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YTO Mbl NOHMMaeM noa HeonpeaeneHHOCTbIO?
What do we mean by Uncertainty?

| o
e Hackonbko XOpoLIo MoZenb /
YAOBNETBOPSAET HabnogeHusM | /

How well the model fits the data |

e XOPOLLO I Mbl ONUCbIBAEM

NPpUpPoOAHYHO CUCTEMY
How well we understand the natural system

e HacKoNbKO HaAEXeH MpPOrHo3
How reliable the predictions are
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[lporHo3mpoBaHue: npsiMast u obpaTHas 3a4a4un
Prediction: Forward and Inverse Problems

[lapameTpbl
Parameters

KomnbloTepHas Moaenb [1porHo3
Computer Model Prediction

Bec/Wweight XXXX
Yrnbl/Angles YYYY
MoluHocTb/Power ZZZZ

[IlpAMasa 3a4aya
Forward problem

KoMmnbloTepHas Moaenb
Computer Model

[lapameTpbl
Parameters

Bec/weight XXXX
Yrnbl/Angles YYYY
MowHocTb/Power 72777

O6paTHaA 3aja4a
Inverse problem




ObpaTHas 3aaada ans nporHo3a HeonpeaeneHHOCTU
Inverse framework for uncertainty prediction

[laHHbIe 1 3HaHuSA Uccneayembiv nnacr U3mepeHus
Data and knowledge Unknown reservoir system Observations

o MporHos

9 \ y Forecast
nnacTa l 'pAmay ‘ ~ i

0 ismatc .

(aHcambnb) i = 3aaava /‘i

Reservoir b £ >
models
(ensemble)

KomMmnbroTepHoe MogenupoBaHue Pe3ynkraT MoaenupoBaHUs
Computer simulations Model response  christie et al,2006



[Ipob6nemMbl MOAeNMpoOBaHMS MNacTa U

NPOrHO3MpoBaHUA

Problems in reservoir prediction modelling

bbicTpas aganTaumn
Moaenu

Po6acTHbIA 1 TOYHbIN
NPOrHo3 C Y4ETOM
HeonpeaeneHHoCTuU

PeanusMm mogenen
NnaacTa

NHTerpaunsa aaHHbIX U
3HaHUN B MOAENb

Fast history matching

Robust and accurate
forecast with uncertainty

Realism In reservoir
models

Data and knowledge
Integration
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AfanTupoBaHHasa MoAesnb U HeonpeaeneéHHOCTb
History matching and Uncertainty
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CucremaTtTmnyeckoe
N3MEHEHNE NapaMeTPOB
MOZENN BPYYHYIO

Systematic parameter tuning
(manual)
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PeanbHOCTb:

MHoXxecTBO Moaenen 6rnm3koro
KayecTBa agantauum

Reality:

Multiple models of similar match quality



4ebuT HedbTH /
oil production

[IporHO3 Ha ocHOBE aHcamMbis moaene
Predictions based on multiple models

AHcambrnb agantTnpoBaHHbIX ¢ Ensemble of HM models

MoAdeNien COOTBETCTBYET corresponds to multiple
MHO>EeCTBY peLleHUn solutions of the inverse
obpaTHOU 3ada4n problem

PobacTHbIM NpoOrHos * Robust prediction based on

HenopeadeneHHOCTU Ha ocHoBe a diverse set of solutions
MHOroobpasus peLieHum

uenesasd yHKUUA
Misfit value

&/

RO A2 . . .
1995 2001 2006 2012 2017 2023

Parameter value
napaMeTp Monulenl/l Hajizadeh et al,2010



HeoaHO3HAYHOCTb aganTaumn
Non-uniqueness of a history match
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NnapameTpbl alanTUPOBAHHbIX MOAENEMN
HM model parameters

Mohammed et al,2009



Kak nonyyntb pa3HoobpasHble Moaenn?
How to obtain multiple diverse HM models?

e ApanTmBHag cToxactmyeckad < Adaptive stochastic sampling
onTUMU3aLMSA

— OdnddepeHunanbHas 380U — Differential evolution (DE)
— OnTMKM3aunsa poem yactul — Particle swarm optimisation PSO
— wnap. — etc.

AganTtupoBaHHble mogenu / HM models
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Kak 6bICTpO aganTnpoBaTb MOAENb?
How to History Match Fast?

