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Hybrid PSO-AMLS-based method for data fitting in the

calibration of the infrared radiometer

Yang Sen
(College of Mechanical and Electrical Engineering, Northeast Forestry University, Harbin 150000, China)

Abstract: A hybrid PSO-AMLS-based method for data fitting in the calibration of the infrared radiometer was
described. The proposed method was based on Particle Swarm Optimization (PSO) in combination with Adaptive
Moving Least Squares (AMLS). The optimization technique involved parameters setting in the AMLS fitting,
which significantly influenced the fitting accuracy. However, its use in the calibration of the infrared radiometer
has not been yet widely explored. Bearing this in mind, the PSO-AMLS-based method, which was based on the
local approximation scheme, was successfully used here to get the relationship between the radiation of the
standard source and the output voltage of the infrared radiometer. The main advantages of this method were the
flexible adjustment mechanism in data processing and the ability in reducing the adverse effect resulting from the
non-uniform distribution of fitting data. Numerical examples and experiments are performed to verify the superior
performance of the PSO-AMLS-based method compared to the conventional data fitting method.

Key words: infrared; radiometry; calibration; data fitting

CLC number: TN215 Document code: A DOI: 10.3788/IRLA20200471

T PSO-AMLS MEEME A EEI I EHITRAEFIIEZA
W A&
(RAALKRF b TEFR, ZALAIIT A RIE 150000)

W E: Arashiastit AR g P e MBS P, 2B T — A A T PSO-AMLS S0k 69 3% 877
ko k%A T ETEL K (PSO) A= A B A F R =ik (AMLS), K88 PSO H ik T A 53
BiE R BRIk T AR R, I T MR TR B R KA A% B T4l 4s
HHARE PR B IBE DA T ik, P A 6 A T A SR e9 PSO-AMLS 3B A-75 ik, AL VA 3 4o
ShEa sttt e RS R A AR AR AR Z M 62t X A, T BERCHE AL B P ad s RS 9 AR AL B AL,
TAGKE MR BERA A HFAMEERFZEORA R, FhEREN, P E 4 PSO-
AMLS FI3E7r i, T LS55 B o P R 69 BB B 7r ik, T AR S BB AR .
K. 4osk;  RBAENE;  RE; HENS

Wi A EA:2020-12-07; &7 HHA:2021-03-24
EETB: R m B IEARMI L 45 7 L1 (2572019BF01)
YEZB MDA, B, P, Wt R0, 4, TS5 W LTSRS i BRI . £ Al

20200471-1



ISk A2

%84

www.irla.cn

% 50 A

0 Introduction

To describe the measured radiation of infrared
targets continuously and accurately, data fitting is
necessary for the calibration of the infrared radiometer.
Data fitting is essentially a typical function approximation
problem. The fitting accuracy will be different owing to
the differences between fitting methods, which will
influence the measurement accuracy of the infrared
radiometer.

In the calibration of the infrared radiometer, the
least-squares (LS) method has been most widely used in
data fitting!"*. The commonly used approximation
function of the LS method is polynomials”™ ", as well as
others such as sinusoidal function and log function!' "%,
However, the LS method is a global approximation
scheme, which is not suitable for irregular or non-uniform
distribution cases. For the LS method, the oscillation
phenomenon occurs and the oscillation increases
dramatically when the order of polynomial becomes
larger, which reduces the fitting accuracy. For the
calibration of the infrared radiometer, problems observed
contain the non-uniform distribution of fitting data, the
dramatic change in the order of magnitude, and the
limitation on the number of calibration points, which
resulting in sufficient fitting precision cannot be achieved
by the LS method.

