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The reduction or elimination of uncertainties is one of the main tasks in the analysis of remote sensing
data. For this purpose, the upscaling and downscaling of spectroradiometric data operations are widely
used. The downscaling operation is particularly used to validate medium resolution spectroradiometer data.
The onboard measurement validation data is a complex task and it includes the solution of such important
subtasks as (a) selection of the test site type; (b) determining the site size; (c) determining the sampling
order. At the same time, after carrying out selective measurements, the question of scaling up (upscaling
or generalization) of the obtained ground data arises, its purpose is to carry out validation of satellite data
with low spatial resolution. Solving the problem of remote sensing data validation, terrestrial test sites are
often used, their heterogeneity must always be taken into account. This problem is usually solved by applying
special weighting coefficients and performing temporary periodic measurements, then using the regularization
procedure for the averaged results of iterative calculations. In the absence of temporary changes, the need
for regularization is eliminated. In this case, as an alternative, the method of the ordered test section can
be proposed, it allows to determine the weight coefficients of the ground validation measurement results,
providing a minimum of the newly proposed quadrature cost function. To solve the problem of achieving
the proposed cost function minimum, the ordered subsections method as part of a single heterogeneous
test section is proposed, the measurements are carried out by a sensor mounted on a low-flying carrier.
The optimization problem is formulated to calculate the correction coefficients for the measurement results,
where the sum of the squares of difference between the corrected data and the known representative estimate
is minimized. The optimization problem is solved using a certain restrictive condition imposed on the sum

of the correction factors.
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Introduction

One of the most important operations in the
analysis and validation of small-scale sounding data
is rescaling or downscaling. The operation of reducing
small-scale terrain data by analyzing and processing
large-scale data (downscaling) is widely used in such
areas as climate change [1, 2], forestry [3], precipi-
tation [4], geoscience [5], etc. The process of remote
sensing data validation is essentially an operation to
assess the uncertainty of the onboard measurement
results. The inverse reduction operation, i.e. acqui-
sition of large-scale data by analysis and processing
of low-scale data (upscaling) is used in particular
for the validation of data from medium-resolution
spectroradiometers (MODIS, AQUA) using speciali-
zed test sites. The validation process is an important
component in the study of raw data from remote sensi-
ng of the Earth’s natural resources. The validation

of onboard measurement data is a complex task and
includes the solution of such important subtasks as
(a) selection of the test area type; (b) determining the
site size; (c) determining the procedure for conduct-
ing sampling measurements. At the same time, after
carrying out selective measurements, the question ari-
ses of scaling up (upscaling or generalization) of the
obtained ground-based data, its purpose is to vali-
date satellite data with low spatial resolution [6]. The
most important conditions in the implementation of
the procedures for such scaling of ground validation
data are measurements within a short time interval to
prevent the influence of changes in the studied indi-
cator on the validation result, as well as the availability
of high-resolution images of the terrain to create a
similar map of the studied indicator.

The problem of scaling ground validation data
should be solved taking into account such factors as
the heterogeneity of the properties of the test sites, as
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well as temporal changes occurred during the ground
measurements. To take into account the degree of
homogeneity of the test site, wireless sensor networks
are usually used and then weighting factors are applied
to determine a single scaled estimate of the measured
indicator to be compared with satellite measurement
data [7]. To scale the values of ground measurements,
the averaging method can be used with a small
heterogeneity of the test area [8]. To assess the degree
of site heterogeneity, it is useful to use maps with a
higher resolution in the presence of empirical functi-
ons that relate the radiometric signal to the results
of ground-based measurements [9, 10]. The issues of
using the wireless network for the validation of satellite
data are considered in [11-15]. At the same time, as
noted above, taking into account the heterogeneity of
the test area is also important carrying out one-time
network measurements. To solve this problem, in [7]
a two-stage process is proposed, which consists in (a)
determining the optimal weighting factors; (b) determi-
nation of the scaled value of the measured indicator of
terrestrial objects. In particular, work [7] is devoted
to the issue of determining the weight coefficients to
take into account data from heterogeneous test sites
and determining a representative estimate during the
validation of the LAI time series in a zone characterized
by heterogeneity of properties.

In contrast to 7], in our work we optimize the cost
functional at the selected time point by searching for
the normalizing function that depends on the value of
the argument itself. The article uses some theoretical
provisions that are available in [7]. We briefly review
the cost function used in [7].

1 Known method of using the
cost function in scale of ground
test data

According to [7], in the well-known cost function
method, the representative value of the measured indi-
cator A,¢p is calculated on the basis of spectral images
obtained from higher resolution spectroradiometers.

