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Abstract

Purpose. The use of interpolation methods of mapping Radial Basis Function (RBF) on reservoir data from one field in
Croatian part of Pannonian Basin System (CPBS).

Methods. The RBF method (with five single basic mathematical functions) was applied to small datasets. Application of the
Radial Basis Function (RBF) method and comparison with previous application of the Inverse Distance Weighting (IDW)
method applied in the CPBS area. The IDW and RBF methods were compared by cross-validation value and visual inspec-
tion of interpolated maps.

Findings. The RBF method was tested on a small data sample. The RBF method can be used independently when using the
Inverse Multiquadric Function (RBF-IM) mathematical function, while the remaining analyzed mathematical multilog func-
tion (RBF-M) and “multiquadric function” (RBF-M2) can be used as additional sources of information when mapping.

Originality. For the first time RBF is applied as a method in the CPBS area for small input data sets.

Practical implications. For small sample the RBF method cannot be applied independently. According to the cross-
validation value and visual inspection of interpolated maps, the method that can be used with the IDW method when map-
ping a small sample is RBF-IM. It could be primary or additional method for a small sample, while for a large sample it
offers additional information.
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1. Introduction

When analyzing reservoir parameters, it is very im-
portant to apply the appropriate interpolation method. The
choice of the appropriate interpolation method is based on
the size of the input dataset. A sample of less than 20 data is
considered a small set of numbers [1]-[3]. In the paper, the
radial basis function (RBF) method was applied to small
number of samples (datasets).

An example of the mapping of a small dataset is reser-
voir “K” of field “B” located in the western part of the Sava
Depression within Croatian part of the Pannonian Basin
System (CPBS). The RBF method for a small data set is
compared to inverse distance weighting (IDW) method,
which is a common mapping interpolation method for a
small sample in the CPBS [4]-[6].

The RBF method has been applied in various scientific
fields when mapping: mesh deformation [7], antenna de-
sign [8], earthfill dam [9], porosity [10] etc. The RBF meth-
od, so far, has not been applied for subsurface geological
mapping in the CPBS. The RBF method will be applied to
map geological variable porosity on reservoirs “K” (for
19 data). In this paper this method has been tested and com-
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pared with the IDW method that previously resulted in satis-
factory mapping results of selected reservoir [4]-[7]. Such
comparison is done for small data set and offered guideline
how and when to use this mapping method. The results are
evaluated by the cross-validation and visual inspection.

2. Geological settings of the study area

The Sava Depression (Fig. 1) is located in the south-
eastern part of the Pannonian Basin System, i.e. in the Croa-
tian part of the Pannonian Basin System (CPBS).

The typical geological section of the Sava Depression
sediments from Lower Pontian to Quaternary is shown in
Figure 2. Deposition in depression started in Early Neogene
(Ottnangian), but figure shows sections where are analysed
reservoir and younger deposits.

