ISSN 2409-9066. Sci. innov. 2015, 11(6): 15—23

doi: http://dx.doi.org/10.15407 /scine11.06.015

Lyalko', V.I., Popov', M.A.,
Stankevich', S.A., Shklyar', S.V., Podorvan', V.N.,
Likholit?, N.I., Tiagur?, V.M., and Dobrovolska?, C.V.

' R&D Center for Aerospace Research of the Earth, the NAS of Ukraine, Kyiv
2 ARSENAL SDP SE, State Space Agency of Ukraine, Kyiv

PHYSICAL SIMULATOR OF INFRARED SPECTRORADIOMETER
WITH ENHANCED SPATIAL RESOLUTION USING SUBPIXEL
IMAGE REGISTRATION AND PROCESSING

The mathematical and physical models of new frame IR spectroradiometer based on microbolometer detector array with
subpixel image registration have been presented. The radiometer is planned to be incorporated into the onboard
instrumentation of Sich satellite system for obtaining the earth surface physical parameters from the data of aerospace IR

survey with enhanced spatial resolution.
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Aerospace survey in the visible and the IR
bands is an important tool to address effectively
the following tasks: to search the minerals and
energy sources, to monitor the environmental si-
tuation and environmental pollution, to assess the
heat losses in urban and industrial areas, to moni-
tor the agricultural and forest plantations, to sur-
veil the emergency situation zones, to detect the
disguised objects and so on [1].

The majority of problems to be solved requires
the data on physical parameters of the observed ob-
jects and the earth's surface, such as temperature
and emissivity. Such information can be provided
only by survey within the far infrared (thermal)
range of 7—14 microns [2], but today the accuracy
of temperature and heat radiation coefficient de-
rived from the survey data does not always meet
the requirements and conditions of problem to be
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solved. Therefore, worldwide, the researchers are
working to improve means of infrared survey and
to develop effective algorithms for processing of
survey results and reconstruction of real values of
the aforementioned physical parameters [3].

The purpose of this study is to develop mathe-
matical and physical models for a new IR spectrora-
diometer based on microbolometer detector array
with sub-pixel image registration, which ensures de-
riving the physical characteristics of terrestrial ob-
jects from the space survey data in order to address
many problems of the Earth remote sensing (RS).

PHYSICAL PARAMETERS
OF THE EARTH SURFACE BASED
ON IR SURVEY

The remote measurement of physical parameters
of the terrestrial objects and the earth surface (tem-
perature and emissivity) is complicated by two fac-
tors. Firstly, in the case of real (not black) bodies,
these parameters are interdependent. Secondly, the
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calculated emissivity of the object depends on the
spectral range where IR radiation is recorded. Con-
sequently, in the case of multispectral IR imaging,
the number of unknown values in the equations of
radiation transfer always exceeds by one the num-
ber of equations in the system. Thus, the problem of
separation of temperature and spectral emissivity is
incorrect in the general case [4].

It should be noted that the Earth surface pa-
rameters are remotely measured as average we-
ighted by shares of different layers, provided the
layer is materially inhomogeneous within the pi-
xel of IR image. Therefore, emissivity differs for
different pixels, even if their values have been
measured for all types of layers. Hence, tempera-
ture T and emissivity € should be found for each
pixel of IR image separately.

The remote temperature control is based on
the Planck law of thermal radiation:

e(M) ¢, A7
LTy =eM) MM T) = ——F—~
exp eI
AT
where L(), T) is spectral density of earth’s sur-
face radiance; €()) is spectral coefficient of ther-
mal radiation; M(A, T) is spectral density of black
body radiance; ¢, = 2hc? = 1.191 x 10~ W x m?

