,n; [y] is a matrix com-
posed of Wi (kA) and @u , (kAr) with row index k
and column indices m, n; while the matrix [A] consists
of @ (kAt) and By, (kAt) with row index k and

column indices m, n as

[A] =

[{am[)?ng} {amo,No} {aM,NM}{BM,n}] (11)

Eliminating {f} from Eq. (9), the impact force can
be reconstructed by following equation

{£y=1vlA]" {g}

where + denotes the Moore-Penrose generalized in-
verse. According to Eq. (12), the impact force f (kAt)
can be reconstructed from experimental data f (k/\t),
e(kAr), and e (kAt).

(12)
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In practice, it is possible to measure several responses
which are very useful for reconstruction of impact
force®. In this regard, Eq. (10) can be rewritten as

{g1} [A1]
{22} [Ao] | (.
: | {f}’ (13)
{er} [AL]
in which {g1}, {g2},...» {gr} and [A{], [A2]...., [AL]

are yielded by different responses measured at differ-
ent locations. The reconstruction of impact force in
Eq. (12) can be rewritten by the following Eq. (14)

{g1})] |[Ad]
A
=] = (19
e}t ) [AL]

Regularization of wavelet deconvolution
based on considering scaling and shifting
components

The success of reconstructing { f } in Eq. (12) depends
on the ill-posed condition of the matrix which is ob-
tained by Eqs. (7) and (8). In this work, this matrix
is carefully considered by using different scales (m)
and shifts (1) of wavelets with the hope that the op-
timal scale, as well as the optimal shifts, are properly
chosen so as to mitigate the ill-posedness as much as
possible. Namely, the matrix [A] has to be regular-
ized by controlling its components (0, and B ),
and as seen in Egs. (7) and (8), these components
can be controlled by means of controlling the compo-
nents ¥, , and @y, of the matrix . This matrix [y]
presented in these above equations is clearly written
as Eq. (15). After considering to remove some small
scales, i.e., when the first smallest scale is removed,
all column components of the matrix [y] at this scale
in Eq. (15) is replaced by zeros as highlighted by the
dash-red rectangular in Eq. (16)

If we want to remove other different scales, in the sim-
ilar manner, all columns components at these scales
will be replaced by zeros. This process continuously
starts from the smallest scale to the largest scale. In
fact, by eliminating some small scales, high-frequency
components, oscillation, or unavoidable errors in-
cluded in measurement data (€) may be excluded or
restricted when forming the matrix [A]. This may im-
prove the ill-posedness of the matrix when taking its
inversion in order to obtain the reconstruction of im-
pact force according to Egs. (12) or (14).

EXPERIMENTAL RESULTS AND
DISCUSSIONS

Experiment description

The experiment is conducted to reconstruct the im-
pact force which is produced by the rubber ball act-
ing on the polycarbonate plate in order to validate the
effectiveness of the wavelet deconvolution technique
and show its advantages when considering regulariza-
tion with scale components of wavelets. For further
information of wavelets, reader can see the explana-
tion of the scales and shifts of the wavelets as shown
in Figure 5. The experiment is presented by Figure 2.
In addition, in order to employ the proposed tech-
nique, Haar wavelet is chosen as mother wavelets in
this work. The characteristics of the Haar wavelets is
fully described by I. Daubechies”.

Reconstruction of impact force

In order to reconstruct the impact force produced by
impact of the rubber ball to the polycarbonate plate,
we need to know the reference force and reference re-
sponse in advance. In this work, we use the impact
hammer to apply the impact force (it is known), and
measure the corresponding response of the polycar-
bonate plate simultaneously. After that, the impact
hammer will be replaced by the rubber ball to apply
different impact forces (unknown and need to be re-
constructed) to the plate. Similarly, the impact re-
sponses will also be measured by strain gauges, and
this impact response data will be utilized to recon-
struct the cause -impact force.

As well known that combination of multiple re-
sponses measured from different locations may pro-
vide adequate impact information. Therefore, the use
of single and multiple responses for the proposed ap-
proach is also investigated in this research.

Using single response

Only response measured by strain gauge #1 is used to
reconstruct the impact force by means of the mutual
wavelet deconvolution technique. Results are shown
in Figure 3. First of all, the reconstruction of impact
force applied on the plate without considering scales
of wavelets is shown in Figure 3(a). Although the peak
force may be observed, this reconstruction is unsta-
ble and not an expected result when it is extremely af-
fected by the magnification of errors.

