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Nonlinear atmospheric correction based on neural network for

infrared target radiometry
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Abstract: Infrared radiometry technology is an important means to characterize the infrared signature of targets,
and atmospheric correction is a requisite step to obtain the real radiance of targets. A nonlinear atmospheric
correction (NLAC) method was proposed to improve the infrared radiometric accuracy for long distance targets in
this paper. This method used near-range standard reference source measurement (NRSRM) to calculate the actual
atmospheric transmittance and path radiation simultaneously at different locations in a real-time environment.
And the theoretical atmospheric transmission and path radiation under the corresponding conditions could be
obtained from the atmospheric radiation transmission software as well. Neural network technology was applied to
fit the non-linear relationship between them. Thus, the atmospheric transmittance and path radiation over long
distances could be predicted to achieve atmospheric correction. Simpler linear atmospheric correction (LAC) and
linear enhancement atmospheric correction (LEAC) were also carried out for comparison. The experimental
results indicate that the infrared radiometric average error of the proposed method is 6.45%, which is much lower
than that of the conventional method, LAC and LEAC that are 16.17%, 11.27% and 7.44%, respectively.
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0 Introduction

With the development of infrared detectors and
radiometry technology, IR radiometric systems have
gradually become active!'. Infrared radiometry based on
image grayscale is an indirect method™?. For a target with
a certain distance in space, the transmitted infrared
radiation of the target is attenuated, due to the absorption
and scattering of water vapor, carbon dioxide, aerosol and
other components in the atmosphere®. The atmospheric
transmittance is brought forward to describe this process.
The radiation emitted by various components of the
atmosphere is superimposed on the target radiation and
transfer into the measurement system, and this process
can be described as the atmospheric path radiation as
well*!. For high-precision radiometry, these two factors
mentioned above should be considered as important
influences affecting the measurement accuracy. Existing
measurement methods of the atmospheric transmittance
include software calculation, theoretical numerical
calculation and standard reference source measurement,
etc. The software calculation is a widely used approach by
inputting relevant atmospheric environmental parameters.
The atmospheric transmittance is simply and expediently
obtained from the atmospheric radiation transfer software.
It is the most direct way but the real-time measurement
error is relatively mediocre even more than 20%
sometimes. With known parameters, such as atmospheric
component content and spectral line intensity, numerical
calculation with use of radiation transfer model is the
most accurate method, such as line-by-line integration
method®. However, the large amount of calculation and
time-consuming are not suitable for practical application.
Near-range standard reference source measurement
(NRsrM) is the calculation of atmospheric transmittance

using a standard reference target known for temperature

or infrared radiance with a measurement precision of

AP W %
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5%l However, the measurement range of this method is
extremely limited so that it is only suitable for close range
measurement, and the reference source cannot be placed
near the target in practical application.

The real-time measurement method based on NRsrM
is relatively simple, and meets the accuracy requirements
in practical application. The transmittance and path
radiation obtained from the atmospheric radiation transfer
software according to historical data are also well-
founded. Therefore, a nonlinear atmospheric correction
(NLAC) method based on NRsrM and software
calculation is proposed to achieve measuring the
atmospheric  transmittance and  path  radiation
simultaneously in this paper. The main advantage of this
method is that it can realize infrared radiation
measurement of long distance targets using the nonlinear
fitting technology of neural network. Long-range
atmospheric transmittance and path radiation are corrected
by near-range measurement, thus it can improve the
accuracy of target radiation measurement compared to the
result obtained from the software. Linear atmospheric
correction (LAC) method and linear enhancement
atmospheric correction (LEAC) are compared with the
method presented as well in this paper, the accuracy of

infrared radiation measurement is improved obviously

based on the analysis of the experimental data.
1 Infrared radiometric principle

The target infrared radiation process is shown in Fig. 1.
The sources of radiation energy received by infrared
system include target radiation attenuated through
atmosphere, target reflection radiation to surrounding
environment attenuated through atmosphere, also called
equivalent background radiation, and atmospheric self-

[7- 8]

radiation between optical system and target'” *. For an

opaque target, the infrared radiance entering infrared
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system can be described as following formula:

Lt,atm =Tam"€" L(Tt) + Tam * (1 - 8) : L(Te) + Lpath (1)

where 7,, is the atmospheric transmission, & is the
measured target emissivity, L, ., is the infrared radiance
entering infrared system, L(7,) stands for the radiative
contribution from the target, L(7,) stands for the radiative
contribution from the surrounding environment, and L,
stands for the atmospheric self-radiation between the

infrared system and the target.

