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AmncrpakTt: Y XUIPOTEOJOTHjH, KOJ XHAPOJHMHAMHYKOT MOJENHpama PeKMMa HM3JaHM NMOI3EMHHUX BOJa, KanuOpaiuja mopena
IpeaCTaB/ba yCKIahuBamke pe3ynTaTa CUMyJaluje ca MofaniMa KOji Cy PEerHCTPOBAHH Ha TepeHy. Y MPakcH, 0OMYHO ce TO PaHiIo
LPY4HO" (MaHyesHO) — ,,Ipo0ambeM™ ca PE3TMUMTHM BPEIHOCTHMA XUIPOr€OIOMIKHUX TapaMeTapa U XUApayInuKiX KapaKTepUCTHKA
rpaHUYHUX yciioBa. Ynotpebom nporpama PEST yBoam ce ayromaTcka KanuOpalipja Moiena KOjoM ce 3HATHO CMamyje Cy0jeKTUBHH
yTHULAj ayTopa Mojena Ha pe3ynrar. HoBum npuctynom y PEST-U, ogHOCHO yBOlemeM T3B. KOHTPOJIHHX Tadaka, IpeBasmia3u ce
KOHIIENT XOMOTEHHX 30Ha ca BPEAHOCTHMA Iapamerapa XHIPOIEOJIOIIKE CPeIUHEe WIIM 30Ha Ca 3aJaTHM TPaHHYHUM YCIIOBHMA.
MehytuM, mocienuiia OBaKBOI HayWMHA AayTOMAaTCKe KaluOpaluje je 3HaTHO BpeMe MOTpeOHO 3a obaBipame mpopauyHa. PEST
caapKd JBa Moxysa 3a ckpaheme Bpemena tor mpoueca - Parallel PEST u BeoPEST. [Ipyru HauuH mpeBasuiiakerma Ty>KHHE
Tpajama npopadyHa je ynorpeda SVD aHanuze ca 06aBe3HOM onieHOM Heoapehenoctu mozena y3 moxyin NSMC.

Kibyune peun: perynapusanmja ca KOHTpoiaHHM Taukama, Parallel PEST, BeoPEST, Singular Value Decomposition, Null Space
Monte Carlo

YBoa

[pouec eranonupama (kanuOpainuje) Mojena MpeacTaB/ba HajAeIuKaTHU]y (asy u3pame mojena.
On moxpasymeBa yckinahuBama pesynrtara cumyiandje (HIOp. peXuMMa H3JaHH) ca MoJaluMma
pPETHCTPOBAaHUM y MpHUPOAU (CTama MHje30METapCKOT HHBOA M CJIEMEHTE OWIaHca MOJ3EMHHUX
BoJa). To je oceTspHB M HAMOPaH MPOLEC KOjU 3aXTeBa IOCTa BPEMEHa 3a YCICIIHY pealn3anyjy.

Kanubpauuja Mozena Moxe ce 00aB/baTH MaHyeldHO (PydYHO) M ayTOMATCKH IMPEKO HAMEHCKUX
nporpama. Y nomahoj mpakcu 3HATHO je 3aCTYIUbEHHjU MPOIEC MaHyelHe KanuOpaiuje KOju ce
3acHMBA Ha HU3Y Ipolama ca pa3IMuYuTHM KOMOWHAaIMjaMa BpeAHOCTH mapamerapa mojaena. OBaj
HAYMH 3aXTeBa BEIIMKO MCKYCTBO ayTopa MOjeja, MPH YeMy OCTaje OTBOPEHO MHUTAmE Jia JH je
JOOMjEHO pelIeHhe ca ONTUMAIIHUM CKYIIOM TTapameTapa.

Y mwpy n3beraBama ydemha cyOjeKTHBHOT CyJa HCTpakMBada Kao W yCIeI BEJIHKOr Opoja
Moryhux komOWHamMja mapaMerapa Mojena jaBuia ce motpeda 3a ePpUKaCHUjUM TMPUCTYIIOM
MPOIIECy €TAIOHHUPHA MoJena. AyTomarcka kanuopammja o0e3oelyje HaBenene 3axrese. lbome ce
ONTUMH3MPAJy BPEIHOCTH H3a0paHHMX IapaMerapa XUAPOTEOJIOMIKOT CHUCTeMa, MpH 4YeMy je
MOJpa3yMEeBaHN KPUTEPHjyM, OJHOCHO IMJbHA (YHKIHMja, MUHHMHU3UpamkE pa3iuka wu3mely
PETUCTPOBAHUX BPEIHOCTH U pe3yJiTaTa CUMYJIAIFje Ha MOJICIY.