The weighted value of the measurement results on
heterogeneous measuring subsections in the amount of
N pieces is determined by the following formula:

Am,t = BT . Am,ta (]-)
where A, ; is the measured value A obtained by tak-
ing time measurements at N number of points and
multiplying the obtained results A,,: by weighting
coefficients 3; to take into account the heterogeneity
of the corresponding sections.

If we assume that temporal changes in the degree of
site heterogeneity are insignificant and the main factor
affecting the result of validation is spatial heterogenei-

ty, then the cost function is introduced follows
Am 1
oy i flAne)

where o is the r.m.s. Amm; « is the regularizati-
on parameter; ¢ means taking measurements at the
moment t;; M is the number of time points for
measurements.

According to [7], the problem of determining such
weight coefficients (;, where J — min can be solved
iteratively, by iteratively estimating the combined indi-
cator © = (a,0?). Next, we will show that for negli-
gibly small time changes, the problem of determining
the optimal weight coefficients 8 can be resolved at
any time point ¢; taking into account some additionally
introduced integral limiting condition in relation to
these coefficients, as well as the newly introduced cost
functional, which also contains the newly introduced
function of weight coefficients.

rep g

+af’p, (2)

2 Ordered test site method
for ground measurement,
data scale and airborne

measurement results validation

The suggested method is based on the following
assumptions:

1. Since the degree of heterogeneity of a site consi-
sting of sub-sites in the amount of N does not
change over time, then the weighting factors
introduced do not depend on the index i and are
considered as a function of measured quantities
A,,, i.e. there is a function

Bi = f(Am;); (3)

2. Since regularization through the introduction of
exponents © and « not carried out, i.e. « = 0,
and consider the fixed time moment ¢, then the
formula (2), i.e. the cost function is as follows

N 2
j= 3 P = ) A
=1

o2

j=T1,N.

(4

where A, is the known representative quantity
Ay, for the site, 032. is the rm.s. Ay¢p, j =1, N.

3. We assume that the indicator A,, ; is a variable

in an ordered way that takes the values
Apj=Amj—1+ AAn; AA, =const, (5)
wherein A,, ; varies within A, min = Am.maz-

4. We assume that the following restrictive conditi-
on is given

S s

Jj=1

= (C; C = const. (6)
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In the proposed method of ordered test area, the
accepted initial mathematical model of data scaling is
in the discrete case in the choice of such weight coeffi-
cients {$;}, j = 1, N; at which the sum (4) reaches a
minimum.

Thus, the weight coefficients are chosen depending
on the magnitude of the measurement data for the
reason that if we assume the same degree of noise in
the signals from the test subsections (i.e., with the same
amount of additive noise during measurements), then
logically the proportion of the test subsection with a
high signal-to-noise ratio should be higher than the
fraction of the low signal-to-noise ratio test subsection.

In a continuous expression, model (4) can be wri-
tten in the following form, the procedure for obtaining
which is explained below

JHz/Am'm [A””_f(Am)rdAm, (7)

o2

A'm,'m'in

where f(A,,) is the twice-differentiable continuous
function. As we can see from the expression (7) Jg
is the functional depending on the function f(A,,).

In this case, according to (6), the following notation
is possible:

Am.maz
/ f(Am)d(Am):Ch C=const.

Am.min

(8)

An explanatory mechanism for obtaining functional
(6). Functional (6) is obtained as follows. The sum (4)
is represented as

N
J:Z Zj(Arepu f(Am,j) : Am,j70')2.

Jj=1

(9)

Further, with the data on value Z; we build a
discrete dependency graph Z; from A,,;, which is
illustrated in Fig. 1.

Zj » a
A e,

>

An

1 2 3 4 s 6 7

Fig. 1. Conditional graphic illustration of the sum
components in expression (4). The dashed line shows
the piecewise linear envelope of points a;, i=(1,7)

If we multiply the left and right sides of (4) by the
value of the discrete AA,, we get

Jo=J-AA,, =
N
:Z Zj (Arcpa f(Am,j) 'Am,ja 0)2 ! AAm
j=1

(10)

At the same time, geometrically, expression (10)
determines the area under the dashed curve in Fig. 1.

Now we assume that we have a smooth, twice di-
fferentiable function Z = ¢(A4,,), that at the points
A = 1,2,3,...,7 passes through the points {a;};
1=1,7; as it is shown in Fig. 1. It is obvious that the
function curve Z = p(A4,,) as the number of discrete
points increases, it coincides in shape with the smooth
envelope of these points.