Environmental radiation L (T,)
Infrared focal Input pupil

lane arrays
- Sied g (16) L(T))
Lpatn Atmosphere
Talm-L(Tl) Lpath' Tatm &-L(Ty)

(L-2)-L(Te)

Fig.l Schematic diagram of radiative transfer process in the atmosphere

The radiation flux received by a detector element
through the optical system is

T Topt

¢z,i, i 4

D 2
(?) ' Ad : Lf,a[m = kz . Lt,atm (2)

where 7, is the transmittance of the optical system, D is
the diameter of the optical system, f is the focal length,
Ay 1s sensitive area of a detector eclement, hence
k.= (m-Top/4)(D/f)*-Aq is constant for a given infrared
system.

When the infrared radiation measurement system
imagines a target at a certain distance, the gray image
can be obtained from the electrical signal converted
from the infrared radiation. Infrared systems, in many
applications, are operated in a range of radiance within
which detectors exhibit linear input -—output
characteristics. The output gray value [digital number
(DN)] at a preselected integration time is given by the
approximate linear relation:

Gij=ki; D, +Bi;=K;;"Liym+B:; 3)
where G, is the gray value of the (i, j)th detector in the
array, K;;=k;;-k, is the incident radiance response of
infrared measurement system, B, ; is the offset, originating

from the stray radiation that strike the detector element,

and internal factors of the detector, such as dark current.

The following formula can be written according to Eq. (1)

and (3):

G,;=K;- [Tam & L(T) + T - (1 —&) - L(T,) + Lpath] + ?i,j
4)

Theinverted radiance of the target obtained from Eq. (4)
can be described as follows:

Gij—Bi;—Kij Lyan — Kij- Tam - (1 — &) - L(T)

LTy = K i -Tym-€
i,j " Vatm*

)
where K; ;and B; ;can be accurately measured by the near-
extend-source method for calibration at a preselected
integration time® '”. The geometric model of calibration
is illustrated in Fig. 2. If the measured target emissivity &
is known in advance, and the equivalent background
radiation L(7,) can be measured as well, the target
radiation can be calculated from Eq. (5) by collecting the
target imageG;;

and measuring the atmospheric

transmissiont,,, and path radiationL,.

Extended area
blackbody

Infrared focal Input pupil

plane ar

Fig.2 Schematic diagram of radiometric calibration using extended area

blackbody
2 Atmospheric correction principle

It is known from the measurement principle that the
accuracy of the atmospheric transmittance and path
radiation play an extremely crucial role in infrared
radiometry compared to other parameters, such as the
response and offset, which are determined by a given
infrared measurement system. In the conventional
radiometric method, the atmospheric transmittance and
path radiation are calculated by atmospheric radiation
transfer software. However, the error of this method is not
able to meet the application requirements. Atmospheric
correction method for the atmospheric transmittance and

path radiation is desirable to improve the infrared
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radiometric accuracy.
2.1 Measurement of atmospheric transmittance and
path radiation by NRsrM
Figure 3 shows the schematic of an experimental
setup for NRsrM. An ideal blackbody whose emissivity is
close to 1 as a standard reference source is placed at a
distance of /, from the infrared imaging system. Infrared
images of the ideal blackbody can be captured at
temperatures of 7, andT), , respectively. Ignoring the index
of the detector element above, the gray value of the ideal
blackbody can be described as follows simplified from
Eq. (4).