To improve the fitting accuracy, The Adaptive
Moving Least Squares (AMLS) method is used in this
paper for data fitting in the calibration of the infrared
radiometer, which combines Adaptive Processing (AP)
and Moving Least Squares (MLS). AP procedures such as
data transformation or data translation are performed
before the calibration data fitting to reduce the adverse
effect resulting from irregular or non-uniform data
distribution. The MLS method combines the concept of
moving window and compact support weighting
functions, which can be regarded as a combination of
Weighted Least Squares (WLS) and Segmented Least
Square (SLS). As a local approximation method, The

MLS method can not only acquire higher precision even
with low order basis functions but also has good stability
due to its local approximation scheme!"!. However, the
parameters setting in the MLS method are often chosen
through individual experience or simple parameters
adjustment, by which optimal fitting accuracy is
difficult to achieve. Thus, to carry out the optimization
mechanism corresponding to the setting of weighting
function parameters in the MLS method, the Particle
Swarm Optimization (PSO) technique is used with the
AMLS method. As a “speed-position ” searching
algorithm, the particle adjusts its speed vector value
and direction following the optimal particle, and then
the optimal penalty parameters of samples can be
obtained!".

In this paper, the hybrid PSO-AMLS-based method
is proposed for data fitting in the calibration of the
infrared radiometer. The present study is structured as
follows: firstly, proposed methods and principles are
explained in Section 1; secondly, numerical examples of
curve fitting is carried out based on hybrid PSO-AMLS-
based method in Section 2, containing the examples when
the independent variables are uniform distribution and
non-uniform distribution; thirdly, the hybrid PSO-AMLS-
based method is applied to the calibration of the infrared
radiometer in Section 3; and finally, the main conclusions

of this research work are drawn.
1 Methods and principles

1.1 Moving Least Squares (MLS)

As a conventional data fitting method, the MLS
method was proposed by Shepard in 1968!'%. The basic
theory of the MLS can be seen in references [17] and [18],
so this paper only gives a brief introduction. In MLS, an
arbitrary function f{x) can be approximated by

F0) = pax) = P'x)a(x) (1)
i=1
where p;(x) are basis functions, a,(x) are the coefficients,

the coefficients a(x)=[a,(x), a,(x), -, a,,(x)]" varied with
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x. In order to determine the coefficients a,(x), a function is

defined as
7= wiIP(x)atx) - fe)l? @)
I=1

where flx;) are the given nodes, w(x) is the weighting
function with compact support.

One commonly used weighting function is the
Gaussian function, which is very flexible for the MLS and
is adopted in the following discussion. The Gaussian

weighting function is

exp(-rf) —exp(F)
w(r) = { h

1 —exp(-p?) 3)
0 r>1
where 7=|x—x//d,; is the relative distance, d,; is the
influencing radius, and f is the shape parameter.
Then, the matrix form for equation (2) can be

rewritten as

J =[Pa(x) - f1"W[Pa(x) - f] 4)
where f=[f(x,), £ (x,), ", f (xy)]", P and W are
PT(XI)
PT(xz)
p=| )
PT(-XN) Nxm
w(x—xp) 0 0
0 wx—x,) - 0
W= (6)
0 0 w(x—xy)

Minimizing equation (4) with respect to coefficients
a(x), the following expression can be obtained

7 =[P"WPla(x)-[P'"W]f =0 @)
da(x)

Further, the coefficients a(x) and function f(x) are

obtained as follows
a(x)=[P"WP]'[P"WP]f ®)
f() =P ()P"WPI"'[P"WPIf (€]
However, the calculation process of the MLS method

is more complicated and requires a larger amount of

computation.

1.2 Particle Swarm Optimization (PSO)

The PSO technique is a population-based search
algorithm based on the simulation of the bird flocking.
The basic theory of the MLS can be seen in refer-
ence [19], so this paper only gives a brief introduction. In
the PSO, the parameters or possible set of solutions are
contained in a vector x;(k), which is called a particle of the
swarm and represents its position in the search space of
possible solutions. The particle dimension is the number
of parameters. The particle initial position x;0) and its
velocity v/(0) are chosen randomly. The value of the
fitness function is then calculated for each particle and the
velocities, and then the positions are updated depending
on these values. The algorithm updates the positions and
the velocities of the particles as follows:

vitk+ 1) =w-v;(k)+c| -1 - (Pipess — xi (k) + Co-
72" (8pest = Xi (k) (10)
xitk+ 1) =x;(k)+v;(k+1) an

where o is the inertia factor, pj,., is the local best
position; g, is the global best position; ¢; and ¢, are
learning factors; rand() is a random number in the inter-
val [0, 1].

