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[lnccoHaHcbl BCEBO3MOXHbIX AIMH B OOMbLLNX BPEMEHHbIX padax
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3agada novcka AMCCOHAHCOB BCEBO3MOXHbIX AMMH
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[locnepoBaTtenbHble U NapalyernbHbl€ allfoOPUTMbl NOUCKa ANCCOHaAHCOB

2007 ............. 2020  ............... 2022 eeeenns 2023

duKCcMpoBaHHOU ANNHDI

Nownck auccoHaHcoB [ DRAGl) ]

+ NMonCcK AUCCOHaAHCOB

BCEBO3MOMHbIX AJIH { MERLIN? ]

+ ApanTuBHbIN Noabop 1

+ GPU
+ OnTMMKM3aLmA BblUNCAEHUN

& MNaBT 2022
(Ly6Ha)

(Parallel DRAG-based
PD3 ] Discord Discovery)

Y

+ GPU [ (Parallel All-Length P8 MaBT 2023

+ CoKpaleHue n3bbITOYHbIX - PALMAD ] MERLIN-based @ - 5
BbIYUC/IEHUIA . Anomaly Discovery) M (C.-MeTepbypr)

+ MynbTn-GPU Knactep { PADDi } :)I\Cl:lpo'cizii

(PALMAD-based Anomaly
Discovery on Distributed GPUs)

[I‘Iocnep,OBaTeanblﬁ] [ [MapannenbHbli ]

U Nakamura T., et al. MERLIN: parameter-free discovery of arbitrary length anomalies in massive time series archives. IEEE ICDM 2020. pp. 1190-1195. aNropuT™ anropuT™M

2) Yankov D., et al. Disk aware discord discovery: Finding unusual time series in terabyte sized datasets. IEEE ICDM 2007. pp. 381-390.
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1 Zymbler M., Kraeva Y. High-Performance Time Series Anomaly Discovery on Graphics Processors. Mathematics 11(14). Article 3193. 2023. DOI: 10.3390/math11143193 (Top10% WoS)
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OT160p 1 0YMCTKA ANCCOHAHCOB (PParMeHTa
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1) Kraeva Y., Zymbler M. A Parallel Discord Discovery Algorithm for a Graphics Processor. Pattern Recognition and Image A
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OKCNEPUMEHTHI

* AnnapaTtHble naatpopmbl

— Jlobauesckuun, HHI'Y

1 y3en: 2xSandy Bridge E5-2660 c 3xNVIDIA Kepler K20X (2 688 CUDA-apep, @0.732 GHz, 1.3 TFLOPS)

— JlomoHocoB-2, MI'Y

1 y3en: 1xXeon Gold 6126 c 2xNVIDIA Tesla P100 (3 584 CUDA-agep, @1.19 GHz, 4 TFLOPS)

* JlaHHbIE
Pap |AnuvHa paaa,| lmana3oH gNAVMH AUCCOHAHCOB, MpepmetHana obnactb
n minL.. maxL
ECGY 3Kl B3pOCNOro YenosBeka
GAP2) 2 -10° 64..128 JHepronoTpebaeHmne 4YacTHOro Aoma Bo ®paHumm
MGAB3) CUHTETUYECKUM pAaa Ha OCHOBe ypaBHeHMA MaKKu—Inacca

* [lokasaTenu
— bBbicTpoaeiicTeue: ycpeaHeHHoe Bpems paboTbl anropmutma no 10 3anyckam 6e3 1/0

— YckopeHue: s(p) = tl/tp, rae t; — Bpema Ha ogHom GPU, t,— Bpema Ha p GPU

DLu Y. et al. Matrix Profile XXIV: Scaling Time Series Anomaly Detection to Trillions of Datapoints and Ultra-fast Arriving Data Streams. ACM SIGKDD 2022. pp. 1173-1182.
2) Linardi M. et al. Matrix Profile X: VALMOD - Scalable Discovery of Variable-Length Motifs in Data Series. SIGMOD 2018. pp. 1053-1066.
3) Mackey M.C. et al. Oscillation and chaos in physiological control systems. Science 197 (4300), 287-289 (1977).
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YckopeHwue un bbictpogenctaue: psg GAP
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3akoyeHme