Hydrocarbon reservoirs in the filed “B” have been con-
firmed in the Klostar-lvanic Formation (Fig. 2). The litho-
lo-gical characteristics of the Lower Pontian reservoirs
of the Klostar Ivanic Formation are a well sorted arenites
and pelites.
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Reservoir rocks in the lower part there are hard sand-
stones, which towards the top of the formation, and especial-
ly in the Siroko Polje Formation (Upper Pontian), become
poorly bounded, and even fine-grained, unbounded sands.
The marls of this formation are gray to gray-brown, and of
medium hardness. The marl intervals are isolator rocks for
each sandstone reservoir. The marl thickness is 30-150 m,
while the average sandstone thickness is 20-150 m.Reservoir
“K” fields “B” hydrocarbon production began in 1970. The
structural map of reservoir “K> is shown in Figure 3.
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Figure 1. Sava Depression (blue) within the Pannonian Basin
System [11]
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S Legend: Figure 3. Structural map of reservoir “K” [14]
: In selected part of the reservoir (purple box), secondary
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[F."."] sandstone is applied. Reservoir “K” characteristics are: porosity
vse Lo 0.27-0.32 units and permeability 29_.6-121.2-10‘3 pr_nz. The
. histogram of porosity of “K” reservoir data used for interpo-
£ lation is shown in Table 1 and Figure 4.
o
. 2 ——, Table 1. Raw data of porosity interpolated in the “K” reservoir
E,“w: Well Surface X Surface Y Porosl:% t(sg;art of
- 3101 6421096 5028877 0.217
J-120 6420658 5029068 0.272
J-161 6420957 5028870 0.217
J-162 6421034 5028593 0.217
J-167 6420529 5028674 0.217
I J-168 6420699 5028475 0.315
es e | REL J-169 6420724 5028825 0.217
o PONTIAN| FORMATION J-170 6420349 5028926 0.223
— J-174 6421298 5028863 0.217
J-175 6420475 5029136 0.223
w N J-158 6420303 5028910 0.223
g J-171 6420576 5028970 0.223
£ J-172 6420928 5029147 0.223
o3 3102 6421208 5028926 0.217
s B | J-148 6421126 5028437 0.217
LowEa| KLOSTAR J-149 6420959 5028501 0.217
PONTIAN|  rommmmon K J-166 6420771 5028650 0.217
I J-25 6420546 5028460 0.315
L J-173 6420539 5028382 0.217
Secondary methods of hydrocarbon production (injection

of formation water [15]) were applied at the reservoir “K”

Figure 2. Typical chrono and lithostratigraphic section from Lower ~ and modified gravel pack [16] is applied in case of sand
Pontian to Quaternary of the Sava Depression [12] occurrence in flow during hydrocarbon production.
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Figure 4. Histogram of porosity of reservoir “K”

3. Mathematical settings of applied methods

The IDW interpolation method is one of the most com-
mon method when mapping different variables in geolo-
gy [4], [5]. It is widely used, especially for smaller input
datasets [3]. In this method, the estimation of a single value
of a variable depends on the inverse distance between the
measured and estimated data and the size of the radius of
coverage of the other values around the original data.
The mathematical expression (1) for IDW estimation, e.g.,
[17]-[29], is as follows:

4 %, I
, _df d) df O
=1 1

PR 7+ —

df df  d?
where:

ziy — interpolated (unknown) value;

dn — distance of the “i-th” location;

p — power of distance;

zi— measured (known) value at “i-th” location.

The interpolation result depends on the distance expo-
nent. Most commonly used is amount 2, which has been
empirically proven to be the most appropriate value for ac-
ceptable deep geological mapping of the CPBS. Higher val-
ues of power (p) favor a larger influence of measured points
closer to the interpolated point, and eventually ended up in a
zonal interpolation. Oppositely, the value p=1 emphasis
larger influence of more distant measured points and larger
regional smoothing of the entire map.

The RBF is an interpolation method consisting of one of
the several allowed basic mathematical functions. Generally,
that is a real-valued function f whose value depends only on
the distance between the input and some fixed point, so that
f(x) = f(IxI), or some other fixed point c called a center, so
that f(x) = f(Ix—cl). Any function f that satisfies the such
properties is a radial function.

Basic mathematical functions in SURFER 15 program are:
Inverse Multiquadric (RBF-IM), Multilog (RBF-M), Multi-
quadric (RBF-M2), Natural Cubic Spline (RBF-NCS) and
Thin Plate Spline (RBF-TPS). When interpolating a map, one
of the basic equation must be chosen. The mathematical ex-
pressions for such functions are in SURFER 15 program are:

1
IM (h) = ——; 2
() \/h2+R2
M(h)=|og(h2+R2); 3)
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M2(h)=+h? +R?; 4
M2Ncs(h)=(h2+R2)3/2, ©)
TPS(h):(h2+R2)Iog(h2+R2), (6)

where:

IM(h) — Inverse Multiquadric function;

M(h) — Multilog function;

M2(h) — Multiquadric function;

NCS(h) — Natural Cubic Spline function;

TPS(h) — Thin Plate Spline function;

h — relative distance between measured and estimated point;

R? — shaping factor.