Consequently, upon conditional transition to the
continuous value A,, sum (4) turns into functional (7),
where the function p(A4,,) is the required function.

Condition (8) is also obtained using the course
of the reasons which are mentioned above. The basic
position in these arguments should be the well-known
fact that the sum of the normalization coefficients, i.e.
weighting factors are usually set equal to one.

Thus, the problem of the best scaling of ground data
is reduced to the search for such an optimal function
f(Apn), which, taking into account (8), would lead to
the minimum value of the indicator Jg.

3 Optimization problem solution

Taking into account expressions (7) and (8), we
compose the objective functional of unconditional vari-
ational optimization Jy

_ s Aoy f(Am) - An]”
2

g

Jo dA,,+

Am.maz
/ dA,—C

Am.min

Am.min

FA . (1)

where: A — Lagrange multiplier.

Obviously, functional (11) is a special case of the
well-known Euler equation [16], when the derivative of
the desired function f(A,,) missing. In this case, the
Euler equation is significantly simplified and in this
case takes the following form:

d{WH-ﬂAm)}

=0 12
F(Ar) .
From condition (12), we get the follows
—2Asep - Am + 28(An) - A2
rep A T 20(An) An y o 1)
o
From expression (13) we find the following
Arep A o?
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Taking (8) and (14) into account, we can get the
following expression for calculating the Lagrange multi-
plier

N AWL,WLO/CE
C = Ay In (Guumer )

m.min

>\:

(15)

0-2
2Am.min

ot _
2A7n.7nﬂ“’[

We can see that by solving (14), (15), the objecti-
ve functional (11) reaches its minimum. We should
calculate the second derivative of the integrand in (11)
and make sure that it is a positive value.

4 Model investigations using
proposed method of ordered
test sub-sections

We assume that we have a set of ordered subsections
with the characteristic (5). At the same time, based on
the analysis of images obtained by spectroradiometers,
representative values of the index A measured in these
subsections are determined, denoted below A,.,. We
should calculate the function f(A), further called the
weight function of the indicator A, which ensures the
minimum of the cost functional (4).

The conditional graphic representation A,.p; and
f(A) is given in Fig. 2.

L

Arep

ANf(A)

Fig. 2. Graphical illustration of the optimization
procedure. Numbers indicate: 1 — the function central
line A = A; 2 — the function curve A,.p = Ayep(A);
3 — the function curve f(A)- A

In this case, it is assumed that the calculated value
Arep can be shown in the form of the function A

Arep; = Arep(A). (16)

Taking into account (4) and (16), we obtain a di-

screte cost function; expressing A,p(A) in the form

Arep(A) = p(A) - A, (17)

Taking (4) and (17) into account, we write the
following expression

N 2
7= [p(4)) - 4, ;2f(Aj) AT (18)
7

If we write (18) in continuous form, we get the
following cost functional

Ty — /A"”‘” [p(A) = F(A) -A]QdA.

Amin o?

(19)

Our goal is to determine the optimal function f(A)
with Jg — min.

If this function f(A)pt exists, then this fact means
that there is the considered method for calculating the
weight function (i.e., the function f(A)) for any ¢(A)
only when f(A) = f(A)op: it provides a minimum Jy,
and all other methods of determining f(A) does not
provide this minimum value.

Hence, the inequality holds:

[ s
< /AA%M [SO(A) — f(j)notOPt 'ArdA. (20)

We compute f(A)opt, reducing the functional on the
left in (5) to the minimum value.

According to the previously mentioned regarding
the Euler equation, the optimal function f(A)ep: must
meet the next condition

of fraegc]

=0. 21
df<A)0pt ( )
From expression (21) we find
{0 W A+ W AP
df(A)OPt o
From condition (7) we get
—2A,0p(A) +2A% f(A) ppt = 0. (23)
From the expression (23) we have
Apep(A
f(A)opt = % (24)

Consequently, any other choice of function f(A),
different from Ar%w does not provide a minimum cost

functional.
From (24) and (17) we get

f(A)OPt = ¢(A).

Thus, the conducted modeling study showed that
the minimum value of the cost functional is obtai-
ned only with a single form of the weight coefficient
function, i.e. in the form (24).

(25)
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We give a numerical example to show the
correctness of the foregoing.

We assume that the following values of the indi-
cators used in the proposed method of ordered test

subsections are given:

A maz = 2¢; Apmin = €;

Arep = 1.5¢; o2 =0.0le;
02
=5 where e = 2.72.

(26)

Q

The f(A,,) is calculated according to formula (14):

1.5e  X-0.0le
f(Am)_E_ilA?n.