(1)

h
and ¢, = 76 =1.439 x 102 m x K are the first

and the second constants of the Planck law; & =
=6.626 x 10* J x s is the Planck constant, ¢ =
=2.998 x 10% m/s is light speed in vacuum; & =
=1.381 x 1072 J /K is the Boltzmann constant; A
is wavelength of electromagnetic radiation [5].
Temperature can be derived from (1):
2
e(M) ¢
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Thermal radiation is governed by the Wien
displacement law

c
T=

2

3)

where A is wavelength corresponding to the
maximum spectral density of radiance (1); b =

= 2898 um x K — the Wien constant. For typical
temperature of the Earth’s surface T'= 25 °C the
maximum radiation is reported forA_  =9.72 pm,
i.e. for the far IR band.

The spectral density of radiance Li on the IR
sensor aperture in the i-th spectral channel in the
upper limit of atmosphere is described by integral
equation of radiation transfer:

X

L-¢r1 jM(x,T) S () d\ +

+ L1+ (1 —e)t L} (4)

where g, is emissivity in the i-th spectral channel;
7, is transmission coefficient of atmosphere in the
i-th spectral channel; S (1) is normalized spectral
sensitivity of the sensor in the i-th spectral chan-
nel; L and L} are spectral densities of radiance of
ascending and descending radiation in the i-th
spectral channel [6].

The main cause of atmosphere effect on the radia-
tion transfer in the far IR range is water vapors. In
addition, t, and L/, and, respectively, the recorded
radiance temperature depend on the angle of sensor
boresight. Hence, in order to determine the physi-
cal parameters of terrestrial surface on the basis of
IR survey it is necessary to take into consideration
the atmospheric, the angular, and the emission un-
certainties in the radiation transfer equation. Unlike
the first two factors that can be removed or reduced
with the help of additional orbital or surface sur-
veys, the uncertainty of spectral emissivity always
requires certain a priori assumptions [7].

All known methods for determining tempera-
ture and emissivity are divided into the two dif-
ferent groups: 7) the methods that use radiation
transfer models and 2) the methods that foresee
the separation of temperature and emissivity.
Both groups require knowledge of either emissiv-
ity of the surface or other parameters of the earth
surface that enable to estimate it. The first group
methods can be realized even for one spectral
band, while the second group requires, at least,
two different spectral ranges [8].

Since the studied array spectroradiometer is
planned to be incorporated into the onboard op-
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toelectronic instrumentation of Sich satellite sys-
tem together with survey instruments of multi-
spectral scanner operating in the visual and the
near IR bands [9], it is feasible to develop two in-
dependent models for determining temperature
and emissivity of the earth surface on the basis of
IR survey data: the first one is for the combined
application of IR spectroradiometer and survey
instruments of multispectral scanner and the sec-
ond one is for the separate use of IR spectroradi-
ometer. Both models require additional models to
make onboard calibration of IR spectroradiome-
ter and to take into consideration the atmosphe-
ric effect. Also, it is necessary to have a database
(spectral library) of spectral emissivity of typical
surface layers in the far IR band in order to ensure
information support of the models [10].

The most accurate and reliable method or de-
termination of emissivity is the one based on the
classification of surface layers and the use of re-
spective databases followed by recalculation of
radiance temperature of the surface measured by
IR radiometer into the thermodynamic tempera-
ture [11]. However, the creation and the valida-
tion of huge databases of emissivity and other pa-
rameters of surface layers even for a small terri-
tory are very resource and time intensive proc-
esses [12]. Therefore, the most suitable method is
the one based on Variable Atmospherically Re-
sistant Index (VARI) [13]:

e(M) =a+ bln VARI, (5)

pgrccn - prcd

where VARI =

; p are spectral
pgreen+ pgred_ pblue

reflection coefficients of terrestrial surface in the

respective ranges; a ~ 1.1011 and b ~ 0.0857 are

regression coefficients.

Using the IR spectroradiometer without the
data of multispectral survey in the visual and the
near bands (for example, at night) the temperature
and emissivity separation problem can be solved
by joint processing of IR images recorded in sev-
eral spectral bands at the same time. Insofar as the
designed IR spectroradiometer is expected to be

ISSN 2409-9066. Sci. innov. 2015, 11(6)

equipped with 3—5 separate spectral channels [14],
it is feasible to use the TES (Temperature and
Emission Separation) method, as the most advan-
ced one [16], for processing the survey data [15].