* [lpeanoeH HOBbIKM NapannenbHbl ANTOPUTM NOMUCKA ANCCOHAHCOB B 60/1bLUNX
BPEMEHHbIX pAAaX Ha BblMUCANTENbHOM KnacTtepe ¢ GPU-y3nammu

* [lpoBeaeHbl BbIYHNCAUTENIbHbIE SKCNEPUMEHTbI Ha PeasibHbIX U CUHTETUYECKUX
pAAax, MOKa3blBaloLMeE BbICOKYIO MaclITabnupyemocTb aift0pPUTMa

* byayuime nccnengoBaHUA: NTPUMEHEHUE aNrTOPUTMa B HEMPOCETEBOU MOAENM

ANA NOMCKA aHOMANNN B pexkmme oHNauH

Cnacubo 3a BHMmaHue! Bonpocbi?
AHa AneKcaHApoBHaA KpaeBa
kraevaya@susu.ru
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OcHoBHbIe paboTbl N0 TEME UCCNea0oBaHNS

Anroputm Mnratpopma Kputuka
MocnepoBatenbHbIU aNTOPUTM
Nakamura T, et al. MERLIN: parameter-free discovery of arbitrary length CPU KBagpaTnyHaAa CNOXKHOCTb OT AJINHbI
anomalies in massive time series archives. IEEE ICDM 2020. pp. 1190-1195. pAaa

MapannenbHblie aAropUTMmbl

DRAG: Yankov D., et al. Disk aware discord discovery: finding unusual time series CPU

in terabyte sized datasets. Knowl. Inf. Syst. 17(2): 241-262. 2008. Cumynauns MapReduce

PDD: Huang T., et al. Parallel discord discovery. PAKDD 2016. LNCS 9652. Springer, Spark Hun3kaa npon3BoaANTENBHOCTb BBUAY
2016. pp. 233-244. 6onbLIOro Konnvyectsa obmeHoB
MeEXKAY y31aMu

PhiDD: Zymbler M., et al. A Parallel Approach to Discords Discovery in Massive Knactep KBagpaTmnuHaAa NnpoCTpaHCTBEHHAA
Time Series Data. Computers, Materials & Continua 66(2): 1867-1876. 2021. Intel Xeon Phi [choXKHOCTb OT ANMHbI PAAa
KBF_GPU: Thuy T.T.H., et al. A new discord definition and an efficient time series GPU [MonHbIM Nnepebop

discord detection method using GPUs. ICSED 2021. pp. 63-70. nognocsieaoBaTeNnbHOCTEN PAaA
Zhu B., et al. A GPU Acceleration framework for motif and discord based pattern GPU [MouncK ogHoro (camoro Ba*Horo)
mining. IEEE Trans. on Parallel and Distr. Systems 32(8): 1987-2004. 2021. ANCCOHAHCa pAaa

PD3: Zymbler M., Kraeva Ya. Parallel algorithm for time series discord discovery GPU PyyHoW noabop A/NIMHbI ANCCOHAHCA
on a graphics processor. Pattern Recognition and Image Analysis 33(2). 2023. N nopora
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[locTaHOBKa 3ada4y

. AunccoHaHc! — nognocnenosatenbHOCTb PAAa, PacCTOAHME OT KOTOPOW A0 BAMMKAMLLEro cocesa He HU¥Ke nopora

« [aHo: BpemeHHoM psaa T, ANMHA ANCCOHAHCA M, NOPOT T

« Havtm: D ={d4,d,,...}, d;€ED & Vs €T r%ingdist(di,s) >
S =

NoanocnepoBaTeNbHOCTb S .
BpemeHHoOU pag T

sl =m .,
dl & ‘. |T| = n
L
S h: - s dZ o
» 4 "gu b a? » P R
4 N a .‘ . R ‘e ’ .
oAl L . . o aw o = N
ea® - . . . a s ® S Ot e
* - - 0‘ » ® & - .. N
.. ] ™ a ot g o : ¢ | & ! .
& L] N ] * ” od ‘. a L J ! .
d b & A4 * | ! * N | ® [ -
o’ Maans’ ! Yaas*t : " N g & !
Sggut® | [ [ [ [ A . * [
| | | | * u . [
: : I I I I ... ,"' * I
| | | | | | | | ." I
| | | | | | [ |
[