Cross-validation (MSE) is a numerical estimation method
for checking the performance of an interpolation method
applied by calculating the value of the mean square error of
the estimation value. The expression (7) for the mean square
error of estimation is, e.g., [20], [21]:

n
MSE = 1 Y’ (measured —estimated )2 ,
Ni=

U]

where:

MSE — mean square error;

measured — value measured d at location “i”;

estimated — value estimated at location “i”;

n — number of locations.

When comparing multiple results of the same estimation
made with different algorithms, one of the selection criteria
is the most appropriate choice of the solution with the lowest
cross-validation value [22], [23].

4, Results and discussion

The analyzed methods (RBF & IDW) are evaluated as
follows:

—visual inspection of the interpolated maps (as soft
condition);

— cross-validation values (as hard condition).

4.1. Visual inspection of the interpolated maps

IDW and RBF interpolation methods were applied to
19 data (Table 1) for the reservoir porosity variable. Porosity
data were obtained from mutually wells cores analysis and
logging measurements. According to the size (n=19) the
data set by the authors [3] belongs to a small sample (< 20).
Data interpolation was done with the IDW and RBF (IM, M,
M2) methods. The results of the interpolations for “K” reser-
voir porosity are shown in Figure 5.

Due to size and distribution of the input dataset, interpo-
lated maps had pronounced local “bull eyes” effect (e.g.
around wells Jam-25, Jam-168 and J-120). The map inter-
polated by the RBF-IM method (Fig. 5b) resulted in a simi-
lar map obtained by IDW (Fig. 5a), which is in line with
expectations since the both algorithms have an inverse
distance weight (1) & (2). Comparing the map obtained by
IDW (Fig. 5a) and the other two RBF-M and RBF-M2
methods (Fig. 5¢ and 5d), differences can be observed due
to the different mathematical functions used. Both sub-
methods stronger favor the larger closed areas in low sam-
pled parts, e.g., see area closed with isoporosity line 0.22.
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Figure 5. Porosity of reservoir “K” obtained by interpolation
methods: (a) IDW; (b) RBF-IM (inverse multiquadric f.);
(c) RBF-M (multilog f.); (d) RBF-M2 (multiquadric f.)
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Additionally, those algorithms tend to close areas of the
same values belonging to neighboring wells, e.g., like area
between wells J-25 and J-168 (Fig. 5¢ and 5d). Also, a
larger interpolation surface (isoporosity line 0.24) can
be observed around the J-120 well in the RBF-M and
RBF-M2 methods than in the case of the IDW and RBF-IM
interpolation method.

Based on the visual inspection, it can be observed that the
RBF-IM and IDW methods resulted in more applicable
maps. RBF-M and RBF methods tends the create larger
closed areas, favors in such ways mapping of struc-
ture/depositional volumes that could be too large regarding
available data in total and locally. Bit of these sub-method
could be applying as source of corrective solutions for maps
obtained by the IDW or RBF-IM (sub + methods).

4.2. Cross-validation values

Cross-validation (7) is a mathematical procedure, based
on (for the MSE type) the calculated squared difference be-
tween measured and estimated values in the same location. It
is used for estimation of the acceptability of the mapping
method. The calculated cross-validation values for the meth-
ods applied on the reservoir “K” are shown in Table 2.

Table 2. Cross-validation values for the reservoir “K" (19 data)

Variable Method MSE
Porosity IDW 0.0011
Porosity RBF-IM 0.0011
Porosity RBF-M 0.0014
Porosity RBF-M2 0.0016
Porosity RBF-TPS 0.0025
Porosity RBF-NCS 0.0035

Table 2 shows that cross-validation values for the analysed
dataset with the RBF-IM and IDW (sub)methods (both are
0.0011). The cross-validation value of the RBF-M method
(0.0014) is 27% higher than the previous value, while for
RBF-M2 method (0.0016) is 45% higher. The cross-validation
value of IDW and RBF-IM confirmed the visual analysis
described previously. The same cross-validation value for the
IDW and RBF-IM showed the similarity of algorithms, be-
cause both include some variant of inverse distance pondering.
The higher values for RBF-M and RBF-M2 confirm the con-
clusion of the visual inspection in previous subsection, i.e. that
forcing closures of larger areas with the same contour line,
without regarding to scarce data, is not well-designed approach
for this variable mapped in described geological environment.