The TES algorithm combines three groups of
operations:

7) Normalization of emissivity in different spect-
ral channels

B.= (6)

€ i
J
where B, is normalized emissivity in the i-th spec-
tral channel;
2) Calculation of MMD (Minimum Maximum
Difference): AB, .. = max B, — min B.;

max

3) determination of absolute value of minimum
emissivity & . proceeding from empirical depen-
dence

g . ~a+tb(AB, Y, (7)

min

where a, b and r are the coefficients of indicative
regression to be obtain from experiments for each
multispectral IR radiometer separately [17].

Having obtained & . one can calculate the ab-
solute values of emissivity from (6):

€

np.

With the help of (6)—(8), the temperature and
emissivity separation has been made. Now, tem-
perature can be easily calculated by the Planck
formula (2).

CALIBRATION
OF IR SPECTRORADIOMETER

The calibration of IR spectroradiometer means
the determination of coefficients for recalculat-
ing the digital values DN of output image signal
level into the absolute physical value, spectral
density of radiance L on the sensor aperture meas-
ured in W/(m? x pm x sr). An important require-
ment for the calibration of spectroradiometer is
linearity [18]. The linear calibration parameter
can be described by the following dependence be-
tween input DN and output L [19]:
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L=bDN+a, 9)

where b and a are calibration coefficients of en-
hancement and shift.

For getting more accurate calibration coeffici-
ents during the flight, the satellite IR spectroradi-
ometer is provided with a special calibration device
incorporated into the far IR metallic emission ele-
ment equipped with electric heating system with
precision embedded thermometer [20]. The on-
board calibration subsystem enables obtaining IR
images of emission element in the whole radiometer
view at known physical temperature of emitter, at
closed input aperture. Having several, at least, 3
measurements at different temperature of the emit-
ter, one can solve the uncertainty of calibration co-
efficients and emissivity of the emitter.

Hence, onboard calibration of IR spectroradi-
ometer is based on a set of, at least, three meas-
urements of emitter physical temperature, re-
spective readings of spectral density of radiance L
and DN. Insofar as direct onboard record of L is
too complicated or impossible at all, it is calcu-
lated by formula (4), for which information on
relative spectral sensitivity of the sensor in oper-
ating spectral range S()).is required.

The calibration algorithm foresees two stages:
firstly, to determine emissivity of the calibrating
emitter from the equation (1):

QL 0

T ma,Ty (19)
where M(A, T) is the Planck spectral density of
black body radiance; Q is solid angle within which
radiation spreads. This angle depends on the inner
geometry of calibrating device; secondly, referring
to the known values of L and DN, the calibration
coefficients @ and b in the equation system (9) are
reproduced using the least square method [21].

IMPROVEMENT
OF SPATIAL RESOLUTION OF IR IMAGES

Currently, the spatial resolution of far IR micro-
bolometric spectroradiometers depends mainly on
technological limitations of photo receiving arrays
and is not sufficient. Nowadays, all over the world,

the researchers are carrying out studies for devel-
oping techniques of sub-pixel digital imaging,
which can ensure raising the spatial resolution of
survey instruments without affecting the proper-
ties of photo receiving array [22]. The sub-pixel
imaging significantly softens requirements for the
number of photo detectors of multi-element photo
receiver due to an increase in the time of record
and a certain complication of the survey instru-
ment design. The critical parameter is time per for-
mation of image that is limited by requirement for
uninterrupted imaging in the case of moving car-
rier of survey instruments, on the one hand, and by
frequency of image formation and reading by the
array photo receiver, on the other hand [23].