 MHorokputepmanbHag * Multi-objective optimisation
onTnmMmm3auind
— Jlyywee ka4yecTBO agantauum — Better history match quality
— bbicTpas cxogumocTb — Faster convergence
— MHoroobpasne agantmpoBaHHbIX — More diverse HM models
Moaenen

MHOroKpuTepuanbHas/multiobjective
cyMma KputepueB / sum of obj.

® MHOrokpuTepuanbHas | « Multiobjective DE
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Hajizadeh,2011



Jlydllee Ka4yecTBO NPOrHo3a
Better Predictions

e YCTOMYMBOCTb agantauum  Lower model misfits based on

« Po6acTHbIi NPOrHo3 — multiple runs
cTabunmnsauus * Robust predictions - P10/P90

O0OBEPUTENBLHOro NHTEPBana envelope settles faster

Hajizadeh,2011
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PobacTHasa v af
OLeHKa ligg = uoe@
e . -

MpuMepbl peabHbIX Mggop_mwmﬁ

. Robust and accurate
“Uncertainty estimation

Real reservolir case studies



KayecTBO aganTtauun: MectopoxxaeHue “X”
History Match Quality: Field X
 MecTtopoxaeHue B CesepHom « A North Sea field

Mope e 15 yeas of production data
* [aHHble no fobbiye 3a 15 neT . 56 model parameters
e 506 MapameTpoB Moaenu HeBsisku apanTaumm

nedbuta HedpTr
ONA KaXO0W CKBaXKUHbI

Valjak,2008 (pasmep OKpYXKHOCTW)

Misfit for
individual wells
(circle size)

1000 2000 3000 4000
days




O60CcHOBaHHbIM NPOrHo3: MectopoxaexHue “Y”
Justified prediction: Field Y

Banunoaunsa mogenu: « Validation:

HeonpeneneHHoCTb NporHo3a Predicted uncertainty based on the
Ha OCHOBe aHCaMbns aganTupoBaHHbIX ensemble of HM models agree well
MOZENen XopoLUo corfacyeTcs ¢ with data from the forecast period

HabngeHMsMN B NPOrHO3MpyeMbli nepuos,

JlaHHble
history

NporHos -1 [aHHble
forecast | history

— P10
— P50
P90

|
|
|
|
P
’1
|
|

O6BOAHEHHOCTL / WWCT
O6BOAHEHHOCTL / WWCT

1000 1300

Bpewms /time Bpewms /time Valjak,2008



AfanTtaumsa pacnonoXeHusa pasioMoB
Matching fault locations: Field Z

e bonbwon nnact c « Large filed with uncertain sub-seismic
HeonpeaeneHHbIM fault locations
pacnosfioXeHnem
pasfiomoB

PacnonoxeHue pasnomos  CpeaHee aaBneHune
Fault locations _ pressure

Cencmumka
Seismic

[eount
Production

Arnold,2009
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Moaerneun nnacra

‘«'{M‘xfn ) ""‘?Q 3
'l ~lﬂr._1 A
e ahi ¥ it W0 ,ﬁ:; N by

’l.\'l 'IJ. ' 1"' 'F_P . .:
|

fr .h
f

LN e
™ LN _' "”"li ( "J ﬂ,.ﬂl’
‘ "' e | Al \n‘ I‘Il& srl
\

{ AT
- RN f
h i”.‘ '-'.: . '-iF’ rl L] \1: ,l"‘l'- e “k{l‘ “Jj /!

‘_I 1

o e e .‘;
# "t*t"" ‘-.1

s
\N Ok HS
i 'I 'Fl rq;‘ i) "f"' ’ ‘1 »
' !

l:rﬁ'"




PeannMCTUYHbIE MOaeNnn nnacra
Realistic reservoir models

 bonee TOYHBIM N HAOEXHBIN NPOrHO3
 PeanuctuyHble reonornyeckue

0COBEHHOCTU
 [HTepnpeTabenbHOCTb

HepeanucTtuyHaga reonorugd
Unrealistic geology

Arnold,2009
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[TporHos / forecast

---- P10
P50

---- P90
peanbHOCTb
truth

*

aganTupoBaHHble .
Moaenu S
HM models 2

FOPR,(STBD)

Robust and reliable prediction
Describe geological realism
More interpretable

PeannctnyHasa reonorus
Realistic geology

[1ebuT BOAObI
water production
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Peann3M B MOAENMPOBAHNN: PYC/NOBbIe OT/10XXEeHUS
Modelling geological realism: fluvial channels

[psiMoe pycno MeaHapupyioLLee Pa3BeTBNEHHOE MHoropykaBHoe
Straight Meandering Anastomosing Braided

substrate
eeeee prment




Peann3m B MoaennpoBaHUKU: PYC/1I0BblE OT/IOXKEHUS
Modelling geological realism: fluvial channels

[psiMoe pycno MeaHapupyoLwme Pa3BeTBNEHHOE MHoropykaBHoe
Straight Meanderlng Anastomosing Braided

Kak obecneunTtb pearnnam Mckomowm moaenm?
How to make sure the model IS going to be realistic?