KonunyecTtso nognocnegosatenovHoctert: N =n—m+ 1

1) Yankov D., Keogh E.J., Rebbapragada U. Disk aware discord discovery: finding unusual time series in terabyte sized datasets. Knowl. Inf. Syst. 17(2): 241-262. 2008.
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PD3 (Parallel DRAG-based Discord Discovery): Py4yHon noabop r

. [ Noporr J
GONbLLOV — — ManeHbku

< >
& —

[ HET anccoHaHcoB ] [ Muoro JIOXHbIX anccoHaHcos ]

CpeaHee yncno nacca*kmpos NY TaKCU (ocenb 2014 r., Kaxaple nonyaca)

Distance

NeHb NeHb nepexoaa leHb NeHb NleHb nepexona LeHb
" Konymba Ha 3MMHee Bpems 6narogapeHus . Konymba Ha 3MMHee BpPeMS 6narogapeHus
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PD3 (Parallel DRAG-based Discord Discovery): Py4Hon nogbop m

CpeaHee uncno naccaxkmupos NY Takcu
(oceHb 2014 r., KaxKable nosvaca)

s NeHb Konymba [eHb nepexoaa NeHb 6naropapeHuns

, / Ha 3UMHee Bpems !
30k / | /

20K -

10K

DétS 00{19 Né;E N0¢16 E No&SU Deé14
2014 . I
: 1 Max 4Top-1 AMCCOHaHC}
'm = €Hb : —
L A dist m = 1 peHb
Q 3_
=
@ 2
(]
'I_
0_ T T + T T T T T
Oct 5 Oct 19 hiovz Nov 16 | Nov 30 Dec 14
2014 i
Max | Top-1 AnccoHaHC
81 M = 2 pHA 5 m = 2 pHA
S
D 44
(]
2_

Oct 5 Oct 19 Nov 2 Nov 16 | Nov 30

2014

HaknagHble pacxogbl Ha nog6op napameTpoB M wu r
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[Tonbop nopora r

T

1507

seconds

1000
BanaHune BennuymHbl nopora r
Ha Bpems sbinonHeHuAa DRAG

‘"‘“<L BbluMCAUTENbHAA CAOKHOCTb O(nz) J

Actual discord value is10.27
(Can only be discovered after running DRAG)

Algorithm succeeds

Algorithm fails

2000

BanaHue gnun

14

2 - /
/)

top1-discord NNdistance

T I I I I I I

| |
3000

Hbl AUCCOHAHCA HA PaCcCTOAHUE AUCCOHAHCA
Ao baunxauwero coceaa

A
/)
i Y
/ i\

Mean of the five blue values to the left

Optimal value of r for discords of this length

Mean of the five blue values to the left,
minus two standard deviations of the five
blue values to the left

T
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Length of Discords
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Value of r 0
ANnvHa guccoHaHca, m Mopor, r

minlL

r = 2VminlL

minL + 1,...,minL + 4

r = 0.99 * nndist(m — 1)

minL + 5, ..., maxL

r =u— 20
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PALMAD: Parallel Arbitrary Length MERLIN-based Anomaly Discovery

1. MpumeHenune EDZ, .., B KauecTtse GyHKLMM paccToaHUAY
Ti,m ' Y},m _ m.ui/lj)

mao; o;

2
EDform Tim Gm) = 2m (1 -

2. CokpalleHne n3bbITOYHbIX BbIYMCAEHWUI U 1 0 Npu BbluncaeHnn ED%,
Nemma. MNyctb ganbl paa T, |T| = n n nognocnenosatenbHoCT T, M T 14 1. TOrAa

2 . m 2 |

1 1 2
B imes = g (M + Eiam) 0F, = 200 (07 + g (e, = tm) )

3. ABTOMATU3UPOBAHHbLIM NoAbOpP nopora r

4. TennoBada KapTa AUCCOHAHCOB

1) Mueen A. et al. Fast approximate correlation for massive time-series data. SIGMOD 2010. pp. 171-182. ACM (2010). https://doi.org/10.1145/1807167.1807188
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CokpalLeHne n30bITOYHbIX BbIMUCIEHUN U U O
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blocklen EDform (Ti,m» T]m) =2m (1 — —— )
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I I
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[lponsBoanTenbHOCT: cpaBHeHne ¢ KBF_GPUY