Infrared detector

Blackbody

Atmosphere

| lo g

Image Controller [s-

processing

Fig.3 Schematic diagram of the infrared radiation measurement

G, = K [tums, - L(T)) + Ly, | + B ©)
Gh =K- [Talm,lo ! L(Th) + LthJ”] +B (7)

where G, and G, are the gray value of the ideal blackbody
at temperatures of 7, and T, respectively, K and B are the
response and offset of infrared measurement system, Ty,
and L., denote the atmospheric transmittance and path
radiation between the measured blackbody and the
infrared system, respectively, L(7T;) and L(T},) denote the
in-band radiance of the ideal blackbody at the same
absolute temperature 7; and T, respectively, which can
be calculated by Planck’s formula integral. The actual
atmospheric transmittance and path radiation can be
calculated at the distancel, from Eq. (6) and Eq. (7).
G,-G,

amly = 5 17 o~ 7 8
Tamdo = LT, — L(T)] ®

. _LT):(Gi-B)-LT)(G,~B)
o = K -[L(T)) - L(T)]

®

2.2 Measurement of atmospheric transmittance by
LAC

MODTRAN (moderate resolution atmospheric

transmission) is a commercial atmospheric radiative
transfer model developed by the U.S. Air Force!'!. The
theoretical atmospheric transmittance and path radiation at
the distance [, calculated by MODTRAN4.0 are 7/

atm,ly
andL’

rany, under the standard atmospheric model. Due to

the different nature of atmospheric transmittance and path
radiation, linear correction of atmospheric transmittance
and path radiation, at the same time, has opposite effect
on infrared radiation measurement results of targets.
Previous experiments have proved that it is even more
important to improve the measurement accuracy of
atmospheric transmittance when measuring long distant

targets. Therefore, LAC factor can be obtained as follows:

Tatm,lo
CramLAC = (10)
atm,/y

According to the quantitative relation of distance,
LEAC factor can be obtained"'*:

log,(1/1p)+0.5
Cratm LEAC = 099[ o8 (U/ho)+03] X Cratm,LAC (1 l)

For any distance [/, the theoretical atmospheric

transmittance and path radiation obtained from
MODTRAN are 7., andLl, , respectively. The

corrective atmospheric transmittance can be calculated at

the distance [ by LAC factor or LEAC factor:

/

Tatm,/ = Cratm,LAC * Tatm,l (12)
J

Tatm,] = Cram LEAC * Tyimy (13)

2.3 Measurement of atmospheric transmittance and

path radiation by NLAC of neural network

The neural network is a gradient descent back-
propagation algorithm, which permits the solution of
regression problems by estimating a transfer function
from a set of known situations. It constitutes the priori
information which is necessary for solution of the
problem!"!. The database that is used to train the network
is built from the measured atmospheric transmittance and
path radiation related to the radiation transfer model of
MODTRAN4.0. In other words, the input layer is the
theoretical atmospheric transmittance and path radiation
MODTRAN4.0 at

obtained from different

distances(l;,1,,15...). And the output layer is the measured
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atmospheric transmittance and path radiation calculated be fitted as
by NRsrM at the corresponding distances. A three-layer G =268.9876 x L(T)+3194.2214 (14)

neural network structure is established as shown in Fig. 4.

Hidden
layer

Input
layer

Output
layer

Theoretical
atmospheric
transmittance

Measured
atmospheric
transmittance

Theoretical
path radiation

Measured
path radiation

Fig.4 Illustration of the neural network

For atmospheric transmittance and path radiation at
arbitrary distances/, the constructed neural network can be
used to predict the network output values by inputting

theoretical values.
3 Experiments and discussions

To verify the feasibility of this method, experiments
were performed with a long-wave infrared (LWIR)
camera of forward looking infrared (FLIR) systems. The
infrared detector operates in the 7.7-9.3 um waveband,
and it is composed of 320 pixelx256 pixel with a 14-bit
digital output. The extended area blackbody selected as
the reference source has a 100 mmx100 mm size and
exhibits high effective emissivity (0.97 in the 7.7-9.3 um
waveband). Its temperature accuracy is 0.01 C over an
operating temperature range of 0-125 °C.