Wupyctpujcku cTaHzapa 3a ayTomarcky kamuOparujy je mporpam PEST (Model-Independent
Parameter Estimation and Uncertainty Analysis). Y nuramy je HajHATIpETHH]U CBETCKH MTPOTPAMCKH
MaKeT 3a ONTUMH3AIHM]Y MMapaMeTapa OWIo KOjer CUMYJIallMOHOT MOJENa U aHaJIN3y HEeH3BECHOCTH
MpOTHO3HUX TmpopadyHa. PEST ce ycmemHo KOpHCTH y MHOTUM HAyYHHM OOJIacTHMA!
XHIPOTEOJIOTHja, XHUIPOJIOTHja, XHIpayJiuKa, reodusnka, TeOMEXaHWKa, XeMHja, acpOHayTHKa,
MAIIIMHCKO HHKEHEPCTBO, Onooruja, uta. (Doherty, 2013).

Ha ocnoBy 3amatux kpurepujyma, PEST mema mapamerpe Mojena CBe 0K Ce M3JIa3HHU Pe3yJITaTu
cUMYyJalije MPHOIMKHO HE MOKJIOoNe ca MepeHuM nozaaiuma (HuBow, npotuiiaju) (Doherty, 2010).
Onrumuzanuona MeTona ce 3acHuBa Ha Gaus-Markar-Levenbergovom anroputmy nponanaxema
MHHHMyMa CyMy KBajpara pesuayana (pasdiumka u3Mel)y MepeHHX momaraka © pe3ynTara
cumynanuje monena). Kanga cy y nutamy XuAPOANHAMHYKHA MOJIENH, ONTHMHU3AIIK]a TapaMeTapa je
UTEPATUBHHU TPOIIEC.

bpojan mapameTpu MOTy n1a ce 3ajajy, OHOCHO Na ce ojpeljyjy HBUXOBE ONTUMaTHE HYMEPHUUKE
BPEAHOCTH y CKJIOMY IMOCTABJbCHUX KPUTEPHjyMa. 3a HEOTPAHWYCHHM OpOj 30HA XHUAPOTCOJOIIKUX
napamerapa (koeduiujeHara GUITpanrje - XOPU30HTATHE U BEPTHKATHE BPEAHOCTH), CIIEHUPHIHY
M3JAITHOCT M3/1aH|, CIICIM(PUYIHO YCKIAUIITEHE, U 32 HEOrpaHHYCHH OpOj BpCTa, KAPaKTEPUCTHUKA
W JICOHHWIIA TPAHWYHUX yciaoBa (MHTEH3UTET HWH(QUITpaIMje W eBamoTpaHCIUpalyje, JTyOuHy
eBaroTpaHCIUpalyje, MPOTHIIAje WU MMHje30MEeTapCKe HUBOE, KOHJIYKTUBUTETE IPAHUYHUX ,,XCa]l-
JICTICHICHT"* yCJIOBA UTI.).

Naxo nma moryhHocT cumynranor oapehuBama Beher Opoja mapamerapa, pe3yaTar Koju ce goomje
ynorpebom kimacuunor PEST-a Hanasum ce y okBupHMa Koje je ayTop Mojeia moctaBuo. To ce
OJTHOCH Ha JAMMEH3Hje, Opoj U OOJMK 30HA HEKOT Mapamerpa Koje ce He MEHajy TOKOM IpopadyHa.
Bpennoctu napametpa (Hip. koeduipjeHara puntpanuje) yHyTap yHanpea AeGuHUCAHUX 30HA CY
KOHCTaHTHE BPEIHOCTH, Ta Cy W Ta yHampea NepHUHHCaHA TO0Jba Ca XOMOTEHHM BPETHOCTHMA
3aJaTUX MmapameTapa, IITo y MPUPOIH HUje ciaydaj (ciuka 1).