CpeaHee BpemA Ha NOUCK OAHOrO AMCCOHAHCA Bpema Ha NnoucK Bcex AUCCOHAHCOB

© —

= 10 KBF_GPU —e— PALMAD < KBF_GPU —e— PALMAD (# discords)
v © o

u 348.9 O 348.9
= o oy 90.8 120 17202299 270 ~ 129 172:9%7)0F ) (1)
S 3 |, 36.6 o0 61 208 (1) (1)
5 < 5 3 9 5 | 36.6 (1) (1) |
=~ w 10! _ — 10 17 (1)
@ o w 5.3 {1}
an T ~ .
T 3 0.03 0.036 & < 1.18 1.46 1.73 4 53 o
— .03 0. 18 : 11(644
o g 0.0080_00g0.007° 17 0-024 g o4 0.5 (195§2211117}556)0.68 0.84 {12131)( )
= B . 0.004 0.004 = 0 2 63 (28) (28)
< T 107 %02 | | | | | _ g 10° [P a7 | | | | ]

A

q;;'L 1 2 3 4 5 6 7 8 9 10 e 1 2 3 4 5 6 7 8 9 10

Time series length, x10* Time series length, x10*

PALMAD onepexaeTt KBF_GPU KaK no obwemy BpemeHun paboTbl,
TaK U NO cCpeaHEMY BPEMEHM HAa MOUCK OAHOrO AUCCOHAHCA

1) Thuy T.T.H. et al. A new discord definition and an efficient time series discord detection method using GPUs. ICSED 2021. pp. 63-70.
https://doi.org/10.1145/3507473.3507483.
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[lpon3BoanTENBHOCTL: cpaBHeHwue ¢ Zhu et al.V

CpeaHee Bpemsa Ha NOUCK OAHOro ANCCOHAHCA BpemA Ha NOMCK BCcex AMCCOHAHCOB
| | | | | 7 | | | |
n 10° F ® 7 10
T 3 1 568 880
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22 101 3 Mz, i~ 58 B | g S 3 (111) 495 353 o8t
E = = S338. 3 é s . g < 107 [ (1618)  (159g) (7915 -
Q 1l 0 ™ C,J P g,,} =t t . :2 | T1 76 63
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5 Soo W 333 H fes s, | WH%@ HH‘*D . 1) 1)
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shuttle eman a / a ’
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PALMAD 3HauynTenbHO oneperkaet anroputm Zhu et al. no cpeaHemy Bpemenu
Ha MOUCK O4HOro AMCCOHAHCA, HA4YMHaA ¢ Noucka top-k AnccoHaHcoB,
roe k=10% oT daKTM4YecKoro ynmcna AUCCOHAHCOB

1) Zhu B. et al. A GPU Acceleration framework for motif and discord based pattern mining. IEEE Transactions on Parallel and Distributed Systems 32(8): 1987-2004.
2021. https://doi.org/10.1109/TPDS.2021.3055765.
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Discord ranking

Normalized Profile Matrix MM P
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BbisBneHne aHomanu B cucteme otonneHus OYpl'Y

Mpumepbl HanJEHHbIX aHOMaAun gantTenbHocTbio 0.5-2 cyToK
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[Tonck aHomanun Bo BPeMEHHbIX pAdax 13 LMmpoBON NHOYCTPUK

daKTUUYecKoe nirubatolee ycuame NnPoKaTku
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PD3: Parallel DRAG-based Discord Discovery

T .5 i A W 1. Ot6op
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OT160p KaHAnOaToB

NOKa He KoHeu, paaa T:

TeKyLllaa noanoc/aen08aTeNIbHOCTb S
Kanaunat := TRUE

anaBcexc; ECusNc; =0
ecam dist(s,c;) <1710

C = C\ ¢; ; Kaugugar = FALSE
ecanm Kanananat = TRUET0C :=C U s

C =}

N

disttw,v) > r
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OT160p KaHAnOaToB

NOKa He KoHeu, paaa T:
TeKyLlasa noanocaeaoBaTesibHOCTb S
Kanaunat := TRUE
anaBcexc; ECusNncec; =0
ecam dist(s,c;) <1710
C = C\ ¢; ; Kaugugar = FALSE
ecanm Kanananat = TRUET0C :=C U s

C ={v,w}

N

dist(x,v) <r
dist(x,w) > r
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OT160p KaHAnOaToB

NOKa He KoHeu, paaa T:

C={wyj}
TEKyLLAA NoANOCNeA0BaTENbHOCTb S

Kanaunat := TRUE \/
anaBcexc; ECusNc; =0 dist(z,w) = r
ecam dist(s,c;) <1710 dist(z,y ) =7

C = C\ ¢; ; Kaugugar = FALSE
ecanm Kanananat = TRUET0C :=C U s DN
/ C=wy7
o :" vor, .“..' '-_: %"0 %_‘
. v w - .