The current position x;(k) and velocity v,(k) of each
particle are adjusted depending on its status in the
previous step, the particle’s local best position pjj.e»
and the global best position g, The particles of the
swarm make up a cloud that covers the whole search
space in the initial iteration and gradually contracts its
size as iterations advance to perform the exploration. So
in the initial stages, the algorithm performs an exploration
searching for plausible zones, and in the last iterations the
best solution is improved™”.. In this paper, ¢, and c, are set
to 2, maxgen is set to 120, sizepop is set to 20, w is set to
1, and v,,,, is set to 5.

1.3 PSO-AMLS

The PSO-AMLS-based method can be regarded as a
combination of AP procedures, PSO technique and MLS
fitting method. For the implementation of the PSO-AMLS
method, firstly, the calibration data is pretreated using AP
procedures; secondly, the MLS method is used for the

20200471-3
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fitting of pretreated calibration data, in which the PSO
method is used to carry out the optimization mechanism
to get the optical weighting function parameters in the
MLS method. The flowchart of the PSO-AMLS-based
method is shown in Figure 1. Through adaptive data
processing in procedures (1) and (2), possible extreme
value, non-normal distribution, or the dramatic change in

the order of magnitude can be reduced or eliminated.

| 1. Data transformation |

L]
d, and S

| 2. Data translation
¥ :
| 3. Initialize d,, and § |

1]
| 4. MLS fitting |

7. PSO searching
L]

| 5. Determination coefficient R | n=n+1

6. Termination criteria

Yes

| 8. Optimized parameters |

Fig.1 Flowchart of the hybrid PSO-AMLS-based method

For basic functions selection in the MLS, lower-
order polynomials are preferred. For parameters setting in
Gaussian weighting function, larger influencing radius d,,;
means better fitting smoothness; larger shape parameter f
means the locality is enhanced while the smoothness is
declined. To optimize the MLS parameters, the PSO
searches for the best parameters by comparing the fitness
factor. The main fitness factor used in this paper is the

determination coefficient R*, which is defined as follows:
R =3 (0i=yy) (12)
i=1

where y; is the dependent variable of calibration point, y;

is the fitting value, n is the number of calibration points.
2 Numerical example

In this Section, numerical examples are carried out to
investigate the fitting performance of the PSO-AMLS-
based method. Functions similar to the calibration data of

the infrared radiometer are used in this section. In the first

example, the independent variables are uniform
distribution. In the second example, the independent
variables are non-uniform distribution. The data were
processed in this paper with code written in MATLAB.
2.1 Uniform distribution of independent variables

The formula used in the first example is as follows:
f)=1+Vx (13)
A set of points (x;, y;) are chosen, where i=0-20. The
independent variables are uniform distribution from 0 to
20 with interval A=1, while the interval of dependent
variables is gradually increased and determined by

equation (13). The data used in the first example is shown

in Table 1.

Tab.1 The data used in the first example

X y X y X Yy

0 1 7 3.6458 14 47417
1 2 8 3.8284 15 4.873
2 2.4142 9 4 16 5

3 27321 10 4.1623 17 5.1231
4 3 11 43166 18 5.2426
5 3.2361 12 44641 19 5.3589
6 3.4495 13 4.6056 20 54721

The Gaussian function is chosen to be the weighting
function. Considering the fitting accuracy and oscillation
problem, the polynomial order is 6 for the LS method.
The fitting performance is characterized by the fitting
error J between real value y; and fitting value y;

0 =yi=Yi (14)

The PSO is used to optimize the MLS parameters
d,;, B, and m, where m represents the type of the basic
function. The basic function is set to be p;(x) = [1],
po(x) = [1, x] and p5(x) = [1, x, x’] when m=1, m=2 and
m=3, respectively. Search space is organized in three
dimensions, one for each parameter. Because the
independent variables are uniform distribution, there is no
AP performed in this example. The fitting errors J of the
LS and PSO-AMLS method when the independent

variables are uniform distribution are shown in Figure 2.