I—__

Co. 1. Tlpuka3s XoMOreHHX 30Ha lapaMeTpa Mojiena Koju ce oapelyje (amp. koeduuujeHt uirparmje)



Fig. 1. The display of homogeneous zones of model parameter which has been determined (e.g. hydraulic conductivity)
Ilect ca peryaapusanmjom

Jeman on HaumHa na ce HaBelIHWM HeaocTarak knmacuyHor PEST-a mpeBasuhe HampaBibeH je
YHOILCHEM IOTIYHO HOBOT KOHIIENTa KOjU IIOJIpa3yMeBa I€OCTATHCTHUYKE OoOpaje mojaraka u
npumeny Kpurunr merone y untepnonauuju usMel)y konrponnux tavaka (Tonkun ang loxepry,
2005). Te Tauke ce Ha3uBajy [IWI0OT MOMHTC, M HE O3HAYaBajy HYXHO (QUKTHBHE TayKe, Maja Cy
3HaTHO pehe y muTamy Tadyke y KOjuMa je HeKa BeIMYWHA, OJHOCHO MapamMeTpH Koju ce oapelyjy,
no3Hat. Kox oBe BpcTe ayromaTcke kanubOpanuje, cBaka KOHTPIIOHA TayKa MpeICTaBsba mapaMmeTap
koju tpeba ma ce oxpeau (Doherty, 2003). KonienT MepHHX Tadaka ce HE OrpaHM4YaBa caMO Ha
BpeaHocTH KoedummjeHTa duntpanuje Beh Ha cBe BpcTe mapamerapa koju ce oapehyjy Toxom
€TaJIOHUpPamka MOJIEIA.

ITocroju BuIlle HAYMHA 3a/[aBaba KOHTPOJHHUX Tayaka Ha MOJIEIY: MPEKO peryjapHe mpexe (ciuka
2-a) ¥ npeKko TpuaHrynamuje (cnuka 2-0).
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Co1. 2. a) ITunot nouHTC — perynapHa mpexa 0) ITUIoT HoMHTC — Mpeska 00HjeHa TPHaHTYJIalHjoM

Fig. 2. a) Pilot points - regular network b) Pilot points — network resulting from triangulation

Cam mporec mpuMeHe KOHTpoiHMX Tadaka y PEST-y HasuBa ce perynapusanuja OJHOCHO
peryiucame AuCTpuOyLHje oapeleHnx mapamerapa u/vwim BpeHOCTH T'PAaHUYHUX yCioBa. Pesynrar
oBakBor mpuctyna y PEST kammOpainuju naje pe3ynTar Koju YKJbydyje XETEPOT€HOCT CpeUHE
(cTpyjHe obnacTH) Mo nHUTaky AUCTPHOYIHMje apameTapa cpeaune Koju cy oapehusanu Doherty et
al, 2010). Ha cnuum 3 ucmon Cy NpHKa3aHU TPaJULIMOHAIHH PE3yNTaT KanuOpanuje Mojelna
(manyenna wiu PEST) u PEST ca perymnapusarijom.
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Cin. 3. 30He XOMOreHHX BPEJHOCTH Mapamerapa Mojeina — a) kiacudan PEST 0) XeTeporeHocT cpeanHe Kao pesyJiTaT HpHMEHE
PEST-a ca perymnapu3sarmjom

Fig. 3. Zones of homogeneous values of model parameters - a) classic PEST b) heterogeneity of the porous media as a result of the
implementation of PEST with regularization

Bpeme Tpajama ayromMaTcke KajauOpanmje ca peryJapu3alijoM MHJIH €a KOHTPOJHHM
TayKama