3.1 Calibration of infrared measurement system

The experimental setup used for radiometric
calibration based on the calibration principle shown in
Fig. 2 is sketched in Fig. 5. The relationship between
the gray value and the radiation brightness of the
blackbody shows a linear characteristic, when the
integration time of the infrared system is constant, as
described above. Corresponding radiance can be
calculated by Planck ’s formula integral as the
temperatures of the blackbody are set from 35 °C to
65 °C with an interval of 5 °C. The gray value of the
blackbody can be obtained from infrared imaging system.

The result is shown in Fig. 6. The calibration equation can

It can be known that the responseKof infrared

1

measurement system is 268.987 6 DN/W-m™-sr™! and

the offset B of infrared measurement system is 3194.2214

DN.

Infrared detector Blackbody

1 Controller

Fig.5 Experimental setup for calibration

Image
processing

11000} __ calculated gray value
10500 - O Measured gray value
Z 10000
3]
S 9500}
©
>
& 9000 F . .
o & ol & /
8500 | E B .
8 000 |+ ol
16 18 2(? 22 24 7726 7128 30
7500 L L ' N Radiance/W-m?,Sr
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Radiance/W-m=2.sr*

Fig.6 Result of calibration

3.2 LAC and NLAC

In the conventional radiometric method, the
atmospheric transmittance and path radiation are
calculated by MODTRAN4.0. During the experiment, the
ground average temperature is about 10 °C; the pressure is
about 1 021 kPa ; the relative humidity is about 20%; the
angle of pitch is 0°; the altitude is 210 m and the visibility
is about 9.7 km. The theoretical average atmospheric
transmittance and path radiation in waveband 7.7-9.3 um
at the distance of 10 m to 100 m with the interval of 10 m
are shown by the black line in Fig. 7, which are obtained
from MODTRAN4.0 using the above measured
parameters.

In order to obtain the LAC factor and LEAC factor,
NRsrM is carried out to calculate the actual atmospheric

transmittance and path radiation. The blackbody as a
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standard reference source is placed at a distance of [;=10 m
from the infrared system. The gray value G, and G, of the
black body infrared image are 9149 DN and 10132 DN at
the temperature of 50 °C and 60 °C, respectively. Thus,
the actual atmospheric transmittance and path
radiation at the distance of 10 m can be calculated

from Eq.(8)—(9) and Planck’s formula as follows.

1.00
(@)
0.95+
0.90
£
= 0.85
—=+— MODTRAN
——LAC
0801 ., NRSRM
LEAC
0.75F+ —e—NLAC
0 20 40 60 80 100
Distance/m
(b)

3.2} —=—MODTRAN
—e— NRSRM
241 —*—NLAC

L e/ W-m™2-s171
-
(2]
T

0.8

e

0 1 1 1 1 1
0 20 40 60 80 100

Distance/m

Fig.7 Atmospheric correction result at different distances. (a)
Atmospheric transmittance at different distances; (b) path

radiation at different distances

Tamy, = 0.9353 (15)

Louns, =0.8633 W-m™-sr”' (16)

The theoretical atmospheric transmittance is 0.989 8

at the distance of 10 m obtained from MODTRAN4.0.
Thus, the LAC factor calculated from Eq.(10) is
CTaumrac=0.944 9. According to the LAC factor, the
corrected atmospheric transmittance at each distance can
be calculated from Eq.(12), shown by the green line in
Fig. 7(a). The LEAC factor can be calculated from

Eq.(11) and the corrected atmospheric transmittance can

be calculated from Eq.(13), shown by the orange line in
Fig.7(a).

