Office de la Propriete Canadian CA 2026257 C 2001/07/24

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 026 257
gln grga”isge ’ ﬁrc‘jage”‘g of ] (12 BREVET CANADIEN
Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(22) Date de dépot/Filing Date: 1990/09/26 (51) Cl.Int.%/Int.CI.° GO6F 15/31
(41) Mise a la disp. pub./Open to Public Insp.: 1991/03/27 (72) Inventeur/Inventor:
(45) Date de délivrance/lssue Date: 2001/07/24 Sasaki, Kelll, JP
(30) Priorités/Priorities: 1989/09/26 (250272/1989) JP; (73) ;mp”etﬁ"De’o"l""e“ - oot ] P
1990/03/27 (78423/1990) JP: 1990/03/27 (78422/1990) JP esearch Development Corporation of Japan,

(74) Agent: SWABEY OGILVY RENAULT

(54) Titre : DISPOSITIF D'’ANALYSE DE FORMES D'ONDE TRANSITOIRES
(54) Title: DEVICE FOR ANALYZING A TRANSIENT WAVEFORM

(57) Abregée/Abstract:

A device for analyzing a transient waveform of the present invention is provided with a computation unit which analyzes the
observed transient response waveform as an Input adaptive type autoregressive model consisting of a linear function of
regressive coefficients dependent upon material parameters or upon material parameters and material spectra. It can perform a
rapid and accurate analysis of the transient response waveform observed through the incidence of pulse laser beams,
promoting searches into the prime process of material changes.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




2046257

S B AP Py

A device for analyzing a transient waveform of the

present invention is provided with a computation unit which

analyzes the observed transient response waveform as an
input adaptive type autoregressive model consisting of a
linear function of regressive coefficients dependent upon

material parameters or upon material parameters and material

spectra. It can perform a rapid and accurate analysis of the

transient response waveform observed through the incidence

0f pulse laser beams, promoting searches into the prime

process of material changes.
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A_DEVICE FOR ANALYZING A _TRANSIENT WAVEFORM

(FIELD OF THE INVENTION]

The present invention relates to a device for analyzing

& transient waveform. More particularly, it relates to a
device for analyzing a transient waveform with a high speed

and a high accuracy whose computation time is much shorter.

[DESCRIPTION OF THE PRIOR ART]

The importance of understanding a prime process of
material changes in light energy relaxation, molecule
movements, photochemical reactions and other material
phenomena has been recognized,.and various approaches have

been investigated. This is because the proper understanding

0f these ultra-micro phenomena will develop the control

technology and promote new technological innovations to

create materials.
Under such circumstances, the method in which
ultrashort pulse laser beams are radiated onto a material

and a prime process of material changes is analyzed from the

obtained transient response waveform has recently been

attracted.

In general, the transient waveform observed

experimentally appears in a form in which sum of waveforms
of plural exponential functions is convoluted with

instrumental response functions such as a laser pulse width
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and 1nformations as to light energy relaxation, molecular
movements, photochemical reactions and other phenomena are
obtained from parameters of the 1ndividual eXxponential
function (time constant and intensity).

Conventionally, as a method for estimating these
parameters, the nonlinear least-square fitting method has
been used, and the computing and analyzing devices therefor
have been realized up to now.

However, an 1mpediment putting this nonlinear least-
square fitting method to practical application has been an
enormous amount of computation.

During recent vears, as a solution to this
shortcoming, a computing device usling an autoregressive
model whose performance 1s higher than that of the
nonlinear least-square computling device, has been attracted
as a high-speed and highly accurate analyzing device for
multi-component exponential functions.

However, this method and device using an
autoregressive model has not actually been accomplished as
the method and device for analyzing a transient waveform.
The major reason for this 1s that a complicated
deconvolution computation i1is required for the analyses of a
transient waveform since a delta function 1s assumed as an
instrumental function.

The present 1invention has an object to provide a
device for analyzing a transient waveform with a high speed
and a high accuracy, which requires no computation with an
exorbitant amount Nnoxr complicated deconvolution

computation.