Jenan on HajBecux mpoGiema ca ymorpebom Pilot pointa y PEST-y je motpeGHO Bpeme 3a
npopauyHe. IToBehame Opoja KOHTPOIHHUX Tauaka Koje ce YHOCE Y MOJIEIN YCIIOBJbaBa MPOIYKEHE
BPEMEHCKOT TIeproJia KOju je TIOTpedaH 3a eTalloHnpame Mojena. CBaky KOHTpoiHy Tauky PEST
mocMarpa Kao rapamerap udja ce onTHMaliHa BpeaHocT oiapelyje. CBaku mapamertap y PEST-y
3axTeBa jeJHY WJIM JIB€ CUMYyJaldje 1mo urepanuju. Axo Hrp. y mogeny uma 1000 nmumot tayaka,
onpa je morpe6ro 1000 cumynanuja (wmu 2000, ako ce mpUMEYje HEHTPATHO JU(epEHIIUparbE)
camo 1o jenHoj urepanuju. Behu Opoj utepanuja je decto moTpedaH 3a CBaKM Mpojia3 MmpopadyHa
TOKOM KaluOpaije mojena. AKO CBakd TpoJia3 MpopadyHa Tpaje HEKOJIMKO MHUHYTa, OHJAA je
noTpeOHO MHOTO BpeMeHa Jia ce 11e0 MpoIlec 3aBpiin. Bpeme Tpajama kanuOpanuje Ha 0Baj HAYUH
MEpH Ce YacOBHMa, HEKaJia 1 TaHuMa.

PEST omoryhaBa nBa HaumHa yOp3ama npopauyna: Parallel PEST u BeoPEST. O0a nauuna ce
3aCHMBAJy Ha CHMYJITAHO] KaauOpalWju IOBE3WBAEkEM BHIIEC padyHapa ca OCHOBHOM HJCjOM
noBehama MpoIlecOpCKe cHare Koja ce KOpHCTH y npopadyyHuMma. OCHOBHM padyHap HaszuWBa ce
»,Master, a ceu npyru ,Slave”. Ha cakom ,,Slave” padynapy mMopa mocrojaTd JTHPEKTOPHjyM Y
KOME Cy CMEILTEeHE UIEHTUYHE [0Jla3He JaTOTEeKe 3a MpopadyHe Kao 1ITo cy Ha ,,Master pauynapy.
IMoapxano je mo 100 aupextopujyma, 0IHOCHO ,,Slave” pauynapa. [lociequiia OBaKBOr MPUCTYIIa
MpopadyHUMa je pelyKiidja BpeMeHa oTpeOHOT 3a eTAIOHUPAHkE MOJIENA.

Parallel PEST omoryhaBa noBe3uBame BHIIe pauyHapa Kpo3 Mpexy, 1ok je beoPEST cneuujanna
Bep3nja PEST-a koja 006e30elhyje na ce mpopauynu o0aBipajy CHUMyJITaHO KOpHCTehn WHTEpHET n
ynasbene mosezaHe padyHape (t3B. Cloud Computing) (Hunt et al, 2010). ,,Slave” pauynapu ca
KOjUMa ce MPEeKo MHTepHeTa mosesyje ,,Master” pauynap mory OUTH Ha MO3HATUM JIOKAllMjaMa WU
ce MOTY M3HAjMUTH padyHapu ca ey ox 30$, ma HaBuie mo gany kopunrherma.

Hpyru Haunn ynorpedbe beoPEST-a je Bezan camo 3a ,,Master pauynap, npu yemy ce J0JaBambeM
»Slave* mupexTopujyma Ha memy moBehaBa aHTaKOBAHOCT MPOIIECOPA.

Hpyra moryhaoct ckpahema BpemeHa ayToMaTcke KamuOpamuje ca mnpumeHom PEST-a ca
perymnapuzanujom je ynorpeba 138. Mmoxyna SVD.