We calculate the value of the Lagrange multiplier

(27)

2
S — L5e - (In2)

3
N=Z g = —1.83-10%. (28)
22 2
Taking into account (28) we get:
1.5e = 1.83:5¢e
Ay) = =28 4 28290 29
fldn) = 52+ (29)

We calculate the integrand in the main part of the
objective functional (11), i.e., in expression (7) taking
into account (29)

Aror— [(An)-A]> |L5e— (%+%56)Amr

o2 0.01e '

(30)

The value of expression (30) in solving (30) is

always lower than any calculated value of this expressi-
on for any other solution satisfying condition (8).

Given the specified value C' = %, this solution can
be written by the expression

f(An) =e.

Calculating the value of the integrand in expression
(7) with regard to (31). We obtain

(31)

[m—f(Am)'Am] _ [1.5e—e- Am]2. (32)

o2 0.01le

We show that the integral of expression (32) is
greater than the integral of expression (30). Comparing
the numerators.

Therefore, we show that the area under the curve

1.83 - 5e
Am

greater than the area under the curve

ki(Am)= <1.5€ +

ka(An)=Ame for A, =e <+ 2e.
For A,,=e we have

ki(Am)=1.5e+1.83-5=4.149.15=13.25,

ko(Ap)=e*=T7.4.

Obviously, for A,, =e we have k1(A,,) > ka(Am).

For A,,,=2e we have

1.83-5
]{31 (Am) :3€—|-

—=12.73,

ko(A,,)=2¢*=14.8.

As we can see from Fig. 1 the area remaining under
the curve kq(A,,) is much larger than the area under
the curve ko(A,,). This fact indirectly proves the opti-
mality of the solution (29), since in this case, the area
under the curve (32) is greater than the area under the
curve (30). The latter is a necessary condition for the
optimality of solution (29).

ki(A,,) 4 k,(4,)

2 T
14.8
13.25 uldn) /"
e A —‘l 12.73
i
|
10 I
7.4 !
|
|
|
|
|
|
|
| >
e 2e Am

Fig. 3. Linear Curve Approximations ki(A4,) and
ka(Am)

Conclusion

The task of validating remote sensing data using
terrestrial test sites must always be solved taking into
account the heterogeneity of the used test sites. This
problem is classically solved by using special weight-
ing factors and regularization averaging procedure by
iterative calculations. As an alternative, the method of
ordered test sections is proposed, which makes it possi-
ble to determine the weighting coefficients of the results
of ground-based validation measurements, which provi-
de the minimum of the newly proposed quadrature
cost functional containing the desired weight function.
In this case, the calculated optimal weight function
provides a minimum of the goal functional.
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00YNC/IeHHsT KOPUTYIOYNX DPe3yJ/IbTATH BUMIPIOBAHBL Koedi-
LI€HTIB, PN SKUX CYMa KBaJPATiB Pi3HUI CKOPUTOBAHMX
JAHUX Ta BIiZIOMOI PEIIPe3eHTATUBHOI OI[HKU 3BOIATHCS 0
MminiMmymy. 3aBmanHsd onTEMi3anil BEPINIEHO i3 3acTOCyBa-
HHSIM TIEBHOT OOMeKyBaJIbHOI YMOBH, HAKJ/IAJEHOT HA CyMy
KOPHUTYBAJILHUX KOEDIMiE€HTIB.

Karouosi crosa: onrrmmizariist; GYHKITS BUTPAT; BATiTa-
isT; AUCTAHIIHe 30H/1yBaHH; TECTOBl JLISTHKHI

Meron ynmopag0o4eHHOTO TECTOBOIO ydvac-
TKA OJ9 BaJauJanuy pe3yJbTaTOB OOp-
TOBBIX U3MEPEHNII CIEKTPOPAANOMETPOB
CpeJHEero pa3pelneHund

Acados X. I., Aauesa A. .