The proposed physical simulator of IR spectro-
radiometer enables enhancing the spatial resolu-
tion through restoration of resulting image on
the basis of two images of lower spatial resolution
displaced with respect to each other. The dis-
placement is assumed to be the translational one,
by non-integer number of pixels [24]. The Gauss
regularization method based on transformation
in sliding window has been implemented. For re-
ducing the image noises the iterative image re-
construction method was used [25]. The method
is based on the serial regularization of restored
image and the removal of discrepancies and er-
rors resulting from the substitution of restored
image with simultaneous noise attenuation using
the median filtration at the stage of decreasing
the resolution of restored image [26].

The algorithm for processing the input images
with low resolution enables the superposition of
fragments of input images and their alignment,
the calculation of auto-covariance matrixes and
operators of window processing, and the above
mentioned iterative regularization.

PRACTICAL REALIZATION
OF THE PHYSICAL SIMULATOR

The testing and adjustment of engineering so-
lutions with respect to design and functionality
of IR array spectroradiometer were made using a
physical simulator developed by researchers of
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Arsenal corporation (Fig. 1 a, b). The simulator
contains a microbolometric photo receiver, an IR
lens, a splitter based on the system of IR filters
enabling to create 3—5 operating spectral bands of
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spectroradiometer, as well as all necessary proces-
sing and service electronic devices [27]. The phy-
sical simulator was tested at a special stand desig-
ned at the Arsenal design office using the 4-groove
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Fig. 2. Graphic interface (a) of software for sub-pixel pro-

cessing of IR images and fragments of the input digital ima-

ges having a poor resolution (b) with test patterns and the
output digital image with enhanced resolution (c)

IR Foucault patterns with different spatial frequ-
ency and IR contrast as test images, a mirror optic
collimator, and a precision positioning table.

The simulator was based on OEM-product of un-
cooled far IR microbolometric chamber of Tau seri-
es (http://wwwilir.com/cores/display/?id=51981)
manufactured by FLIR Systems, Inc. The schemes
of digital interface and photo receiver are showed
in Figs. 1 ¢, d. The products of FLIR Systems are
widely used for aviation and specialized IR sys-
tems. The proposed physical simulator differs from
counterparts [28] by the option of sub-pixel pro-
cessing of digital IR images, which potentially is
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able to improve the resolution. The onboard sub-
pixel IR imaging is done due to the special engi-
neering solution [29] constituting a part of gene-
ral technology proposed.

The sub-pixel processing of input series of IR
images has been realized with the help of software
developed by researchers of the R&D Center for
Aerospace Research of the Earth under the Insti-
tute of Geologic Science of the NAS of Ukraine.
The software enables obtaining IR images with
enhanced resolution in a quick and easy manner.
It has a modular architecture and advanced mul-
ti-window user interface (Fig. 2). It supports wi-
despread formats of digital images. The software
structure includes 10 separate computational mo-
dules [30].

RESULTS AND DISCUSSION

The proposed physical simulator of IR spectro-
radiometer was tested through obtaining several
series of test IR images with different spectral
bands, temperature, composition of optic pat-
terns, and other parameters, processing and eva-
luating the spatial resolution, the IR contrast
enabling reliable detection of test objects, the ca-
libration coefficients, and the accuracy of resto-
ration of temperature and emissivity.

During the tests, the following parameters have
been assessed: enhancement of spatial resolution
due to sub-pixel processing, minimum detectable
temperature difference (MDTD), and minimum
resolvable temperature difference (MRTD).

The statistical analysis of spatial resolution 7*
by test images of IR patterns is based on calculat-
ing the significance of difference of respective ar-
eas of digital image [31]:

. 1 _ ac

r=— =

i | Ax |

where v is threshold spatial frequency of image
at which the object is recognized with sufficient
prescribed probability P; a is size of photo de-
tector of multi-element photo receiver; o is total
mean square deviation of noises in the image; Ax
is difference of mean signal values in images of
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grooves and periods of the pattern; M(x) is the
Laplace function [32].

The statistical analysis shows that the spatial
resolution of physical simulator increases, at least,
1.66 times with 95% confidence, while MRTD
grows 1.41 times, at average [33].