PEST + SVD (Singular Value Decomposition) ananu3a

ITojenuaayno pasnarame mapamerapa mozena (Singular Value Decomposition - SVD) je nporec
Kpo3 Koju je onpehuBame mapamerapa 3HaTHO oiyakmiaHo. Ilpumenom SVD pedopmynume ce
Kanuopalja Mojenia Tako MTo ce 00aBiba MpolleHa ceTa ,,Cynep-napaMerapa”, Koju cy JHHeapHa
KoMOuHanuja ,npaBux” mapamerapa (Tonkin and Doherty 2005). Ckym ,,cymep-mapamerapa” je
00nyHO MHOTO MamH, Hip. 10-20% on ykymHOT Opoja mapamerapa, ImTo 3a MOCIEAUIY UMa 3HATHO
kpahe Bpeme moTpeOHO 3a mpopauyHe. Ha mpumep, ako je 6uno 500 muioT Tayaka u 3a Cid4aj
nepuHucama Opoja cynep-napamerapa Ha 15% ykymHor Opoja mapamerapa, oHJa je Opoj cymep-
napamerapa 75. [Ipaktnyno To 3Haum na he mmecto 500 mpopadyHa 1Mo jeaHO] MTEpandju, U3
npumeny SVD Outn u3Boheno 75 mpopadyHa mo WTepanuju. YBEK C€ MOCTaBJba MUTAKHE KOIUKH
0poj ,.cymnep-napamerapa” Tped6a msabpatu. Hosu ytumuty SUPCALC y okBupy PEST-a ce
KOPUCTH 3a TpeBa3wIaXkeme OBor mpobdnema. bume ce oxapehyje mMuHUManmHO mMOTpeOHU U



MaKCHUMAaJTHO JOMyIITeHHu Opoj ,,cymnep-napamerapa” 3a kanmmbOpanujy monena. Ha ayropy monena
ocTtaje aa nzabepe jeHy 0J1 BPSAHOCTH U3 JOMYIITCHOT JWjana3oHa BPeIHOCTH.

VY onmnocy Ha knacuyan PEST, SVD wuma jom jegHy mpeaHOCT Koja ce OJHOCH Ha 3HATHO
KBAJIUTETHH]y 00paxy oapeheHnx THIOBa mapamerapa MoJiella KOji MMajy Pa3iIuduTe OCETJbUBOCTH
Ha TPOMEHE HUXOBUX BPEIHOCTH TOKOM ayTOMaTcke KamuOpamnuje. MehyTtuMm, jeman on
Henocrataka SVD-a je v 3HaTHO ClIOKeHHUja MpoLeaAypa MMoIeIIaBamka U U3BPIIaBamba OBOT MOTYJIA.

MehyTtum, u SVD Moxe moctatu crop ako je motpedHo ontumuzoBatu npexo 2000 mapameTtapa.
Tana je ynytauje kopuctuTu anropuram LSQR (Sparse Equations and Least Squares).

Null Space Monte Carlo (NSMC)

Pesynratn nobujenn npumenom SVD Hucy jeqHO3HAYHHM W HY>KHO 3aXT€Bajy OLIEHY KPO3 aHAJH3Y
Heoapehenoctu mozena. Jeman ox Hajoosbux HaumHa je mpumena Null Space Monte Carlo (NSMC)
TEXHUKE KOja je HampaB/beHa 3a pajJ Ha KanuOpucaHuM Monenuma npumeHoMm SVD-a ca MHOro
Hero3HaTux napamerapa (Doherty et al, 2011; Tonkin and Doherty, 2009).

NSMC Ttexnuka omoryhyje ayTopy MoJena TeHEepHcame BHIIE KaluOpHUCaHMX MOJena C
pa3uYuTUM cKynoBuMa (ceTtoBuma) MeljycoOHo yckiahenux napamerapa. JloOujeHu pesysrat,
onHOCcHO Mojienu he ce MeljycoOHO paznukoBaru. Jlakie, ocHoBHO peniethe NSMC Huje erzaktHo
pememe, Beh nujamazon moryhux pemerma (Herckenrath et al, 2011). 3a ciy4aj 1a je mocraB/beH
kpureprjym ox 10 reHepucaHMx Mozena W Ja CE aHaJM3Upa CcaMO BPEIHOCT Koe(HIMjeHTa
¢untpanmje, kao pesyarar he ce mobutu 10 mMomena ca pasnTUUMTHM MaTpHIaMa KoeduiujeHra
¢unrpanuje. TakBu mozenu (10 BUX) MOTY Ce KOPHCTHTH 3a MPOTHO3HE MPOpaUyHE.

OBaj KOHIIENIT WMa OMpaBAamka aKo Ce BpaTH Ha MOYeTak M AePUHUIM]y Monena na je TO
npuOJIMKHO TIpefcTaBibabe peanHor (xuaporeosomkor) cucrema. C 1pyre crpaHe, OBO je
JOMUHAHTHO aMEpUYKH HAuWH JlaBamba peliekha HEKOr 3aJaTka Tie ce MoKymaBa wu30ehn
OATOBOPHOCT, OJIHOCHO HPOLEC O/UTyYHBatbha NMPedauTi Ha Apyror (apyre ciyxoe).