202004714
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@ a5 ® AMLS the calibration points, where i=1-15. The dependent
020 o HLS variables are uniformly distributed with interval A=1,
0.15
010 - m while the independent variables are non-uniformly
o 0'0(5) I .., T o distributed and the intervals are gradually increased. The
‘
0050 A" 10 ) data used in the second example is shown in Table 2.
-0.10 |
-0.15 .
020 L Tab.2 The data used in the second example
! y x y x y x
(®) 0.13 ¢ AMLS 1 1 6 115 1 465
0.08 u BmLS 2 1.5 7 16.5 12 56.5
* 3 2.5 8 22.5 13 67.5
0.03
- S nfyg bt PO~ 4 45 9 29.5 14 79.5
0029 W o5 fmm™ 5 Hgy 5 7.5 10 375 15 925
¥ o=
-0.07
The parameters setting in the PSO and the AMLS are
—0.12

Fig.2 The fitting errors J of the LS and PSO-AMLS method when the

independent variables are uniform distribution: (a) nnodes=11;

(b) nnodes=21

The parameter “nnodes” is the number of nodes
used in the PSO-AMLS method. For the cases when
the independent variables of fitting data are uniform
distribution, the PSO-AMLS method can acquire
better results than the LS method. The PSO-AMLS
method can follow the changes of the original function
even with low order basis function, while, for the
global approximation scheme like the LS, the
oscillation phenomenon occurs, which increases the
approximation error. When nnodes is 11, an outlier
exists where Jpgo.amrs 1S larger than J;g. The position
and amplitude of the outlier are x=1 and Jdpgo_apmrs=0-19.
According to the amplitude J, the results when nnodes is
21 are much better than the results when nnodes is 11,
fewer nnodes means larger d,,; is needed. When nnodes is
too little, the fitting accuracy may be affected; when
nnodes is too much, the regional feature may not be
obvious but can be enhanced by the adjustment of
parameters in the AMLS.
2.2 Non-uniform distribution of independent

variables

In this subsection, a set of points (x;, y;) are used as

the same as in Subsection 3.1. Because the independent

variables are non-uniform distribution, logarithmic
transformation is performed before the MLS in this
example. For the observed fitting results of the LS method
are too bad when the independent variables are non-
uniformly distribution, the Adaptive Least Squares (ALS)
method is used in this subsection to compare with the
PSO-AMLS method, where logarithmic transformation is
performed before the LS. The fitting errors o of the ALS
and the PSO-AMLS method when the independent
variables are non-uniform distribution are shown in
Figure 3, in which the x-coordinate is the serial number of

points.

0.015
0.010 |
0.005 |

]
(] u Eg

406 sHmM 12 uM
-0.005 |

-0.010 r ]

-0.015 -
Point

Fig.3 The fitting errors ¢ of the ALS and the PSO-AMLS method when
the independent variables are non-uniform distribution
It is shown in Figure 3 that, for the cases when the
independent variables of fitting data are non-uniform

distribution, the PSO-AMLS method can acquire much

20200471-5
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better results than the LS method. The oscillation
phenomenon occurs both for the ALS and the PSO-AMLS
method, but the oscillation amplitude of the PSO-AMLS
method is much smaller than that of the ALS method.
Combined with the results obtained in Subsection 3.1, it is
concluded that the fitting performance of the PSO-AMLS
method is superior compared to the LS and ALS method.