The accuracy of temperature and emissivity de-
termined on the basis of IR survey data depends on
many factors, in particular, on the errors caused by
inaccurate definition of types of surface layers, the
estimation of atmospheric parameters, as well as
on the methods and computational algorithms. The
majority of these uncertainties cannot be solved re-
liably. However, the accuracy of radiometer is de-
termined mainly by the errors of calibration and
can be estimated theoretically by propagating the
errors through the computing lane of the determi-
nation of earth surface physical parameters.

The analytical solution of error propagation in
the radiation transfer equations (1) — (4) for es-
timating the accuracy of earth surface tempera-
ture is complicated, therefore the statistic mod-
elling by the Monte Carlo method has been used.
The mean square deviations of temperature caused
by the calibration errors of spectroradiometer phy-
sical simulator range within 0.08—0.37 K. Emissi-
vity was accurately determined using the TES al-
gorithm whose ratios (6) — (8) make possible to
get an analytical solution with respect to the er-
rors [34]. The calculated errors of emissivity vary
from 0.005 to 0.02.

CONCLUSIONS AND PROPOSALS

Hence, during the project implementation, a
physical simulator of frame IR spectroradiome-
ter based on microbolometric detector array with
sub-pixel imaging has been designed and studied.
The device enables obtaining numerical physical
parameters of earth surface objects on the basis
of space survey data, with the use of satellite IR
spectroradiometer in order to address problems
of the Earth remote sensing (RS).

Among the project deliverables, there are a ma-
thematical model and algorithms for determining
thermodynamic temperature and zonal emissivity,
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algorithms and software for sub-pixel processing
of IR images, and a panel for testing the physical
simulator of IR spectroradiometer with enhanced
spatial resolution. The developed simulator of IR
spectroradiometer has been tested.

The implementation of project results will en-
able enhancing 1.4—1.8 times the spatial resolu-
tion of IR imaging due to sub-pixel processing,
without any substantial complication of design.

The designed physical simulator has confirmed
the possibility of creating a satellite array IR spec-
troradiometer with parameters that match the best
world counterparts.

The project has created technological opportu-
nities for implementing software and engineering
solutions to be used for the design of first Ukrai-
nian satellite IR spectroradiometer. As of today,
the project results have been implemented at the
Arsenal’s design office when developing and ma-
nufacturing an operating sample of array camera
for RS system within the scope of assignments spe-
cified by target R&D space program of Ukraine
for 2013-2017.

The further studies should be aimed at improv-
ing the models and algorithms for the determina-
tion of physical parameters of the earth surface on
the basis of IR survey data in order to better the
accuracy of temperature and emissivity measure-
ments; at developing new methods and schemes for
the sub-pixel imaging and restoration of IR images
in order to enhance their spatial resolution and to
improve MRTD; and at creating a prototype of sa-
tellite IR spectroradiometer having an enhanced
spatial resolution with the help of sub-pixel image
processing. The test bench for studying the physi-
cal simulator of spectroradiometer should be up-
graded in order to ensure additional tests of cali-
bration methods related to temperature and emis-
sivity measurements under realistic conditions

The research was made within the framework of
innovative R&D project of the Target Comprehen-
sive Space Research Program of the NAS of Ukraine
Jfor 2012—2016, under financial support of the NAS
of Ukraine (Resolution of the Presidium of the NAS
of Ukraine no. 142 of 05.03.2014, grant no.13).
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C.B. lllxaap’, B.M. Hodopsan, M.I. Jluxonim?,
B.M. Tazyp?, K.B. /lo6posonvcvka’

! HaykoBuit 1eHTp a6pOKOCMITHUX TOCTIIFKEHD
3emui ITH HAH Ykpainu, Kuis
2 KaseHHe MiAIPHEMCTBO CIEIaIbHOTO TIPHIIA00Y Ty BAHHST
«Apcenamn» J[IKA Yipainu, Kuis