3akibyuak

PEST je ™Momymapan mporpaM 3a ONTHMH3AIMjy TMapaMerapa TOKOM IIpolleca ayTOMAaTCKe
KajauOpalyje MoJiena, 0OTHOCHO pellaBama WHBEP3HHUX mpobdiema. [Iporpam nma mmpoKy mpuMeHy
KOja MpeBa3mia3d MOJENMpame MOA3eMHUX Boja. Pa3Bojem mporpama PEST yBenmeH je xoHment
[TuoT MM KOHTPOTHMX Tadaka KOjUM Ce TPEBa3WiIa3d KOHIENT XOMOTEHUX 30Ha ca BPETHOCTHMA
napaMeTapa CpeAnHe WIM 30Ha ca 33aJaTUM I'paHWYHUM ycioBuMa. [locieauiia oBakBor mpucTymna
je 3HaTHO BpeMe TMOoTpeOHO 3a u3Boheme mpopadyHa. BpemeHoMm cy y okBupy mporpama PEST
yrpaljeHa 1Ba MOJyja KOjUM Ce MOXe cKpatuTu Bpeme mpopauyna (Parallel PEST u BeoPEST)
npeko Mel)ycoOHOr moBe3uBama BHIE padyHapa (MpPEeXHUM KaOJOBMMa M MPEKO HHTEPHETA)
OJTHOCHO, McKopumrhaBambeM Beher MpoIeHTa aHraKOBaHE MPOLECOPCKe cHare padyHapa. [pyru
Ha4uH ckpahema BpeMeHa je npuMena moayna SVD y PEST-y kojum ce yBoge ,,cyrnep-apameTpu’
KOjH Cy y JIMHEapHOj 3aBUCHOCTH Ca OPUTHHAJIHHUM MapaMeTpuMa Mojena. 3a KanubpucaHe Moiena
y3 nomoh moayna SVD mopa ce u3BpmnTu ananuza Heoapehenoctu. Y okBupy PEST-a passujen je
HoB Mmozen HazBaH NSMC (Null Space Monte Carlo) kojum ce no0uja aujana3on Mmoryhux periema.

3axBajITHHIA

AyTopu ce 3axBajbyjy MHHHCTapcTBY NHPOCBETE, HAyKe M TEXHOJOWIKOT pa3Boja Pemybmuke CpGuje 3a
¢dunaHCcHpame npojekara 176022 u NN-43004.



AUTOMATIC CALIBRATION OF HYDRODYNAMIC MODELS USING PEST
PROGRAM

Abstract: In hydrogeology, in hydrodynamic modeling of groundwater aquifer’s regime, model calibration represents the alignment
of the simulation results with the data registered in the field. In practice, usually it was done "by hand" (manual) — by "testing" with
different values of hydrogeological parameters and hydraulic characteristics of the boundary conditions. By using the PEST program,
automatic calibration of models has been introduced, and it has proved to significantly reduce the subjective influence of the model
creator on results. With the new approach of PEST, i.e. with the introduction of so-called control points, the concept of
homogeneous zones with parameter values of porous media or zones with the given boundary conditions has been outdated.
However, the consequence of this kind of automatic calibration is that a significant amount of time is required to perform the
calculation. PEST contains two modules for the shortening of that process - Parallel PEST and BeoPEST. Another way to overcome
the duration of the calculation is the use of SVD analysis with the mandatory assessment of model uncertainty with module NSMC.

Key words: pilot points with regularization, Parallel Pest, Beopest, Singular value decomposition, Null Space Monte Carlo
Introduction

The process of model calibration is the most delicate phase of the model creating. It involves
alignment the simulation results (e.g. aquifer regime) with the data registered in nature (state of
piezometric level and elements of the groundwater balance). It is a delicate and difficult process that
requires a significant amount of time for successful realization.

Model calibration can be performed manually and automatically, through programs used for this
purpose. In domestic practice much more common is a process of manual calibration, which is
based on a series of testing with various combinations of values of model parameters. This method
requires a great deal of experience of the model author, while it remains an open question whether a
solution with the optimal set of parameters is obtained.

