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E [lhaH goKnapa

ABMuMI'

* MnpoBo oOnbIT pa3paboTku

LMPPOBbIX NBONHUKOB
6ONbLWINX HAYYHbIX YCTAHOBOK.
* Pa3paboTKka LMPPOBbIX
asovHnkos B CO  PAH:
undposble NBONHUNKU

TeXHN4YeCKnXx CUCtem




1‘8 Lnpposon ABOMHUK NPUPOAHOUN UNN TEXHUYECKOM CUCTEMDI

UBMuMI'

OnpepeneHne uMppoBoro ABOMHUKA U34eNma No
[OCT P 57700.37-2021 «KomnbtloTepHble mogenu
n moaenupoBaHue. LUnodposbie 4BOMHUKM
n3genm. ObLwme NoNoKeHUa» Y
Cuctema, cocroAawan us uuppoBoii Moaenu usgenma u ——
ABYCTOPOHHUX UHPOPMALMOHHDIX CBA3EU C U3ae/IMeEM
(npu Hannuum nspgenna) u (nnn) ero coctaBHbIMM
4acCTAMMU.

rocTp
57700.37—
2021

UMOPOBLIE ABOWHWUKW U3AENUIA

O6wme nonoKeHHA

Linpposbie ABOMHUKHK (NpoueccoB, 06bEKTOB, U3aenn) Kak o06begmnHalowan KoHuenuusa

* ObbeanHeHne pasnYHbIX Moaenei

* 3a34a4M YCBOEHUA AaHHbIX, AEHTUDUKALMA CTPYKTYP M NapameTpos (paboTa ¢ AaHHbIMM)

* 3apa4u ynpasneHus (paboTta c KpUTEPUAMKU ONTUMANBHOCTH)

* EanHan nHdpacTpykTypa (NnporpammHble nHTepdenchbl, UMPPOBOM «NOJUTOHY,
BU3yanmsauma v T.4.)

B nuteparype: Digital Twin DIGITAL AIR [Zlatev, Zahari / Dimov, lvan Using a Digital Twin to Study the Influence of Climatic Changes on High Ozone Levels in
Bulgaria and Europe // Atmosphere , Vol. 13, No. 6 MDPI AG p. 932 2022-06] :

* many numerical algorithms,

several splitting techniques,

a lot of graphical tools,

a series of useful scenarios,

very large files of meteorological and emission data,

a big set of geographical information (for example, information about many cities in Europe and about the borders of the European countries).
presents in an accurate way all the relevant processes in the air including advection, diffusion, and chemical reactions.



Mawukn lpuss3

npeacTtaBun 3Ty KOHUENUWUO BO Bpems
npeseHTauum B MMUYMraHCKOM YHMBEPCUTETE B
2002 roay, Ha MeponpuUATUN Ana
npeacTtaBuUTeNen UHAYCTPUKN, MNOCBALLEHHOM
CO34aHUI0 UEHTpPa YNpPaBAEeHUA KU3HEHHbIM
umknom npoaykta (PLM). TMMo3xe [puBc
pacwupun 3Ty MAEK B KypCe JNeKuun u
M3NOXKUN B TEXHMYECKOM AoKymeHTe [1], a
TakKXe B nocneaytowen cratbe 2016 roaa,
HanMcaHHOM B coaBTOpcTBE C [)KOHOM
Bukepcom [2].

e Grieves M. Digital twin: manufacturing
excellence through virtual factory
replication: White Paper. 2014. P. 1-7.

* Grieves M., Vickers J. Digital twin:
Mitigating unpredictable, undesirable
emergent behavior in complex systems //
Transdisciplinary Perspectives on Complex
Systems: New Findings and Approaches.
2016. P. 85-113.
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Yxke B 2011 r. noAsuaacb nepsas
YpHanbHana cTaTtbA no aTon Teme [3]. B
HEWN UCCNea0BaNoCh, KAK MOXKHO
3pPEeKTUBHO MCNONBb30BaATb UMPPOBbLIE
ABOVHWKKN ANA NPOrHO3UPOBaHUSA
CPOKa CNy»K06bl KOHCTPYKUMKN CamoneTa.
B 2012 roay NASA ¢opmanunsoBano
onpegeneHue umMppoBbiX ABONHUKOB U
NOAYEPKHYNO UX NOTEHUMAIbHOE
NPMMEHEHME B a3POKOCMUYECKOM
oTpacau [4].