OISNYHA MO/JIEJIb IHOPAHEPBOHOTO
CIHHEKTPOPAAIOMETPA 3 ITIIABUINEHHAM
MMPOCTOPOBOT PO3PISHEHHOCTI
3A JIOITOMOTOIO CYBIIKCEJIbHOT OBPOBKU
3OBPAJKEHD

Hageneno marematnyuny Ta (ismaHy MOzesTi HOBOTO KaJpo-
BOTO iH(PAYEPBOHOIO CIIEKTPOPaiOMeTpa Ha OCHOBI MiKpOOO-
JIOMETPUYHOTO MATPUYHOTO MpUiiMaya i3 CyOIiKCeTbHOIO pee-
crparti€io 306pakenb. CIleKTpOpaioMeTp IUIAHYETHCST BKITIOYH-
TH JI0 CKJIAYy G0PTOBOTO OOJIAHAHHS TIEPCIIEKTHBHOI CYITy THH-
KoBoi cuctemu «Cius 77151 oftepsRaHHs (Pi3MIHIX XapaKTePUCTHK
00'eKTiB 3eMHOI TIOBEPXHI 3a MaTepiazamu iH(ppayepBOHOI KOC-
MiUHOI 3HOMKWY 3 TIiIBUIIIEHHSIM ITPOCTOPOBOI PO3Pi3HEHHOCT.

Knwuosi crosa: inppauepBona KocMiuHa 3i0MKa, Kajl-
POBUI MIKPOGOJOMETPUYHUI CHIEKTPOPALMOMETP, CYOTIiK-
celbHa peecTpalis 300paKeHb, MiABUIEHHS TPOCTOPOBOI
PO3Pi3HEHHOCTI.

B.1. JIanvxo!, M.A. ITonog’,
C.A. Cmanxesuu’, C.B. IlIxasp’, B.H. [lodopsan’,
H.U. Jluxonum?, B.M. Tazyp?, E.B. /lo6posoivcras’

! HayuHblii 1IeHTp a9POKOCMUYECKIX UCCTETOBAHUTT
3emsin UTH HAH Yxpaunbt, Kues
2 KazéHHoe NpepusTie CIelraibHOro IpuOOPOCTPOEHIS
«Apcenan» 'KA Ykpannbr, Kues

DOU3NYECKAS MOJIEJIb UH®PAKPACHOTO
CHEKTPOPAJINMOMETPA C [IOBBILIEHUEM
[IPOCTPAHCTBEHHOTO PA3PEIIEHUS
[IPU IIOMOIIM CYBIMKCEJIBHOM OBPABOTKI
N30LPAKEHU

[TpescraBiensr MateMaTudeckass v (husndeckas MOJETN
HOBOTO KaJIpOBOrO MH(PAKPACHOTO CHEKTPOPAJAMOMETPA Ha
OCHOBE MUKPOOOTIOMETPUIECKOTO MATPIIHOTO MTPUEMHIKA C
cyOnmKcenbHON perucrpanueiil nsobpaxkennii. Criexrpopa-
JIMOMETP MJIAHUPYETCsI BKIIOYUTh B COCTaB GOPTOBOrO 000py-
JIOBAHUS TIEPCTIEKTUBHON CIIYTHUKOBON crucTeMbl «Ciuy /i1t
nosyyeHus: (PUBMYECKUX XapaKTEPUCTUK OOBEKTOB 3eMHOMN
MOBEPXHOCTH 0 MaTeprajaM WH(MPAKPACHON KOCMUYECKON
CHEMKH C MOBBIIIIEHUEM ITPOCTPAHCTBEHHOTO Pa3pelieHusi.

Knuesvie cnosa: nndpakpacHas KOCMUYECKast ChEM-
Ka, CyOIMKCeIbHAsT PErUCTPaIUst M300PasKeHUil, Ka[POBbII
MHUKPOGOJOMETPUUECKUN CIIEKTPOPAJUOMETD, OBBIIIEHITE
IIPOCTPAHCTBEHHOTO Pa3pereHus.
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