5. Conclusions

The following conclusions can be made from previous
analysis:

—all results are valid for entire Lower Pontian of the Sava
Depression, i.e. for any petrophysical dataset collected in the
sandstones of that area;

—when visually inspecting maps, RBF-IM method can be
applied to a small data set (less than 20 points), while the
RBF-M and RB-M2 methods cannot be applied independent-
ly but as additional information on the spatial distribution of
mapped variable, i.e. about zone of strong localized effect;

—all obtained interpolation maps have a pronounced
“bull-eyes” (localized) effects. This forms clearly outlined
two larger areas closed with isoporosity lines 0.24 (south)
and 0.23 (north);
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—according to the cross-validation value, the most ac-
ceptable methods for analysed dataset is IDW (0.0011) and
RBF-IM (0.0011);

— it is additionally confirmed by application of the same
mapping algorithms on permeability values (as additional
variable). In such case, the cross-validation value for the
permeability of the reservoir “K” is for IDW method 1667
and 1648 for RBF-IM method.

The RBF-IM submethod can be applied to a small set
(n < 20 data) independently in the case of using the inverse
multiquadric function (RBF-IM). It is especially useful when
selection of power exponent (p) value in the IDW is not
straightforward process.

The remaining two analyzed mathematical functions “mul-
tilog function” (RBF-M) and "multiquadric function" (RBF-
M2) can be used as an additional source of information.
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Bukopucranis MeToay iHTepnoJsimii pagiaabHoi 6a3ucHoi pyHKLil y 3acTocyBaHHi
110 AesIKUX POIOBHII XOpBaTchkoi yacTuHH [IaHHOHCHKOTO GaceiiHy

U. IsmmuaoBny, T. MansBuy

Merta. BukopuctanHs METOIy 1HTEPIIONSAIIT IPH KapTyBaHHI pagianbHOi 0azucHol GyHKHil (PBP) cTocoBHO MaHWX OAHOTO POAOBUINA B

XOpBaTChKii yacTiHi [TaHHOHCEKOTO Oaceiny.

Metoanka. Merox PB® (3 m’siTbMa OCHOBHMMH MaTeMaTHYHUMH (YHKIISIMH) 3aCTOCOBYBABCS Y TIOPIBHAHHI 3 BUKOPUCTOBYBAaHHUM pa-
nime MerogoM OBP (3BOpoTHHX 3Ba)K€HHX BiJIcTaHeil) Uit XopBaTchKoi yacTuau [lanHoHChKOTO Oaceiiny. Meroan PB® i OBP nopiBHioBa-
JIKCS 32 3HAYCHHSIM TIePEXPECcHOl MepeBipKoIo i Bi3yallbHUM OIIISIOM iHTepronboBaHux kapT. Merox PB® 3actocoByBaBCs 10 HEBEIMKHX

MAacCHBIB JJaHUX.