3. Tuegel E.J. et al. Reengineering
aircraft structural life prediction using a
digital twin // International Journal of
Aerospace Engineering. 2011.

4. Glaessgen E.H., Stargel D.S. The
digital twin paradigm for future NASA
and U.S. air force vehicles. 2012.



[lpeAnOCbINKN U
KNtoueBble TeXHO10TUK

CATP
KomnbloTepHoe moaenmpoBaHue
NHTepHeT Bewen (loT)

[TpomblLLIeHHbIe CUCTEMBI YpaBaeHUA
(1CS)

Nnayctpua 4.0
Knbep-dusnyeckme cuctemol




HenpoHHble ceTu

[ocTuKeHnA nocneaHux net B obnactu
MCKYCCTBEHHOIO UHTE/IIEKTA, @ UMEHHO B
TEXHONOMMAX HEMPOHHbIX CETEN AaNN eLLe
OAMH MMMY/bC PA3BUTUIO KOHUenuun L.
HelnpoHHble ceTM NO3BONAKOT CTPOUTL Ha
ocHoBe 0by4yeHMA Ha NOTOKe peasnbHbIX
OAHHbIX KOMNbIOTEPHbIE CUMYIALUN CNOXKHbIX
dU3NYECKNX CUCTEM MO NPUHLMNY "YepHOro
AWKMKa", yTo 0cobeHHO nNonesHo B cyyae
HEBO3MOXHOCTU UM BbICOKOM CNOXKHOCTU
npumeHeHMa 6onee TPAANLMOHHOIO
YMCNEHHOIo MOAENNPOBaHMA. TaKMM 06pa3om
TEXHONIOMMU NCKYCCTBEHHOIO UHTEN/IEKTA
ABNAKOTCA O4HOM N3 OCHOBHbIX KOMMOHEHTOB,
B/IMAIOLLMX Ha pa3BuTme KoHuenuuu L.
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OnpepeneHune U

fpue3 un Bukepc:

LUndposon ABOMHUK npeacTasnser
cobon Habop BUPTYaNbHbIX
MHOOPMALMOHHbBIX KOHCTPYKLMHA,
KOTOpble MNONHOCTbIO OMUCLIBAOT
NOTEHUMANbHbIM NN peanbHbIN
dU3NYECKN NPOU3BOAUMbBIN NPOAYKT
OT MMKPOATOMHOIO A0
MaKpOreomeTpMYeCcKoro ypoBHA

InaccereH u Crparenb:

LindppoBon ABONHUK COCTOUT U3 TPEX
OCHOBHbIX 3/1EMEHTOB: GU3NYECKOrO
NpPoAYKTa, BUPTYaZIbHOrO NPOAYKTa U
NOTOKOB AaHHbIX, CBA3bIBAIOLLMX
dU3NYECKUN U BUPTYA/IbHbIN
NPOAYKTbI



Kntoyesble aTpnbyThl

B3anmopgencTemne n KoHBepreHums. 3Ty GYHKLUMIO MOXKHO
paccMaTpMBaTb C TPEX TOYEK 3PEHUSA:

OTpaxeHue B peasbHOM BpeEMEHMU:
undpoBble ABOMHMKM BKIOYAIOT B cebA Kak
dunsmyeckoe, Tak 1 BUPTyanbHOE
NPOCTPAHCTBO, NPU 3TOM BUPTyasbHOE
NPOCTPAHCTBO CAYXKUT TOYHO
CUHXPOHM3UPOBAHHBIM U TOYHbIM

oTpaxeHnem GU3NYeCKoro NPOCTPaHCTBa.

Camopassutume: umdpposble 4BONHUKA
noAaaepXmBatoT 06HOBAEHNE AaHHbIX B
peXxnme peanbHOro BPeMeHU, YTo No3BosfeT
NOCTOSAAHHO Y/1ydlWaTb BUPTYa/ibHblEe MOAE/NN,
CpaBHMBAA UX NapasienbHO C UX

dU3NYEeCcKMMKM aHaoramu.