OpHON M3 TJIABHBIX 3aJad, PEIIAeMbIX I[IPU AHAJU3E
JQHHBIX AUCTAHITUOHHOTO 30HINPOBAHNS, ABIAETCA YMEHb-
meHue Win ycrpaHenue Heornpezaenennocreit. C 3roil e-
JIBIO IIUPOKO MCIOJIL3YIOTCA TAKHE OIEPAIH, KaK YKDPYII-
uenne (upscaling) u pasykpynuenue (downscaling) cmex-
TPOPAAMOMETPUYECKUX AaHHbIX. Onepanmst pasyKpyIHe-
HUA B YaCTHOCTH MCIOJIb3YETCS I BAJIUJAIAHA JAHHBIX
CTIEKTPOPAIMOMETPOB CPEIHEr0 pa3pemenns. Bamumanus
JIAHHBIX OOPTOBBIX M3MEPEHUHl ABISETCS KOMILIEKCHON 3a-
Jadefl W BKJIIOYAET DPENIeHHWE TAKUX BAXKHBIX 1033139
kak (a) BBIOOpP TWIA TECTOBOTO y9acTka; (6) ompesesenue
pPa3MepoB y9acTka; (B) OIpPee/IeHre MOPSIIKA TPOBEICHUS
BbIOOpOUHBIX M3Mepenuil. Bmecre ¢ Tem, 1ocse mposeje-
HUS BHIOOPOTHBIX M3MEDPEHU BCTAET BOMPOC 00 yBEIMIeHuR
macmTaba (upscaling mmm renepam3anys) MOy IeHHBIX Ha-
3eMHBIX JAHHBIX, IEJbI0 KOTOPOIO SBJAETCA IIPOBEJICHUE

BaJIMJANNANA CI[yTHUKOBBIX [JAHHBIX C HA3KUM IIPOCTPAHC-
TBEHHBIM pa3pernrenreM. IIpu penreHvy 331291 BaJIV AL
JAHHBIX AUCTAHITHOHHOIO 30HIMPOBAHUS YaCTO HCIIOJIb3Y-
I0TCSl HA3€eMHBbIE TECTOBbIE yYaCTKHU, [€TePOreHHOCTb KOTO-
PBIX BCerJa JO0JKHA OBITh MPUHATA BO BHUMaHMe. lannas
npobsieMa 0OBIMHO PeIIaeTCs Iy TeM IPUMEHEHNUS CIIeIHaIb-
HBIX BECOBBIX KO3 UIMEHTOB U IIPOBEIEHUs BPEMEHHBIX
TIepUOINTIECKUX M3MEPEHWl, Jajiee WCIOJIb3Ys TPOIELyDPY
Peryaspu3anyy OCPeJHEHHBIX Pe3yJIbTAaTOB UTEPAIMOHHBIX
BeIamC/IeHui. B cirydae orcyTcTBUS BpEMEHHBIX H3MeHeHU!
HeOOXOIMMOCTh B PEry/IsSpU3alny OTHaaaet. B sTom ciyuae
B Ka4eCTBe aJIbTePHATUBBI MOXKET OBITH IIPEIJIOXKEH MEeTO/T
YIOPA0UEHHOIO0 TECTOBOIO yYacTKa, [T03BOJISIOMNAN OIIpe-
JIeJINTh BECOBbIE KO (UIMEHTH pe3ysIbTaTOB HA3EMHBIX
BQJIMJIANMOHHBIX H3MepeHuil, 00eCrIeunBaONIIX MUHUMYM
BHOBD IIPEJIOKEHHON KBAAPATYPHOU (DYHKITMN U3IEPIKEK.
Jns pemeHnst 3a7a9M JIOCTHIKEHUS MUHUMYMa TIPEJIO-
JKeHHON (YHKINK U3IEpKeK IIPEIJIOXKEH MeTO YIIOpSIO-
YeHHBIX II0Jy4YaCTKOB B COCTaBe €IUHOIO I'eTePOreHHOI'O
TECTOBOIO YyYaCTKA, MU3MEDPEHHsT B KOTOPBIX OCYIIECTBJISI-
IOTCSI CEHCOPOM, YCTAHOBJIEHHBIM HA HU3KOJIETSIIEM HOCH-
resie. CocTaBiieHa OLUTUMHU3ANUOHHAA 331298 BbIUUC/ICHUS
KOPPEKTHUDYIOIINX Pe3yIbTAThl M3MepeHuil ko3d(d unmen-
TOB, IIPH KOTOPBIX CyMMa KB3IPATOB PA3HUIIBI CKOPPEKTH-
POBAHHBIX JAHHBIX U U3BECTHOM PEIPE3eHTaTUBHON OIEHKH
CBOOATCS K MHUHMMYMY. 3aJada ONTHMH3AINHN DEIIeHa C
NpUMEHEHUEM OIPEeeIeHHOTO OTPAHUYIUTEIHHOIO YCIOBHUS,
HAJIOKEHHOTO HAa CyMMY KOPPEKTHPYOIHX K03 burmen-
TOB.

Karwuesvie caosa: omrmMmusanus; QGYHKIUS U3IEP-
JKEK; BAJIMIAINS; JTUCTAHIIMOHHOE 30HIUPOBAHKE; TECTOBbBIE
YYaCTKA
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