PesyabTaTn. BetanoBieHo, mo npu BidyansHoMy oriani kapT Meton RBF-IM moxke 3acTocoByBaTucs 10 HEBETUKOTO HaOOpY AaHHX
(menmre 20 To4ok), B Toi yac sk Metond RBF-M i RB-M2 He MOXyTb 3aCTOCOBYBATHCSI HE3aJIEXKHO, aJle B SIKOCTI JOJaTKOBOI iH(opmariii
IIPO MIPOCTOPOBHIT PO3MOALT BiJOOpaXKaeThCs 3MIHHA, TOOTO IIPO 30HY CIIIBHOTO JIOKaji30BaHOro edekTy. [laHui MeTo MOXKe 3aCTOCOBYBa-
THCSI aBTOHOMHO IIPH BUKOPHCTaHHI 3BOPOTHOT MYJIBTHKBaAPaTHYHOI MateMaTH4HOi QyHKUii (OMM®), npu 1iboMy 3aJUIIMIACS MaTeMaTH-
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yHi OararodynkuionansHa QyHkuis (MO®) i mynerukBagpatnyna ¢yskuis (MK®) moxyTs OyTH BUKOpHCTaHI SIK AOJATKOBI JuKepena
indopmauii npu xaprysanti. [lopiBHiotoun kapty, otpumany IDW i neoma inmumu metomamu RBF-M i RBF-M2, moxHa crioctepiratu
BIIMIHHOCTI 4epe3 pi3HUX BUKOPHCTOBYBaHHX MaTeMaTHYHHUX QYyHKIiH. OOHaBa TOMOMDKHHX METOIH OLTBII KPaIli IS BEJIUKHUX 3aKPUTHX
oOnacTeli B aCTUHAX 3 HU3BKOKO BUOIPKOIO, HANIPUKIAL, 00IaCTh, 3aKpUTY JIiHi€l0 i30mopuctocTi 0.22.

HaykoBa HoBu3Ha. Briepuie Bukopucranuii meroq PB® juist aHasi3y HEBEIMKUX MACUBIB JaHHUX, IO CTOCYIOTHCS XOPBATCHKOI YaCTHHH
[TanHOHCHKOTO OaceitHy.

IpakTuyHa 3HaYUMicTb. JIJIsl HEBENUKOT BUOIPKH HEJOCTATHHO BUKOPUCTOBYBATH TibkU MeTo PB®. V BimmoBigHOCTI 3i 3HAYCHHSIM
MePEXPECHOI MIEPEBIPKH 1 Bi3yalbHOI MEPEBIPKH IHTEPIIOIBOBAHUX KapT, METOJ, KU MOKE BUKOPHCTOBYBAaTHCS 3 MeTogoM IDW mpu Bijo-
OpakeHHi HeBenuKkoi BuOipku, € OMM®. BiH Moxke 3aCTOCOBYBATHUCS SIK OCHOBHHUM a00 JOAATKOBHI METOX Y pa3i HeBEIUKOi BUOIPKH, 1 K
METOJ OTPUMAaHHS A0JaTKOBOI iH(pOpMaIlii B pa3i BelNUKoi BUOIpKH.

Knruoei cnosa: [lannoncokuil bacetin, padianvha b6asucna @yukyis, memod OBP (360pomuux 36adcenux iocmatetl), 2eocmamucmuxa,
HeBeNUKUL MACUE OaHUX

Hcnonb3oBaHue MeTO1a HHTEPNOJISLMU PAAMAIBbHON 0a3UCHOI (PYHKIMM B IPUMEHEHUH
K HEKOTOPBIM MeCTOpPOkKIeHUusIM XopBaTckoii yactu IlanHoHCcKoro 6acceiina

. BmmmaoBny, T. ManeBu4

Heas. Mcnonp3oBanne MeToAa MHTEPHOISIMU [IPU KapTHPOBAHUM paauaibHON 6asucHod ¢yHkiun (PB®) npuMeHHTEIBHO K JaHHBIM
OJTHOTO MECTOPOXKICHHS B XOpBaTcKoH yacTu [laHHOHCKOTO Oacceiina.

Metoauka. Meton PB® (¢ maThi0 OCHOBHBIMH MaTeMaTHYECKUMHU (YHKIUSIMU) TPUMEHSUICS B CPAaBHEHUH C HCIIOIb30BABIINMCS paHee
MeTonoM OBP (0OpaTHBIX B3BCILICHHBIX PACCTOSHUI) U1 XopBaTcKoil yactu [lanHoHckoro 6acceiina. Meronsl PB® u OBP cpaBHuBanuch
10 3HAYEHHUIO IEPEeKPEeCTHOH MPOBEPKOH M BU3YaJbHOMY OCMOTPY HMHTEPHONHPOBAHHBIX KapT. Meron PB® mpumensics x HeGombmmm
MacCHBaM JaHHbIX.