3 Application in engineering

3.1 The calibration of infrared radiometer

In this Section, based on the infrared radiometer and
the data fitting method described above, the calibration of
the infrared radiometer has been carried out. The
comparison of different data fitting methods is performed
to validate the effectiveness of the PSO-AMLS method in
the real calibration.

The response voltages V' of the infrared radiometer
were measured in the calibration, where a blackbody-
collimator was used as the standard source. Figure 4 is a
diagram of the infrared radiometer. The basic components
of the infrared radiometer are the optical lens, chopper,

detector, preamplifier, lock-in amplifier, and A/D.

— :‘ Objective lens

Electric Modulated signal
S motor generator
1
SN Chopper

\
’

Relay lens %g

Neutral density filters
1 Filter

Relay lens &=

Detector

Lock-in amplifier
| plifier |————

Fig.4 Diagram of the infrared radiometer

The main specifications of the infrared radiometer

are shown in Table 3. The basic components of the

blackbody-collimator are the blackbody, collimator, and
aperture. The main specifications of the blackbody-
collimator are shown in Table 4. The blackbody
temperatures 7" are uniform distribution from 100 °C to
700 °C with interval h=50 °C. The corresponding calibr-

ation data of 7'and V are shown in Table 5.

Tab.3 Main specifications of the infrared radiometer

Component Parameter
Diameter: 70 mm
Optical lens Field of view: £0.6°
Spectral channels MW: 3.7-4.8 pm
Detector Type: Insb
Precision: 16
A/D
Frequency: 100 kHz
Preamplifier 10°x

Tab.4 Main specifications of the blackbody-collimator

Component Parameter
Model: HFY-200C
Blackbody
Temperature: 5-1000 °C
Aperture Diameter: 0.1-13.5 mm
Model: HGD-1
Collimator

Focal length: 650 mm

Tab.5 The calibration data of T and V in the

calibration of the infrared radiometer

24% T/C 24% T/°C
0.02 100 1.354 450
0.05 150 1.828 500
0.117 200 2.383 550
0.227 250 2.994 600
0.394 300 3.75 650
0.632 350 4.555 700
0.949 400

It is shown from Table 5 that the dependent variables
are uniform distribution with equal interval, while the
independent variables are non-uniform distribution and
the intervals increase gradually. The reasons for this
phenomenon are as follows: (1) the response voltage of

the infrared radiometer is affected significantly by the

20200471-6
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standard radiation source; (2) the response of the infrared
radiometer is mainly determined by the detection ability
of the detector.

For the data characteristic mentioned above and the
number limitation of calibration data, conventional data
fitting methods commonly used in the calibration of
infrared radiometer cannot achieve enough fitting
accuracy. The fitting errors 0 using the LS method and
ALS method are shown in Figure 5. In Figure 5(a),
polynomial approximate based on the LS method is
carried out with polynomial orders from 5 to 6. In
Figure 5(b), logarithmic transformation is carried out
before the polynomial approximate with the polynomial

orders from 5 to 6.

——5
——6

20 (@LS

Point

~ (b) ALS ——5

< 0.5 f

-0.5
-1.0
-15 t

Point

Fig.5 The fitting errors o of the LS and ALS method: (a) LS method;
(b) ALS method

It can be obviously seen that the ALS method can
acquire much better results than the LS method, which
means the AP is effective to improve the fitting accuracy
and stability when the fitting points are non-uniform
distribution. But for the LS and ALS methods, the
oscillation phenomenon occurs and the approximation

errors change dramatically, especially when the number of

calibration points is small and the fitting data are non-
uniform distribution.

To improve the fitting accuracy, the PSO-AMLS-
based method is applied in the calibration of the infrared
radiometer. The fitting errors of the PSO-AMLS method
are compared to the ALS method to verify the
performance of the PSO-AMLS method. For the PSO-
AMLS with LT, only logarithmic transformation is
contained in the AP, but for the PSO-AMLS with LT and
DT, both logarithmic transformation and data translation
are contained in the AP. The fitting errors of the PSO-
AMLS and ALS method are shown in Figure 6.