After applying the regularization by removing the first
smallest scale (remove scale m = 1), the reconstruc-
tion if figured out in Figure 3(b). Clearly, this recon-
struction is more stable, and significantly improved
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.

. Aluminum frame

2. Impactor-rubber ball

3. Strain gauge to measure
impact response

4. Polycarbonate plate

Figure 2: Experiment of impact between the rubber ball and polycarbonate plate.

in comparison with Figure 3(a). The magnification of
errors is almost suppressed. This means that the con-
sideration of eliminating the smallest scale mitigates
the ill-posedness nature of the deconvolution prob-
lem remarkably. In the similar manner, removing the
second and the third scales also provides a good re-
construction as seen in Figure 3(c) and (d), respec-
tively. This is an evidence for the effectiveness of the
proposed technique under consideration of scales of
wavelets as regularization.

However, when removing to many scales, recon-
structed result becomes more rough. This can be seen
through Figs. 3(c) and (d). Thus, the optimal scales
should be chosen carefully for reconstruction. In ad-
dition, in Figure 3, the reconstruction of impact force
at the time after 4 ms may be incorrect. In fact, af-
ter reaching the peak value, the impact force will re-
duce gradually to zero. This incorrect reconstruction
should be due to the lack or incorrection of impact in-
formation which is recorded by strain gauge #1. This

can be explained by the stress wave propagation from
the impact location to the measurement location. In
order to avoid this lack of impact information, com-
bining various locations/ multiple responses is sug-
gested.

Using multiple response

In this part, instead of using response measured by
strain gauge #1, a combination of two responses mea-
sured by strain gauge #1 and #2 will be applied for
reconstruction. Figure 3 shows the reconstruction
of impact force when the rubber ball acting on the
plate at 150mm height. Namely, Figure 4(a) shows the
reconstruction without applying regularization (no
small scale is removed), meanwhile, Figure 4(b) and
(¢) indicate the reconstruction with applying the pro-
posed regularization method. As seen in Figure 4(a),
without applying the regularization, the reconstruc-
tion is unstable and noisy. This unstable reconstruc-
tion should due to the ill-posed problem as men-
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Figure 3: Reconstruction using single response #1
without and with consideration of regularization

tioned above. Consequently, the impact force is re-
constructed inaccurately.

By considering to remove the first smallest scales
(m=1), reconstruction is more stable as seen in Fig-
ure 4(b). Comparing between Figure 4(a) and (b), it is
easy to observe that applying the regularization with
considering to eliminate the small scale, reconstruc-
tion is more accurate, and the magnification of errors
is significantly suppressed. Nevertheless, the magni-
fication of errors in reconstructed result still occurs
after 5 ms of impact time. This remaining magnifi-
cation of errors mostly appears at the time when the
impact force is zero, so it can be ignored in reality.
Next, we try to remove the second smallest scale (both
m=1 and m=2) with the hope that it will improve
the accuracy and the stability of the reconstruction as
much as possible. In this regard, after removing sev-
eral scales corresponding to m=1, m =2, and m =3, the
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Figure 4: Reconstruction by combining multiple re-
sponses #1 and #2 without and with consideration
of regularization.

reconstruction is less dominated by noise as shown in
Figs. 3(c) and (d). Unfortunately, the results shown in
Figs. 3(c) and (d) seem more coarse and less accurate
than those in Figure 4(b) especially at the peak force.
This inaccurate reconstruction should be due to the
excessive loss of important information which is ig-
nored during the reconstruction process when remov-
ing too many scales of wavelets. For more detail of
considering the optimal scales, one can refer to Tran
and Inoue’.

Comparing the results in Figure 4 and those in Fig-
ure 3, one can realize that the reconstruction using
two responses is much better than using single re-
sponse. Therefore, the proposed technique is also rec-
ommended to use with several responses.
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CONCLUSION

This paper developed and successfully applied the
mutual deconvolution technique using wavelet ap-
proach for impact force reconstruction. The effec-
tiveness of the present technique in mitigating the
ill-posed nature of deconvolution problem has been
demonstrated when considering the scale compo-
nents of wavelets, and as such, the impact force is ac-
curately and stably reconstructed.

APPENDIX

The WT is actually the projection of the original time
signal f{t) onto the basis of functions v, ;(¢) defined
by the dilations (scales)-u and transitions (shifts)-j
of the original wavelet function y (¢). In which the
wavelet function v (¢) is called as mother wavelet
function with zero average, or in other words, it satis-
fies the following admissibility condition

J2Zw()di=0.