Tao F. et al. Digital twin-driven product design,
manufacturing and service with big data //
International Journal of Advanced Manufacturing
Technology. 2018. Vol. 94, Ne 9-12. P. 3563—-3576.

B3anmopencrtemne n KoOHBepreHums B GnU3nN4eckom
npocTtpaHcTee. LludppoBbie A4BONHUKMK
obecneymBarOT BCECTOPOHHIOK MHTErpaLuto BCeX
NMOTOKOB, 3/1IEMEHTOB U CepBUCOB, obecneymnBas
B3aMMOCBA3b AAHHbIX, TEHEPUPYEMBIX Ha
Pa3/IMYHbIX 3Tanax.

B3anmopencreme n KOHBEPreHUMa Mexay
NCTOPUYECKMMM AAHHBIMM N AAHHBIMW B P€asibHOM
BpemeHu: undposble ABONHUKU 3aBUCAT OT
pa3HOO0bpPa3HbIX UCTOYHMKOB AAHHbIX, BK/ItOYanA
3KCNepTHble 3HAHUA U MHPOPMALUIO B peaIbHOM
BPEMEHMW U3 BCEX BHEAPEHHbIX CUCTEM, YTO
cnocobcTeyeT 6bonee rnybokomy aHanunsy n bonee
3dPEKTUBHOMY MCMNONb30BAHMIO AAHHbIX.

B3amopgencTemne n KOHBEPreHUMsa mexay
OU3NYECKMM U BUPTYa/IbHbIM MPOCTPAHCTBAMMU: B
uMdPOBbIX ABOMHMKAX PU3NYECKOE N BUPTYyaNbHOE
NPOCTPaHCTBa B3aMMOCBA3aHbl 6ecloBHbIMMK
KaHanamu, obecneymBatoMMm erkoe
B3aMMOAENCTBME MeXAY ABYMS NPOCTPAHCTBAMMU.



TaKCOHOMUMA N BONIbHOCTU onpeageneHna

Digital Model Digital Shadow Digital Twin

R Physical Object o8 R Physical Object
RS Digital Object pi IR Digital Object
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Physical Object

Digital Object

Manual Data Flow Automatic Data Flow



Stanford Linear
Accelerator Center
(SLAC)

[oKknan Ha KoHbepeHunmn

 Edelen A. Al/ML and Its
Operational Challenges
at SLAC’s Accelerators
and Collaborating
Facilities. 2021.




X-ray Transport ’—/

Far Experimental Hall

1,062 experiments in 2016

) beam duration, x-ray wavelength etc.
~1023 papers since 2009 adjusted for each experiment

https://Icls.slac.stanford.edu



machine settings

L1SJ L2-linac

~L3-linac

BClys0Mev B2 43 Gev

Beam exists in 6-D position-momentum phase space

Measure 2-D projections or reconstruct based on
perturbations of upstream controls

Can have dozens-to-hundreds of controllable variables
and hundreds-of-thousands to measure

14 GeV

specific beam
characteristics

undulator
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~400 hours spent tuning per year
Changing configurations roughly 2-5 times per day

Average setup time is ~30 minutes
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Approximate Annual Budget: $145 million
Approximate hours of experiment delivery per year: 5000
About $30k per experiment hour to run!

$12 million value

400 hours hand-tuning in a year —=—> ~10 additional experiments
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- efficient tuning matters to maximize science-per-dollar spent

- new machine configurations enable new science (e.g. attosecond pulses),
but are difficult to bring to operation initially




In a perfect world...

fast, accurate model = predict perfectly

find some knobs that give us the beam we want and apply those

to the machine



Balwive ansegy (MeV)

“10 hours on thousands of

In reality things are much more difficult...

computationally expensive simulations
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We rely heavily on operators for day-to-day control tasks ...




We rely heavily on operators for day-to-day control tasks ...

— =

Local Feedback + Optimization ﬂg

Model Learnm
8 (iterative fine-tuning)

(physics understanding +
empmcal behawor)
H]
Diagnostic Analysis

(e.g. beam images, time plots)

~

Heuristic Control

Policies Anomaly Detection

(operator intuition) + Fallure Prediction

...many analogous techniques in optimization, machine learning,
computer vision, etc.