2.0  —e—PSO-AMLS with LT
—&— PSO-AMLS with LT and DT
L5 ALS

Point

Fig.6 The fitting errors of the PSO-AMLS and ALS method

In Figure 6, the R* of the PSO-AMLS method is
1.8437 compared with 3.6962 of the ALS method, which
means better fitting results are achieved by the PSO-
AMLS method. The superior performance of the PSO-
AMLS method is more obvious in the first half of
calibration points, while in the second half, an outlier
exists in point 10 where dpgo.amrs 18 slightly larger than
Oars, and Jdpgo.amrs and dapg are almost the same for
point 12 and 13. It is supposed that the reason of this
phenomenon is the number limitation of calibration points
in the second half of the calibration data. Fitting errors 0
will be increased when fewer calibration points are used.
In the shape function matrix of the PSO-AMLS method,
the locality is strong at the beginning, but decline with the
increase of voltage. At the end of the calibration points,
the locality is weakened but the globality is enhanced. In
addition, it is shown that the performance of the PSO-
AMLS with LT is only slightly better than the PSO-

202004717
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AMLS with LT and DT, which means the effect of
logarithmic transformation is more obvious than data
translation in the AP. The PSO-AMLS method should
provide a better fitting result but suffer from the number
limitation of fitting data, especially in the calibration of
the infrared radiometer. As a future line of research, to
improve the fitting performance when the samples of
fitting data are fewer, more AP methods will be used.

3.2 The measurement of infrared target

In this section, the infrared radiometer calibrated
using different data fitting methods is applied to the
measurement of an infrared imaging simulator in the
medium waveband. The measurement parameter is the
equivalent blackbody temperature. The measured targets
include the target channel and the interference channels.
The source of target channel and interference channels are
high-pressure xenon lamps, and the output radiation is
controlled by the adjustment of the working current. The
collimator and apertures used in the experiment are the
same as in the calibration of the infrared radiometer. The
equivalent blackbody temperature 7, measured by the
thermal imaging camera ImagelR-5300 is used as the
reference value. T,, measured by the infrared radiometer
using two fitting methods is compared to the reference
value 7, to obtain the deviation J':

§=T-T, (15)

The deviation §° obtained for different fitting
methods are shown in Figure 7, where TC represents
Target Channel, IC 1, 2, and 3 represents Interference
Channel 1, 2, and 3.

It is shown from Figure 7 that for different measured
targets, the measured 7, for the PSO-AMLS method is
closer to the reference value compared to the ALS
method. Besides, compared with the measurement results
in section 3.1, more error sources are introduced in this
measurement, including the repeatability and reprodu-
cibility, which results in the unexpected changes of the
measured voltage. However, the most important result is
that the PSO-AMLS method is more superior compared to

other conventional fitting methods, which is effective for

the improvement of measurement accuracy of the infrared

radiometer.

1.4

——PSO-AMLS
—=—ALS

1.2
1.0 |
0.8
0.6

o*

04
0.2

ol o~
= a5 7

€01

-0.2

-0.4

Measured target

Fig.7 The deviation 8" obtained for different fitting methods

4 Conclusions

The hybrid PSO-AMLS-based method was proposed
for data fitting in this paper. The superior performance of
the PSO-AMLS method was demonstrated by numerical
examples and application in engineering. The main
findings of this research work can be summarized as
follows:

(1) The hybrid PSO-AMLS-based method is
successfully applied to data fitting in the calibration of the
infrared radiometer. The fitting performance is confirmed
by numerical examples and experiments. Compared to the
conventional data fitting methods, better fitting results are
achieved by the PSO-AMLS-based method;

(2) From the obtained fitting results using the PSO-
AMLS method, it is suggested that the use of the MLS
approximation in combination with the PSO technique
and AP process. In summary, the hybrid PSO-AMLS-
based method is a promising method for data fitting,
which can be applied to other calibration of instruments

with success.
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