Pe3yabTaThl. YCTaHOBIEHO, YTO IPHU BH3YyalIbHOM OcMOTpe KapT Metoq RBF-IM MoxeT mpuMeHAThCS K HEOOIbIIOMY HAaOOpy HaHHBIX
(menee 20 Touek), B To BpeMs kak MeToasl RBF-M n RB-M2 He MOTyT IpHMEHSTHCS. HE3aBHCHMO, HO B Ka4eCTBE JOMOJTHUTENBHOH nHpOp-
MaIuH O IPOCTPAHCTBEHHOM paclpeelIeHNH 0ToOpaxkaeMast IIepeMeHHasl, T.€. 0 30He CHIIBHOTO JIOKaIN30BaHHOTO d(ddekra. JJaHHbIIT MeTox
MOXET NPUMEHSATHCS aBTOHOMHO IIPU HCIIOJBb30BaHUM OOpaTHOW MYJIBTHKBaApaTHUHOH MaTematudeckod ¢ynkimn (OMMO), npu stom
OCTaBIIMECsS MaTeMaTHdeckue MHorodyHkuroHaneHas Gynkius (MO®) u mynpruksagparuunas ¢yskims (MK®) mMoryt GbITh HCIIONB30-
BaHBI KaK JONOJTHUTEIbHbIC HCTOYHHKN HH(popManuu npu kaprupoBanuy. CpaBHMBas KapTy, nony4derHyto IDW u aBymst JpyruMu MeToza-
mu RBF-M u RBF-M2, MoxHO HabmoaaTh pa3andus 3-3a Pa3indHbIX UCIONB3yeMbIX MaTeMaTH4eckux (yHkiuid. O6a BCIOMOTaTeIbHBIX
MeToa Ooee MPeATOITUTENBHEI [UIs OOJBIINX 3aKPHITHIX 00IAcTeH B YaCTAX ¢ HU3KOH BEIOOPKOH, HaIpHMep, 001acThb, 3aKPHITYIO JTHHHEH
n3onopucroctu 0.22.

Hayunas noBu3Ha. Briepsrie ncnons3oBan Meron PB® s ananmms3a HeOGOMBIIMX MAacCHBOB JaHHBIX, KACAIONIUXCSl XOPBAaTCKON 4acTH
IMannOHCKOTO OacceiiHa.

ITpakTHYecKkasi 3HAYUMOCTD. [[111 HEOOJIBIIONH BEIOOPKH HEJOCTATOUYHO MCIIONB30BaTh TONIbKO MeToq PB®. B cooTBeTcTBHE CO 3HaYe-
HHEM NEepPeKPEeCcTHON MPOBEPKU M BU3YaJbHON NMPOBEPKH MHTEPIOIMPOBAHHBIX KapT, METOJ, KOTOPBIH MOXET HCIOJIb30BATHCS C METOAOM
IDW mnpu otobpaskeHnr HeOOMbIIOH BEIOOPKH, sBisieTrcs OMM®. OH MOXeT MPUMEHSTHCS KaK OCHOBHOW WJITM JIONIOJHUTEIBHBIH METO B
cirydae HeOONBIIONW BRIOOPKH, M KaK METO]I ITOJTyYeHHUS! TOTIOTHUTENFHON HH(POPMAINH B ciiydae OOIbIIONH BEIOOPKH.

Knroueewie cnosa: Ilannonckuii 6acceiin, paouanvhas dazucnas @ynxyus, memoo OBP (obpammnuvix 836euleHHbIX paccmosanutl), 2eo-
cmamucmuka, HeboIbUOL MACCUE OAHHBIX
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