According to a broad aspect of the present 1invention,
there 1s provided a device for analyzing a transient
waveform signal and outputting an estimation of the
transient waveform signal. The device comprises a

computation unit for analyzing the transient response
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waveform signal appearing as a convolution of a sum

waveform of a material parameter exponential function
N

x(t)=ZAi exp(—t/7;) with an instrumental response function
=]

signal and obtaining the estimation of the transient
O waveform signal. The computation unit comprises means for
analyzing the observed waveform using an input adaptive
type autoregressive model consisting of a linear function

of regressive coefficients dependent upon material

parameters and represented by:

X0A)=C, - X(-DA)+C, - X(g-2)At)+...+C, - X(- NAY+Di - Y(AD) + D, - Y((J-DAL) +...+

10 .
Dy - Y(0-N+DAY)

where X(t) 1s the observed transient response waveform
signal, Y(t) 1s the instrumental response function signal

and C; and Dj are the regressive coefficients dependent
195 upon the material parameters A; and 7T; wherein the

relationships between the material parameters A; and t; and

the coefficients C; and D; are given by the equations:

At N o i
7, = — --(i = 1,...,N) and D;’ = Z(Aj -Z; —-ZCI._,( . Aj -Z;‘ and the
InZ, j= k=0

solutions of Z"-C,-Z"'-C,-Z"?*-..-C,=0 and obtaining the

20 estimation of the transient waveform signal and means for

outputting the estimation of the transient waveform signal

obtained from the analysis.

Other objects, features and advantages of the present
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invention wil! become clear through the detailed description

with reference to the drawings attached.

[BRIEF DESCRIPTION OF THE DRAWINGS]

Figs. 1(a)(b) and (¢c) are time-intensity correlation
diagrams illustrating the observed waveform, a material
response function and an instrumental response function,

respectively.

Figs. 2 and 3 are diagrams 1llustrating number of
counts-time correlation, showing the waveforms which are

considered in examples 1 and 2, respectively.

[DETAILED DESCRIPTION OF THE EMBODIMENTS]

If pulsed laser beams are radiated onto a material, a
unique waveform is obtained as shown in Fig. 1 (a). The

transient response waveform X(t) observed at this time is

generally represented in the following equation.

X(t)

il

x(t) * Y(t) e (1)

where the x(t) is a material response function; Y(t)
1s an instrumental function resulting from pulse width and
other parameters; and »* indicates a convolution computation.
That is, the observed transient response waveform X(it)
represented in the equation (1) is determined by the
convolution computation of the material response function
x(t) and the instrumental response function Y(t).

The material response function x(t) and the

instrumental response function Y(t) are indicated, for

example, in Figs. 1 (b) and (c¢).
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Furthermore, the material responsc function x(t) isg

represented as:

N
x(t) = ;‘IA;'CXP(*t/'ﬁ;) e (2)
iz

where Ai and ¢ : show material parameters dependent

upon the state of the material.

From the equation (2), the aforementioned equation (1)

18 exXpressed as:

N
X(t) = 2 Ai-cexp(-t/ ) % Y(t) ee (3)
1=]

However, the equation (3) bears a nonlinear

Therefore, computation to estimate A; and T, from the
equation (3) is extremely complicated and the amount of
process becomes enormous. |

In the device for analyzing a transient waveform of the
present invention, the foregoing observed transient response
waveform X(t) is dealt with as a substantially different

model.
The model of the device of the present invention is

represented in the following equation;

X(JAt) = ¢ X({(3-1) At) + Co  X((J-2) At) + - « Cn X ((G-N) At)

+ Di-Y(jAL) + Da'Y((j-1)At) 4 eee & DN'Y((j“N+l)At) e (4)

where C; and D; are regression coefficients (model
parameters) dependent upon the material parameters A; and
(5. A; and ( ; are uniquely given from the solutions of the
characteristic equation and input regression formula using

these Ci and Di as coefficients.
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In other words, estimation of Ci and Di 1S performed,
assuming j=i,... and then number of sampling points (M), by

use of a linear simultaneous equations in the case of M=2N,

and by use of a linear least-square method in the case of

M>2N. The relationships between Ci’ D.