When considering the dilations (1) and translations

(17)

(7), this wavelet function is expressed as follows

Vi, j(t) = %w(%)

Therefore, the WT of an arbitrary signal or function

(18)

or operator can be expressed by the following mathe-
matical equation

fui =75 F@) (0t

By restricting u, j to only discrete values as u =

(19)

ug (up > 1) and j = njoug (jo > 0), mand n are in-
tegers, hence, the wavelet function and wavelet trans-
form in Egs. (17) and (18) become

1 t —njouy
Yinn (1) = T/zw(%) (20)
U 0 (m,n)ez?
and
Fon =g [22 £ () w (g™t = njo)dr. (D)

As well known, in contrast to sinusoid functions used
in Fourier transform, wavelets are not periodic and
therefore it may be better to represent the signals with
rapid changes.
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Figure 5: Typical shapes of wavelets y, ; (¢) that are all copies of the same function by a dilated (stretched or
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A

TOM TAT

Trong linh vur ky thuat va cham, mét trong nhiing van dé dugc quan tam nhét la lam sao biét dugc
chinh xac lich st clia luc va cham tac dong 1én két cdu, viéc xac dinh luc va cham nay thudng gap
kho khan va thuong khéng thé bang cach do truc tiép. Trong thuyc té, thong tin vé luc va cham
tac dung 1én két cdu co thé dugc xac dinh gian tiép bang viéc st dung thong tin dép Ung dau ra
tuong Uing dugc do dac trén két cdu. Cu thé la bang cach st dung dap Ung dau ra tuong Ung (gay
ra bdi luc va cham chua biét) nhu gia t6c, chuyén vi, bién dang,. .., két hop véi ham dép tng xung
clia hé va cham, thi dé thi cla luc va cham c6 thé dugc tai xay dung lai. Mot phuong phap khong
truc tiép nhu vay dé xac dinh luc va cham thudng dugc biét dén nhu la ky thuat tai thiét luc va
cham (impact force reconstruction technique) hay ky thuat tinh nghich ddo tich chap luc va cham
(impact force deconvolution technique). Khéng may thay, mét ky thuat nghich ddo tich chap don
gian dé tai thiét luc va cham thudng gédp tr& ngai do ban chét suy yéu clia viéc nghich dao. Do
vay, ky thuat nghich dao tich chap thuong dan dén cac két qua téi thiét luc va cham khéng mong
mudn do céc sai s6 nhd khéng thé tranh khoi trong cac dap tng dau bi khuéch dai thanh gia tri
rat I1én trong két qua cuia luc dugc téi thiét. Chinh su khuéch dai Ién nay clia cac sai s6 sé lan &t
lam hu hai @6 thi luc va cham ma chiing ta mong muén. Mac du da cé nhiéu phuong phap chuan
hoa nham lam giam ban chat suy yéu clia bai toan nghich dao, tuy nhién cac gidi phap nay thuong
dugc iing dung cho toan bé dit liéu clia qud trinh va cham. Cach p dung cac phuong phap chudn
hoa nhu thé nay thudng khéng hiéu qua do luc va cham trong thuc té thudng bi gidi han trong
mot khodng thai gian va cham nhat dinh. Bai bdo nay phat trién mot ky thuat tai thit mdi véi
viéc st dung chuyén déi wavelet. Dua trén nhiing uu diém ctia chuyén déi wavelet nhu biéu dién
toan dr liéu thong qua cac ti lé (scales) va dich chuyén (shifts) ctia duy nhdt mot loai wavelet ban
dau (mother wavelet), htu han trong mién thai gian, phuong phap nghich dao tich chap tuong
hé (mutual deconvolution) cho viéc tai thiét luc va cham sé dugc dua ra dudi su can nhéc cac ti
lé khac nhau ctia wavelets. Ky thudt tai thiét dugc dua ra trong bai bao nay sé dugc kiém nghiém
thuc té bang thi nghiém. Két qua thi nghiém cho thay ky thuat dugc trinh bay trong nghién ctu
nay a hiru hiéu khi c6 thé tai thiét chinh xac hon va én dinh hon lich st clia luc va cham.

Tu khoa: Chuyén ddi wavelet, Luc va cham, Nghich dao tich chap, Tinh todn nghich dao, Tai thiét
Iy va cham

Trich dan bai bao nay: Hai T, Hién L T. Ky thuat tai thiét luc va cham bang phuong phap nghich dao
st dung bién do6i wavelets: nghich dao tich chap tuong hé. Sci. Tech. Dev. J. - Eng. Tech.; 3(S12):SI60-
S168.
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