Several major areas for ML to play a role automated control

+ optimization
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digital twins + online modeling b 24
(planning, model-based control, finding differences between sim/machine) quantlﬁcatlon for all




assumed knowledge of machine

less < > more
N ( . (
Model-Free Model-guided Global Modeling
Optimization Optimization + Feedforward
Corrections
Observe performance Update a model
change after a setting during each search Malke fast ] accurate
adjustment s system model
- estimate direction > use model to = provide guess for
toward improvement help select the next good settings
oint - make predictions
)L P L about machine

gradient descent
simplex

Bayesian optimization
Reinforcement learning

ML system models +
inverse models




Generate
new data

N
Surrogate

) online

Machine
Tuning
read
working
point

(e.g. bunch charge)

update surrogate based on data
(analytic, ML, mix)
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Where we're headed: integration with HPC and continuous online learning

. Model Prediction Displays Model Output Predictions (e.g. beam images, scalars) HPC cluster
) (e.g. SDF at SLAC,
. N NERSC at LBNL
2 Online Modeling J
-~
g Measured Input Data Data High-fidelity Physics
(accelerator settings, processing Simulations =
input diagnostics) — Cluster
= 2 Compute
3 % }3 Adaptive ML Models (GPU, CPU)
i e - g -
8 *i : - o * EPICS
i 13 Control
§ - Measured Output Data Data
= g N‘f System (scalars, images processing
Pz O ibi,
- g 2 describing the beam) Online Optimization
: E and Characterization Tools
el Q Archives
é GN Active Learning + (Measurements,
a0

L1X

Models)

Model and ML-Based
Changes in Accelerator Settings Optimization

Efficient Exploration Predictions, and

Online Control GUI N
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1'8 MpumeHeHune: umpposoun ABoUHUK LUK « CKUD»

UBMuMI'

LA UKM « CKN®» (ycKopuTeNbHbIN KOMMAEKC U
3KCNEepPUMEHTa/IbHble CTAaHLUMK) Ha 3Tane
3KCnayaTauum - MHOroypoBHeBaa MHPOPMALMOHHO-
MaTeMATUYECKAA MOAENb C ABYXCTOPOHHUMM
cBA3AMM C obopyaoBaHmem n cuctemomn ACY,
BOCMPOM3BOAALLAA KAKOYEBbIE aCMeKTbI
bYHKLUMOHUpPOBaHUA 060pPYyA0BaHUA U COAEPrKaLLLAs
cneayowyro MHGopmaumio:

v [aHHble 0 PYHKUMOHaNbHbIX cucTemax CKU®Da

V' dU3MKo-MaTeMaTUYECKME MOAENN NPOLLECCOB,
31€EMEHTOB N CUCTEM, U B3aUMOCBA3EN MEXKAY
HUMU (4D=3D+t)

AaHHble 06 nccnenoBaTeIbCKMX MeToAax
MOAENN IKCMEPUMEHTANbHbIX AAaHHbIX

OonucaHMe NOTOKOB AaHHbIX MeXKAYy 3/1eMeHTaMMU
cmctema MHGOpPMaLUMOHHOM 6e3onacHOCTH
6Mb1MOTEKA KOHCTPYKTOPCKOM AOKYMEHTALNM

DN NI NI NN

27



)

UBMuMI'

Undpposon aoBoUHUK LIKIM « CKUD»

OcHoBHble 3agauu L[ Ha aTane aKkcnayaTaumm:

* coaenctesme B ynpasneHun obopyaoBaHnem

* NJIAHUPOBAHME SKCNEPUMEHTOB

*  dpopmupoBaHuMe «undposoi TEHU»
obopyaoBaHUA, YyCBOEHME AAHHbIX TENEMETPUN U
OLUEHKa NapameTpoB Moae/en

* MpPOBeAEHME CLLEHAPHbIX PACYETOB MO MOAENAM

* MNJaHUPOBAHWE MoAepHM3aumMM 0bopyaoBaHMS,
nepexoAd OT NNAaHOBOrO PEMOHTA K PEMOHTAM Mo
noTpebHoCcTAM