In order to achieve NLAC, multiple sets of
experiments are carried out at the distance of 10 to 100 m
with an interval of 10 m, which adopt the NRsrM. The
measured atmospheric transmittance and path radiation at
each distance can be calculated from Eq.(8) and (9),
shown by the blue line in Fig.7. Interpolation method is
used to process 10 sets of measured data into 19 sets,
which are distributed between 10 m and 100 m with the
interval of 5 m. The database contained theoretical data at
corresponding distances obtained from MODTRAN4.0 as
an input layer and 19 sets of measured data as an output
layer are used to train the network with the use of the
constructed neural network in Fig.4. The network output
value of the atmospheric transmittance and path radiation
at each distance after training are shown by the red line in
Fig.7.

3.3 Radiometry of an infrared target

In order to verify the improvement of infrared
radiation measurement accuracy, images of the blackbody
as an infrared target are collected at the distance of 130 m
as shown in Fig.8. The theoretical atmospheric
transmittance and path radiation obtained from
MODTRAN4.0 are 09188 and 0.8121 W-m™2-sr’l,
respectively. The corrected atmospheric transmittance
calculated by the LAC factor and LEAC factor are
0.868 1 and 0.8322, respectively. The atmospheric
transmittance and the path radiation predicted by NLAC
of the constructed neural network are 0.694 7 and 3.917 2
W -m™2-sr7!, respectively. The temperatures of the target
are from 40 °C to 80 °C with the interval of 10 “C. The
inversion results of radiation measurements calculated
from Eq.(5) at different temperatures are shown in Fig.9.

As can be seen from the error curve, the errors of
LAC and LEAC are smaller than MODTRAN, and the
error trend is the same. The reason for this result is that
they only make a simple linear correction for atmospheric
transmittance. NLAC method modifies atmospheric
and path radiation by

transmittance near-rang
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Fig.8 Infrared target image at the distance of 130 m
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Fig.9 Radiometric result. (a) Inversion of radiation brightness result
with the use of different methods; (b) Radiometric error with the

use of different methods

measurement. Its error is relatively stable and the error
size is mainly determined by the neural network
algorithm. At 40 °C, the error of LEAC is less than
NLAC. The reason is that the relative error of 40 C is
less affected by the uncorrected path radiation, and it
would be better just to correct the transmittance. NLAC
method introduces the error of the path radiation
correction. When the temperature is higher than 40 °C, the
influence of uncorrected path radiation gradually
increases and the advantages of NLAC method are

reflected. The maximum error and the average error of

MODTRAN4.0, LAC, LEAC and NLAC are all listed in
Tab. 1. The method of NLAC shows both lowest
maximum error and average error. In summary, the
method proposed in this paper, yielding high accuracy of

radiometry, is valid for the infrared measurement system.

Tab.1 Radiometric error of different methods

Error MODTRAN4.0 LAC LEAC NLAC
Maximum error 19.32% 14.61% 10.92% 6.87%
Average error 16.17% 11.27% 7.44% 6.45%

4 Conclusions

This paper presents a method to improve the infrared
radiometric accuracy based on atmospheric correction.
Compared with the conventional radiometric method,
near-range atmospheric transmittance and path radiation
can be calculated simultaneously by NRsrM. Using
NLAC of neural network technology, long-range
atmospheric transmittance and path radiation are
relatively accurately predicted through the nonlinear
relationship between theoretical data obtained from
MODTRAN4.0 and actual data calculated by NRsrM.
Therefore, atmospheric correction is achieved to improve
the infrared radiometric  accuracy. Preliminary
experiments have shown that the infrared radiometric
average errors of the conventional method, LAC, LEAC
and the proposed NLAC method are 16.17%, 11.27%,
7.44% and 6.45%, respectively. The infrared radiometric
accuracy of LAC (or LEAC) method is improved
compared with the conventional software calculation
method. And it requires only a set of near-range
measurement parameters by NRsrM, which is simple and
easy to be obtained. Through NLAC of neural network,
multiple sets of actual measurement results are needed.
The process of atmosphere correction is more complicated

before the target measurement, but the infrared

radiometric accuracy can be further improved.
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