. and Ai”zi are

derived from the equation (6) and the 1nput regression

formula (7) using the solutions of Zl, 22 ,...,ZN of the

formula (%)

A R S e (5)
At (
T: = - . —— i:].,'",N) ...8
In Z; (6)
! S
Di = 2 (AJ"ZJ“ - 2 Ci—-k'ﬂj’ij) (7)
5= k=0

The computation model of the device of the present
invention, that is, the equation (4) can be called an input
adaptive type autoregressive model from what has been
described above. As is clear from the equation (4), this
model bears a linear relation to Ci and Di' For this reason,
the amount of computation is reduced, for example, down to
two orders compared with the equation (3). This permits to
analyze by adding multi-dimensional information such as

space,

This means that computation time of the device of the
present invention is by far shorter than that using the
nonlinear least-square method, and it may be possible for

the device of the present invention to be applied to the
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multi-dimensional time-resolution measurement.
Furthermore, this device requires no initial parameters

for computation, and the estimated accuracy i1s equivalent or

more than that obtained by the nonlinear least-sguare

method, and this device can be applied to any instrumental

function.

Incidentally, for the channel shift between the
instrumental response function and the transient waveform of

the sample, in the conventional nonlinear least-square
method, the instrumental response function is caused to
shift a bit by bit, the chi-square is evaluated, determining
the amount of shift that can give the least chi-square. By
this method, however, computation time became longer in

proportion to the number of the shifts (normally 10 to 50

bpieces) to be evaluated.

On the other hand, in the present invention, since the
input adaptive autoregressive model is linear, the amount of
shift itself can be incorporated into the model as an
unknown parameter. The amount of shift can be determined as
solutions of simultaneous equations. The amount of
computation at this time is only less than 1.5 times as much
as when no consideration is given to shift. Compared with
the conventional nonlinear least-square method, the device
of the present invention is able to reduce computation time

by one order for shift. This permits the autoregressive
model to be applied to any instrumental response function.
Furthermore, since the measured wavelengths are

slightly different between the instrumental response
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function measurecd using scattering, etc. and that when the
fluorescence of a sample 18 actually measured, the
respective waveform may sometimes be different from each

cther. Such difference makes a large error in the analysis
cf components with rapid damping, affecting the accuracy of
analysis. As a method to avoid this, the delta function
convolution method in which the reference sample of a
component of the single exponential function jis measured by
the {luorescence wavelength as same a« 1n measurement of the

sample and the result is used in place of the instrumental
response function is known. In thisg method, since the
measured wavelengths are identical, there is no difference
in the instrumental response function, but because there is
no data for the instrumental response function itself, the
analysis becomes complicated.

Hence, in the device of the present invention, the
delta function convolution method can be modeled as a
combination of plural input adaptive type autoregressive
models.,

That is, for example, if laser light pulses are
radiated to a material, then the observed transient
fluorescent waveform Xl(jZSt) 18 expressed in the following
equation (8) as same as the equation (4) described above:

X1 (GJAL) = ZCiXi ((5-1) At) + 2DiY((g-1) At) -+ (8)

where Y(jA t) is an instrumental response function.

The transient Spectroscopic waveform of the second

sample, Xz(jZXt) 18 also given as:

X2 (JAL) = 2Ci"X2 ((§-i) At) + 2Di'Y((3-1)At) .. (9)
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When Y(jAL) is eliminated from the equations (8) and
(9),

X1 (JAL) = 2C "X ((3-1) At) + 2D "X ((G-1) AtL) e« (10)

Therefore, if the equation (10) jsg applied to the

transient response wavelengths of two samples by a leagt

square fit, it becomes possible to estimate exponential

function parameters without using any instrumental response

function.

Since the equation (10) becomes a linear equation to
Ci" and Di"’ the amount of computation required for

estimation isg extremely small, becoming effective to the

analyses of data to which Space and other multi-dimensional

informations are added.