* MPOEKTUPOBAHUE HOBbIX CTAHLUMN

* MNPOrHO3MpPOBaAHWE aBaAPUUHbBIX CUTYaAL UM

* y4yeT CEUMCMUYHOCTHU

* ynpaBaeHWe 3KCNepPUMEHTA/IbHbIMU AAHHbIMMU

 obecneyeHne MHGOPMALUMOHHOMN BE30NACHOCTH

 o0by4yeHune nonb3oBaTenen (TpeHaxkep)

* paboTa AeMOHCTPALMOHHOrO CTeHAa

28



T CraHumna 1-5 «lnarHoctnKa B (((QCKWD
e BbICOKO3HEPreTMYeCKOM PEHTFEHOBCKOM I

AnanasoHe»

3oxa pazmewenus omkasrsix nopmob (012.0/19)
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E LUndppoBon ABOMHUK IKCNEPUMEHTANIbHOM CTaHLU UMK

UBMuMI'

YexoputenbHbINH
KOMIIJIEKC

1 - OnTuveckuii xara

2 - DKCIIepUMEHTAIIbHBIN Xary cekiuu 1-5-3
3 - Kourponphas kaduHa cexuuu 1-5-3

4 - DKCepUMEHTAIIbHbBIN XaTy ceKiuu 1-5-1
5 - KourpospHas kaduna cexuuu 1-5-1

CpeaHunii yposeHb ACY (MNJ1K)

peanbHble 3NEKTPUYECKHE

LiudppoBoi 4BONHUK O6BEKTA
ynpassieHun
(o6opynoBaHue CtaHuum)

Cxema nonyHaTypHOro cTteHaa
MOAENNPOBAHMA PabOTbl CTaHLUUMN
(hardware-in-the-loop)

B U/ skcnepumeHTa/IbHOM CTaHLUMN
BXOAMUT:

AaHHble 06 obopygoBaHUM
cTaHuum (oT dpoHTEHAA)

dU3MKO-MmaTeEMATHNYECKME
MOAeN N B3auMOAEeNCTBUS
N3ly4eHUA C XaT4amMm U np.

nccnenoBaTeNIbCKMe MeToAbl Mo
HaKonaeHuto n obpaboTKe
NAHHbIX

OonMMcaHMe NOTOKOB AaHHbIX
MeX Ay COCTaBHbIMM 31eMEHTaMM
CTaHLMMU

6MbAINOTEKA KOHCTPYKTOPCKOM
AOKYMEHTALMM MO CTaHUUM

3apaum U4 craHuuum:

NOBTOPAT 3adauun LU
30



'*»:8 LUndpoBon ABOMHUK — OCHOBA AN51 CUCTEMDI
e NPUHATMA peLleHn No yrnpaBaeHMIO YCTAaHOBKOM

PekomeHaauunsa
No ynpaBrieHUto

NHpopmauma o
NEeNCTBUAX
onepaTopa

Onepatop

TenemeTtpud

YnpasneHue

Tenemetpus,
«umdppoBas

TEHb» YVeTanoBKka Meracamexe
Ha 3Tane KChayaTaumm .



’&:8 IPPeKTbl OT NPMMEHEHNA UMPPOBOro ABONHUKA
HEMME YCTaHOBKM MeracaneHc

¢ COKpaIJ.IIEHME PaCcxXo40B Ha
KCNAyaTayunio

* YMeHblUeHUe pUCKa aBapmii, NONTOMOK
n cboen

* YBennyeHue yncna dKCNepnmeHTOB
* YBennyeHue ymcna noab3oBaTeneu
* YMeHblleHue 3dTPdT Ha 3KCNepmnmMeHTbl

e CHMUXeHMe 3aTpaT Ha PEMOHTbI U
MOJepHU3aLUI0

* YBe/IMYEeHMEe KOMYEeCTBa U KayecTBa
HAYYHbIX Pe3y/ibTaToB

B macwTabax cTpaHbl - yBennueHume
9KOHOMMYECKUX NoKa3saTesen no
pa3paboTke u BHeApeHNA HOBbIX
MaTepuanos, NPOLECCOB U T.A,.

32



hros)

UBMuMI

Mpurnawaem K cotpyaHmnyectsy!

https://icmmg.nsc.ru/
marchenko@icmmeg.nsc.ru
+7(383) 33083 53
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