-
4
" .0
en o
X y ant VA
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OuuncTka KaHOMOaToB

D =C D={W,y,Z}
NOKa He KoHeu psaaa T:
TeKyLw,aa noanocieaoBaTebHOCTb S N ~
B dist(tv,w ) =>r
onaecexd;, EDunsnd; =@ .
dist(v,y) = r

ecnu dist(s,d;) < r 10 N
D:=D\d, dist(v,z) <r
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OuyncTKa KaHaMAAaToB

D= C D = {(w,y)
NOKa He KoHew, paga T:
TeKyLLLan NoAnocaAeA0BaTe/IbHOCTb S | ~
anascexd; EDusnd; =0 dist(z,w) > r
ecau dist(s, d;) < r 10 dist(z,y ) = r

D = {w, v}
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[TpenobpaboTka: BbluUCTIEHNE U U O

QT;j — mpu;u;

blocklen + m — 1 ED%orm (Ti,m» Tj,m) = 2m(1 —

)

mO'iO'j

N=n—minL+1
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PD3: Otbop kaHanaaToB, brioyHoe pacnapannenMBaHme
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PD3: Ouynctka kaHanoaToB

brioyHoe pacriapasnesnuseaHue
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[1pov3BOANTENbHOCTD: BIVUSAHWE ANUHBI CErMEHTa

PeanbHble BpeMmeHHble paapbl CUHTeTUYeCKUue BpemeHHble pAaabl
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[Tonck aHomanuit B 6orbLIMX BpeMeHHbIX psifax Ha knactepe ¢ GPU yanamu 25.09.2023

44/19



MacLutabupyemocTb: BNnaHKe onHbl paaa

BDEMH Ha MOUCK BCeX ANCCOHAHCOB Cpe,u,Hee BpemMA Ha NOUCK 0AHOIro AMCCOHAHCa
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MacLtabupyemocTb: BNUsHWE auanasoHa AniH AMCCOHAHCOB

BpemAa Ha NOMUCK BCcex AUCCOHAHCOB Cpe,u,Hee BpeMA Ha NOUCK OAHOIro AMCCOHaHCa
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Efficient parallelization of PALMAD for a multi-GPU cluster node

* Non-swappable host memory for data from GPU * Asynchronous CPU-GPU data transfers
 CUDA stream for each GPU  Asynchronous CUDA kernels
— for (inti=0;i<nGPUs; i++) {
e i cudaSetDevice(i);
- s mon - % cudaMalloc(...);
— . = cudaMallocHost(...):
. W( . | . cudaStreamCreate(&streamsi]);
qE)  oognKemals EI— Era } o | |
"i " CUDAHIN 000663000 i : L- for (inti=0;1<nGPUs; i++) {
O | - omeenon 1 : | cudaSetDevice(i);
% * ------ e cudaMemcpyAsync(..., cudaMemcpyHostToDevice, streamsi]);
5 7 - A kernel<<<grid, block, 0, streams][i]>>>(...);
< [ e AN cudaMemcpyAsync(..., cudaMemcpyDevice ToHost, streamsli])
e F } P, ble Data T f Pinned Data T f
E . ‘,O[zi:]mn:::r;ﬁes CudaDeVICeSynChronlze(), ageapie Dala Iransrer inne ata 1ransrer
E:z';?zemead e R s GRS D0 (R EEEREE Device Device
B E=1 [e ]
zjf/MKmsi T |
':CE%%\E%Z‘;}QC&UDD-I ( Parallel execution on GPUs \ﬁ S st Hese
L due to CUDA streams
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PD3: Parallel DRAG-based Discord Discovery
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PADDI: node level
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