PeanmcTiiHas moens L/f)\
e

Realistic model



PeanuctnyHas anpuopHas MHpopMaLums

Realistic prior knowledge
* l3BneveHne MHpopmMmaLnm o Capture information from

N3 JaHHbIX U 3HAHU knowledge and data

[eonorundeckue npeacrtaBeHN ZR=YeoIalo]n =10 (/= JaHHbIE
Geological knowledge Geological data peyHble CUCTEMb!

cericmuiKa / seismic.

Mopgenb anpnopHbIX

reonorn4ecKnx 3HaAHNU Geological 3aBUCMMOCTU B
Intelligent prior " dependencies reonorl/ILIeCKVIX
)
o
g X2 O6yuatoLiascs ER Y oo AanHBIX
= %°o°° cucTeMa 5 [Wgooo®
=% © Machine learning 5> °°°
= Anung . Way
© “iMhHg B0y, Slength



ANpUOpHbIE 3HAHUA U OLIeHKa reoMeTpun pycna
Realistic prior for channel geometry

PeanbHOCTb / truth case COOTHOLLEHUA NapaMeTpoB PeanuctnyHaa mogenb

MEaHAPUPYOLWWNX pycen Realistic model
Parameter relation in meandering systems .

-400

-----

JnvHa BOMHbI
Wavelength
! 1600

800

HepeanuctnyHas

MoAaenb HepeanuctunyHas

MOAEnb

Unrealistic model
AnpuopHas MoAenb reOMeTPUYECKNX COOTHOLLIEHNI

Prior model for channel geometry Rojas et al.2011



[ napoanHaMn4yeckoe MoaennpoBaHue
Flow Simulations

PeanbHOCTb / truth case PeanunctnyHas mogenb
Realistic model

FOPT (STB)

Hepeanuctu4iHas
MoAenNb

PeanbHoCTb / truth

Mopenu: Models:
0e3 cencMmKm no seismic
C CEMCMUKON W/ seismic
C 3allyMIIeHHOW w/ noisy
CENCMUNKOWU seismic

Unrealistic model

|
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~
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p) |
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Rojas et al, 2011
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Gaia 3D Puzzle Screensaver
GalaDreamCreation.com




Kak MHTerpnpoBaTb arnpuopHy0 MHMOPMALUIO?
How to Integration Prior Data?

Bo3MOXHble reoriorm4yeckme cueHapum
Possible Geological Scenarios

[InHamuka

No06bIYK
Production
Data

=]

KepH / Core Data

Y OGHaxeHus
Sy

PO S e

Cencmuka / Seismic data



Kak MHTerpmpoBaTtb arnpuopHyo MHPOPMaALINIO?
How to Integration Prior Data?

[‘eocTaTuCTHKa —  OObycnoBreHHOCTb
Geostatistics Data Constraining
. e e I
AHcambnb punbTpa Kanmana — Accumunsauyms

Ensemble Kalman Filter (EnKF)  — Data Assimilation =
;E i \ | y, Production
Oby4yaemble moaenu — CuHTES3
Machlne Learning — Data Fusion

Cencmuka / Seismic data



HaaeXxHble Mmoaenu COornacyrTcsd € pa3HibiM AdaHHBIMU
Reliable Models Agree with More Data

o CoxpaHeHune peanuama n NHTepnpeTabernbHOCTU
Maintain realism and interpretability

Bo3MOXHble reonoruyeckmne cueHapmnm
Possible Geological Scenarios

AHcamOnb

NONy4YeHHbIX OLEHOK
Ensemble of models

Obyyaemas moaersb
Machine Learning

KepH / Core Data

Backhouse et al,2011



MopaennpoBaHMe pe4yHon KOChl
perpeccuen noaaepXmMBaoLLUX BEKTOPOB

AT s S Pt

0 50 i 100 150

Example of a depositional Fluvial reservoir modelled with
environment analogue Support vector regression

Demyanov et al,2008



CencMumka pntoBmanbHbIX OTIOXKEHUN U
MOZEJIb MHOXECTBEHHbIX o6yqarou_u/|xc;| aaep