Cio D; and Ci', D;' can be determined uniquely from Ci"

and Di"* and from linecar functions of Ci and Di to Di input

regression formula can be dealt With in the same manner as

the equations (4), (5), (6) and (7) described above.
Furthermore, the device of the present invention also

permits the high-speed and highly accurate analyses of the

observed transient waveform to which a spectrum information

18 added.

[f a spectrum information is addéd to transient
waveform, the identification of a material or specitroscopic
analyses becomes possible. Conventionally, to analyze the
transient waveform to which such a spectrum information is
added, the method known as global analysis based on.the

nonlinear least-squares method was employed. However, by

this global analysis, the amount of computation became so



oy I Ly ”
2026257
cxorbitant that computation time extended as long as a day,

and hence it was 1mpractical.

In the device of the present invention, when

information of wavelength (\) is added to the X(t)

represented in the above-mentioned equation (4), it can be

eXpressed, for example, in the eXtended input adaptive type

autoregressive model as shown in the following equation.

‘x ) 'y (1)\ % (o>\ /Y(Z)\ / m)\ (o
X1 (3) Xs (2) (1) ((1) {(2) -
x (2) Xz (1) 2 (0) 0 0 '(2)
X2(3) | = Ci| X2(2) | +Co Xa (1) [+D1s +Dy 2 Dt | Y(1) |+
I . 0|
cal o e@| | e -
L ./ N \0‘/ \.0,/ ‘\O /
Ce . (11)

where X.(j) represents the No. J data on i wavelength,
i (A,

From this equation (11), it can be understood that
since the material parameter is not dependent on
wavelength, the coefficient C; is common for all the
wavelengths, but that since the material spectrum varies
from wavelength to wavelength, the coefficient D; becomes
the linear function of the wavelength. For this reason,
computation time required for the estimation of & material
parameter and a material spectrum is remarkably reduced.

If equation (11) is fit to the observed time-resolution

specirum data, a material parameter and a material spectrum
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can be oblained from the relationships among the foregoing
equations (5), (6) and (7). Computation time is extremely
shorter than that with the global analysis based on the

conventional nonlinear least-square method, for instance, by

as much as 3 orders.

The equation (11) ig expressed for the two~component
system, but it can, of course, be extended to the multj-
component system.

The device of the present invention will be described

1IN more details as follows:

Lxample 1

[For the observed transient response waveform as
indicated in Fig. 2, a comparison was made as to the
performance of analysis between the device 0f the present
invention and the conventional ﬂonlinear least-sguare

method.

In the one-component system (N=1), the following
settings were made.
Ay = 1.0 .
'y = 80.0ps
Device function FWHM = 20.0ps
Pseudo-Poisson noise
Maximum count number . 10000
Number of sampling points : 258

A comparison of the estimated results is shown in Table

The device of the present invenﬁion can compute data in

a time period of less than 1/16 compared with the

10
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compuling devicoe operating on the nonlinear lecast-square
method, while it retains the same level of accuracy.

Table 2 indicates a comparison of the estimation results

cf the two-component system. It shows well how the device of

the present invention permits high~speed analyses with a high

accuracy .

When the amount of shift is incorporated into a mode]

a8 an unknown parameter, the amount of computation per shift

0f the channe! shift between the instrumental response

function and the ransient waveform jis less by more than 1

order compared with the nonlinear least-square method. As a

whole, computation time can be reduced by more than one

hundred times.

Table 1
Estimation result 7 1 {ps) A Computation
80.0 1.00 time(msec)
Input adaptive | Average 80.0 1.00 12
type
autoregressive | Standard 0.3 0.01
modeling deviation
Nonlinear | Average 79.9 1.00 200
least-square
method Standard 0.2 0.01
deviation

11
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Table 2
S— e — L S S S T | T
| bstimation result 71(ps) | 72(ps) A Ao CopputaCJOn |
i 10.0 20.0 0.50 0.50 time(nsec)
' |
f ) _— i - I
IrInput adaptive | Average 9.1 19.8 | 0.47 0.53 15
type !
autoregressive | Standard 1.8 0.9 0.09 0.09
modeling | deviation
Nonlinear Average 7.7 18.9 0.40 0.61 610
least-square e o
method Standard 2.8 1.2 0.15 0.15
deviation

Example 2

IFor the observed transient response waveform as

indicated in Fig, 3, a comparison was made as to performance
0f analysis between the device of the present invention and
the analyzing device by the conventional nonlinear least-

square method.