In order to avoid a participation of subjective judgment of researcher and as well because of a large
number of possible combinations of model parameters, the need arose for a more efficient approach
to the process of model calibration. Automatic calibration ensures these requirements. It optimizes
the values of selected parameters of the hydrogeological system, where the default criterion, i.e.
objective function, is minimizing the difference between the registered values and results of the
model simulation.

The industry standard for automatic calibration is PEST program (Model-Independent Parameter
Estimation and Uncertainty Analysis). It is the world's most advanced software package for
parameter optimization of any simulation model and analysis of prognostic calculations uncertainty.
PEST is successfully used in many scientific fields: hydrogeology, hydrology, hydraulics,
geophysics, geomechanics, chemistry, aeronautics, mechanical engineering, biology, etc. (Doherty,
2013).

Based on given criteria, PEST changes the model parameters until the output results of the
simulation approximately coincides with the measured data (levels, flows) (Doherty, 2010). The
optimization method is based on the Gauss-Markar-Levenberg’s algorithm of finding the minimum
sum of the residual squares (the difference between the measured data and the results of model
simulation). In the case of hydrodynamic models, optimization of parameters is an iterative process.

A number of parameters can be set, i.e. their optimal numerical values within the set criteria can be
determined: for an unlimited number of zones of hydrogeological parameters (hydraulic
conductivity - horizontal and vertical values), specific yield, specific storage, and for an unlimited
number of types, features and sections of the boundary conditions (intensity of infiltration and



evapotranspiration, evapotranspiration depth, flow rates or piezometric levels, conductivities of
Head-dependent boundary conditions, etc.)

Although there is a possibility of simultaneous determination of a number of parameters, a result
which is obtained using the conventional PEST is within the framework set by the author of the
model. This applies to dimensions, number and shape of the zones of some parameter which don’t
change during the calculation. The values of parameters (e.g. hydraulic conductivity) within a
predefined zones are the constant values, and so are the predefined values of the homogeneous field
with given parameters, which is not the case in nature (Figure 1).

Pest with regularization

One of the ways that this drawback of classical PEST can be overcome is made by introducing a
completely new concept that involves geostatistical data processing and application of Kriging
method in interpolation between control points (Tonkin and Doherty, 2005). These points are called
Pilot points, and do not necessarily indicate the fictitious points, although they are much less
frequently points where some value and parameters to be determined are known (Doherty, 2003). In
this type of automatic calibration, each control point represents a parameter to be determined. The
concept of measuring points is not limited to the values of the hydraulic conductivity, it applies to
all types of parameters that are determined during the calibration of the model.

There are several ways of assigning control points on the model: through regular network (Figure 2-
a) and through triangulation (Figure 2-b).

The process of implementation of the control points in the PEST is called regularization, i.e.
regulation of distribution of certain parameters and / or values of the boundary conditions. This
approach in PEST calibration gives a result that includes heterogeneity of the porous media
(groundwater flow area) regarding the distribution of parameters that were determined (Doherty et
al, 2010). Figure 3 below shows the traditional result of model calibration (manual or PEST) and
PEST with regularization.

The duration of the automatic calibration with regularization or control points

One of the biggest problems with the use of Pilot Point in PEST is the time needed for the
calculations. Increase of the number of control points that are entered in the model causes the
extension of the time period required for calibration of the model. Each control point PEST sees as
a parameter whose optimal value is being determined. Each parameter in the PEST requires one or
two simulations per iteration. If, for example, the model has 1000 pilot points, then a 1000
simulations are needed (or 2000, if central differentiation is applied ) just per one iteration. A larger
number of iterations is often required for each model run during the model calibration. If each
model run takes a few minutes, then it takes a long time to complete the entire process. Time
duration of this type of calibration is measured by hours, sometimes days.

PEST provides two methods of calculation acceleration: Parallel PEST and BeoPEST. Both
methods are based on the simultaneous calibration by connecting multiple computers with a basic
idea of increasing processing power that is used in the calculations. The main computer is called the
"Master" and all others are called "Slave". Each "Slave" computer must have the directory which
contains the identical baseline files for calculations that "Master" computer has. Network supports
up to 100 directories, i.e. "Slave™ computers. The consequence of this approach to calculation is the
reduction of time required for the model calibration.