Example of seismic data Fluvial reservoir modelled with
Multiple kernel learning

Demyanov et al, 2010



[TnacT Brugge: cMHTeTU4YeCcKkun npumep
Brugge: synthetic benchmark case study

o CtpykTypa / Structure nob6biBatoLme/producers

— 4 cUCTEMbI OTMOXEHUS! Ha ﬂbele/aneCtorS

depositional environments )
e dontoBuanbHag / fluvial channels

o BRMXHAA 30Ha Npnbos / upper shoreface
e [JanbHAs 30Ha Npudos / lower shoreface
* ec4yaHaga noska / sandy shelf

* AnpuopHas nHdopmaumsa / Prior data

— 104 npocTpaHCTBEHHbIE reonormyeckne peanmsaumu
prior geological realisations

— Pa3nunyHble reonornyeckue npeanofoxeHnd
Different geological scenario choice
e 0bOBbekTHas mogensb / object-based
e BapwuorpamHas mogens / variogram-based
« hauum / facies assumption -'
» Koppensauuun / correlation

eavHas dpauud
single facie

MHOMKaATOPHas (reoctar)
geostatistical

e JlaHHble AOObIYM (10 neT)

10 years of production history o6beKTHas
object-based Peters et al, 2009



Moaenb rnaBHbIX KOMMOMHET: Brugge
PCA model for Brugge case study

« Kaxpasa peanusauud Y; BKAYaeT CBOUCTBA MniacTa
Each realisation y; includes reservoir properties:

Vi = [, NTG, Ink,, Ink ]; 1€{1,2,...,104}

e [NnaBHble KOMMNOHEHTbI (NMUHENHble/AAepHbIE)
Principal components ( linear/kernel)

e MuHMMKM3aALUUA NO BEKTOPY NapamMeTpoB B (MHOXUTENb
COOCTBEHHbIX BEKTOPOB N 3HAYEHUI)

Minimisation over g (eigenvectors & eigenvalues multipliers)
Mohammed et al,2010



CpaBHeHme KaydeCTBa aAadlTaunn. AaBJ1IEHUE
History match comparison: pressure

WBHP:P13

WBHP:P15

KauecTBo
aJanTtauuu
misfit

Xop. (low)

[nox. (high)

Mohammed et al,2010



CpaBHeHWe KayecTBa aganTtauun: nebut soabl
History match comparison: water production

WWPR:P5 WWPR:P2

WWPR:P18 WWPR:P17

KayecCcTBO
aaantaunm
misfit
Xop. (low)

Mnox. (high)

Mohammed et al,2010



3aKr4yeHune Conclusion

bbicTpoe nonyyeHue e Fast history matching with
aganTupoBaHHbI MoAEeNen C adaptive stochastic sampling
MOMOLLIbIO CTOXaCTUYECKNX

anropnuTMoB

HeonpeneneHHOCTb NporHosa ¢ Prediction uncertainty Is
MOOenn nnacrta oueHNBAETCH evaluated based on ensemble
Ha ocHoBe aHcamMbn4 of HM models
aganTUpPOBaHHbLIX MOOENEN

[MporHo3bl Mmogenu aormkHbl ¢ Prediction models should be
onupaTbCs Ha peanucTuyHoe geologically realistic based on
reosiorm4yeckoe onncaHume c prior knowledge

YYETOM aNpPUOPHbIX OaHHbIX

NHTerpauuna gaHHbiX 1 3HaHum ¢ Data and knowledge
C NOMOLLbIO 0Dy4atoLwmxcsa Integration with learning based
anropuTMmosB algorithms



[ pynna no MmoaeMpoBaHUIO HeonpeueneHHocm
Uncertainty Quantification Group

http://lwww.pet.hw.ac.uk/research-projects/uncertainty

e CrnoHCOpbl Hay4YyHOro KOHcopLuyma

Uncertainty JIP sponsors: jg m

o AR = CnuUHayT KoMmnaHua XepuoT-BaTTta
Heriot-Watt spinout, WWW eplstemy com

[lporpavMmHoe obecneyeHns nns ananTauMM Moaenen u

OL{EHKN HenopeneneHtotTn
History matching and uncertainty quantification software

JOGMEC

e KHUra no reocrtatucTuke
Ha PYCCKOM $i3blke

3paTtenscrteo Hayka

Mockea, 2010, 327 cTp.
http://sites.google:com/site/geostatistika/
vasily.demyanov@pet.hw.ac.tuk


https://sites.google.com/site/geostatistika/home/rubook 001.jpg?attredirects=0�
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