Table 3 indicates the measurement conditions, while

Table 4 shows the estimation resultis.

The device of the present invention can compute data in
a time period of less than 1/500 compared with the computing
device operating on the nonlinear least-square method, while
1t retains the same or higher level of accuracy.

It shows well how the device 0f the present invention

permits high-speed analysis with a high accuracy.
It is needless to say that this invention is not

limited to the above examples. Various other configurations

can be applied to specific components of the device of the

12
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present invention.
Table 3
o . B — - e —— - — B D - o
Sample Excitation Observed
wavelength wavelength
| (a) Pinacyanol/ethanol(one component) 585nm B830nn |
(b) Pinacyanol/aceton (one component) 585nm 630nm
(¢c) Instrumental response function 585nm o585nnm
(scattered light) |

Table 4

N
o

h— -

—

Estimated life
(a) (b)

Computation tinme

Input adaptive type
autoregressive modeling

i e— ey,

12.7+1.8ps 4.9+1.8ps

Nonlinear least-square
method

——-_“__—m-__.-—__‘.m

R

i

12.3+1.1ps

___“___.-“”1

0.1lsec

4.6%1.4ps

-__——ttﬂ“-_,-_

il

el e—

00.34sec

'—__Iﬂ_—“_‘

|

13
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The embodiments of the invention, in which an exclusive

property or privilege 1s claimed are defined as follows:

1. A device for analyzing a transient waveform signal and

outputting an estimation of said transient waveform signal,

which comprises:

a computation unit for analyzing said transient
response waveform signal appearing as a convolution of a sum

waveform of a material parameter exponential function
N

X(Z)ZZAi exp(—¢/7.) with an instrumental response function
i=1

signal and obtaining said estimation of said transient
waveform signal, said computation unit comprising means for
analyzing said observed waveform using an input adaptive
type autoregressive model consisting of a linear function of

regressive coefficients dependent upon material parameters

and represented by:

X0A)=C, - X(-DA)+C, - X((-2)A)+...+Cy, - X((- N)A) +Di - YA + D, - Y((- DAL) +...+
Dy - Y(G-N+1DAtY)

where X(t) 1s said observed transient response waveform

signal, Y(t) 1is said instrumental response function signal

and C; and D; are said regressive coefficients dependent upon
sald material parameters A; and T; wherein the relationships
between said material parameters A; and 1; and said
coefficients C; and D; are given by the equations:

At
T, = —
InZ.

i1

N
(i=L.,N) and D,=)(4-Z-)C,,-4-Z% and the
j=1 k=0

solutions of Z"“-C,-Z"'-C,.-ZV?-..-C,=0 and obtaining said
estimation of said transient waveform signal; and

means for outputting said estimation of said transient

waveform signal obtained from said analysis.

14
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2 . A device for analyzing a transient waveform signal as
claimed in claim 1, wherein said means for analyzing further
comprise means for incorporating an amount of channel shift
between said instrumental response function signal and the
transient waveform signal of a sample as an unknown
parameter into the input adaptive type autoregressive model,
and means for determining the amount of shift as solutions

of simultaneous equations representing said autoregressive

model .
3. A device for analyzing a transient waveform signal as
claimed 1in claim 1 or 2, further comprising means for

inputting more than one transient response waveform from a
plurality of samples, and wherein said computation unit
analyzes a convolution of the observed transient response

waveforms of plural samples.

4 . A device for analyzing a transient waveform signal as
claimed in any ore of claims 1, 2 and 3, wherein the
transient waveform signal appears not only as a convolution
of a sum waveform of a material parameter exponential
function with an instrumental response function signal, but
also as a function of wavelength, and said means for
analyzing analyzes said waveform as an extended input
adaptive type autoregressive model consisting of a 1linear
function of regressive coefficients dependent upon material

parameters and material spectra.

15
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