Parallel PEST allows connecting multiple computers through a network, while BeoPEST is a
special version of PEST which ensures that the calculations are carried out simultaneously using the
Internet and remote connected computers (so called Cloud Computing) (Hunt et al, 2010). "Slave"
computers which are connected to the "Master" computer via Internet may be at known locations or
they can be rented computers with the price of $ 30 and up per day of use.

Another way to use BeoPEST applies only to the "Master" computer, and by adding a "Slave"
directory on it, the involvement of the CPU increases.

Another possibility for shortening the time needed for automatic calibration by using PEST with
regularization is the use of so-called SVD module.

PEST + SVD (Singular value decomposition) analysis

Singular value decomposition (SVD) is the process which makes the determining of the parameters
much easier. Applying SVD reformulates the model calibration by assaying the "super-parameters™
set, which are a linear combination of the "real” parameters (Tonkin and Doherty 2005). A set of
"super-parameters” is typically much smaller, for example 10-20% of the total number of
parameters, which results in a significantly shorter time required for the calculations. For example,
if there was 500 pilot points and if the number of super-parameters is defined as 15% of the total
number of parameters, then the number of super-parameters is 75. This means that 75 calculations
per iteration will be performed by using SVD, instead of 500 calculations per iteration. It's always
the question how many "super-parameters” should be selected. A new utility within the PEST - the
SUPCALC is used for overcoming this problem. It determines the minimum required and
maximum allowed number of "super-parameters"” for model calibration. It remains on the authors of
the model to choose one of the values of the allowable range of values.

In relation to the classic PEST, SVD has another advantage, which relates to a considerably higher
quality of processing certain types of model parameters that have different sensitivities to changes
in their values during automatic calibration. However, one of the drawbacks of SVD is a
considerably more complex adjustment procedure and the performance of this module.

However, SVD also can become slow if it is necessary to optimize more than 2000 parameters.
Then, it is more advisable to use LSQR algorithm (Sparse Equations and Least Squares).

Null Space Monte Carlo (NSMC)

Results obtained by SVD are not unambiguous and necessarily require assessment through the
analysis of models uncertainty. One of the best ways is the use of Null Space Monte Carlo (NSMC)
technique, which is designed to operate on calibrated models using the SVD with many unknown
parameters (Doherty et al, 2001; Tonkin and Doherty, 2009).

NSMC technique allows model author to generate more calibrated models with different sets of
mutually adjusted parameters. The results obtained, i.e. the models will differ from each other.
Therefore, the basic solution of NSMC is not exactly a solution, but the range of possible solutions
(Herckenrath et al, 2011). In case that a criterion of 10 generated models is set, and that only the
value of hydraulic conductivity is to be analyzed, the result will be 10 models with different matrix
of hydraulic conductivity. Such models (10 of them) can be used for forecasting calculations.

This concept is justified if we go back to the beginning and to the definition of the model as an
approximate representation of the real (hydrogeological) system. On the other hand, this is the



dominantly American way of giving solutions of a problem, which is trying to avoid responsibility,
and to switch decision-making process to someone else (other services).

Conclusion

PEST is a modular program for optimization of parameters during the automatic calibration of the
model, i.e. solving inverse problems. The program has a wide range of applications that surpasses
the groundwater modeling. Development of the program PEST introduced the Pilot concept, i.e. the
concept of control points that surpasses the concept of homogeneous zones with values of the
porous media parameters, or zones with the given boundary conditions. The consequence of this
approach is the considerable amount of time required for the execution of the calculation. Over
time, within the PEST program, two modules which can shorten the time needed for calculation
(Parallel PEST and BeoPEST) have been installed through the interconnection of computers
(network cables and via the Internet), i.e. by using a higher percentage of engaged processing power
of computers. Another way of shortening the time is the application of the SVD module in PEST,
which introduces a "super-parameters”, that are in a linear dependence with the original parameters
of the model. For the calibrated models, the analysis of uncertainty must be completed, by using the
SVD module. A new model called the NSMC (Null Space Monte Carlo), which receives a range of
possible solutions, has been developed within the PEST.
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