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Abstract: In recent years, a massive amount of time-stamped sensor data has been generated from smart
factories. Given such a large collection of complex sensor sequences, which consists of multiple attributes
(e.g., facility, sensor, time), how can we find important time series patterns and point of variation? How
can we summarize all the complex sensor sequences as statistical model? Also, can we predict long-term
future events? In this paper, we present SPLITCAST, an efficient and effective method for forecasting time-
evolving sensor sequences. Our method has the following properties: (a) Effective: it detects important
patterns and enables long-range forecasting; (b) Practical: it operates on real smart factory dataset and
successfully predict machine troubles; (c) Scalable: our method is carefully designed to be linear on the
input size. Extensive experiments on real smart factory dataset demonstrate that SPLITCAST does indeed
make long-range forecasts, and it outperforms state-of-the-art competitors as regards accuracy.
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Fig. 1 Segmentation and forecasting result of our method with smart factory dataset.
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5.3 RegimeGeneration (P1)
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Algorithm 1 V-Split (X)

: Input: Tensor X
: Output: {mi,m2,81,82,61,05}
: Initialize models 01, 02, Az 2;

: while improving the cost do
{m1,m2, 81,82} =V-Assignment (X, 01,602, A);
0, = ModelEstimation (S1); 82 = ModelEstimation (S2);
Update A from Si, Sa;

end while

: return {m1,m2, 81,82, 01,02};

& A O,
DI i T i o T O

/P(X|0)
! pxie) L.
t=1 t=2 t=3 t=4 t=5...

5 5, S 5,

Regime
5

Time
3  V-Assignment O
Fig. 3 [Illustration of V-Assignment.

5 {01,0,, A} xEHHT 5.
V-Split OBEE % Algorithm 1 IZ/R9. LREOT VT X
LA RIE#: (EM © Expectation maximization) (2
HEoONTBY, ZNEFNDT 2 —XHRE, M AT v Tkt
el TWwWh.,

Y, ROHEMATSMELLT, 7oV X L2090
EFNIST A =4 {01,605, A} HHG2ENTVEEEEE X
% . V-Assignment (I Y —2DFETININT X —F 2D
&, X ORY = OZALEOEAL R 5 2 LTS
B, RETINT) XL DR S EHNT 5720, 13
DEBNEZRT. 2200V Y —24{0,,0,} DERZHH L
A T2 200 Y — 2085 b T A b & B L 2278
5, G2oNizL I =2y — v BEREET S, K
TN T XA LGEETEEO B TH LY ET LT X
L7 ZHEDE, 55T A b Costr(X|@®) = —In P(X|O)
REMET 5. BARIICIE, LE P(X]O) 13RD X ) ICEHE
SNns

P(X|®) = max{P(X|©),},
ZZTPXO); ZiFHDOLY -4 0, ~EBTLLE
DRERRT. BlL LT, PX|O) 13RO L) IZFHHES

ns:

P(X|©); = 12?;1{?1;%75)}}
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021 - maxy {Pou(t — 1)} - w10 - bra(a(t))
// regime shift from 05 to 6,

611 - max;{py;;(t = 1) - aryji} - bua(a(t))
// staying at regime 6,

p1.4(t) =max

CIT, pra(t) EEE E TOL Y — L 0y DEAEIREE i Dt
KIEEZFEL, oy FL T =24 0,05 0, ~DL Y — L8
R, max,{p2.,(t — 1)} ZATRRI ¢t — 1 TD 0, DID
5 LWIHEIRRETH DS, m,; 13 6, DFAEIREE i OFIH
W3R, byi(x(t)) 13 61 OFAEIRGE i IS0 5 x(t) DT
K, ZLTayy 13 0 OBEIRE i 2 SFAEIRRE § ~D B
BifEs2R$. 22T, BHt=11CBWVT, LI—4 0,
THBMERIE pri(1) = 611 - T - bra(z(t)) THRZ 5N,
LB, ETNWVINT A= OHEFEIZIE BaumWelch 7V T
AL 1] &M, LY — LBBHER A = {011,012, 021,022}
RO HIFIHET L.
Dses, Isl— N127 Sip = N2 .

Zsesl |s] Zsesl |s|
ZIT, Yes, s BVY =460, IKTET 5 ET AL b O
ESOBMEEL, Nioid 0, 205 0, ~DOL I — 2D
BZBAETRT. Go1, 0o ICOWTHRBEICEIETE 5.
5.3.2 H-Split

INET, BRYVIT VI X Oy SRR O R
BEDLZAHIZODTIVIY X L V-Split (IZ2WTHBH L7,
BRI E LT, BRYT VN X 1387 — 2 ORERIER
I ThHL, RS LD ELZR> TS, 2L 2,
H52O0FMIBNT, FLEMEMLT 256 TH-o
Th, TRIEICHRMHTO X 37— 7 ORI
FENEL S, FITARIMIETIE, 20X REEA DR
HEELZ, RRWCET VT L7207V TY XLT
% H-Split ZR_RET 5. EIEWHIIE, "RET VT XL
13 V-Split & [A#kIC (Phase 1) L ¥ — 4457%E] & (Phase 2) E
TIUVHEED 2007 2 — A% L LATH 2 LT, @Yk
LY=L ZDETNIINT A= %2HEET A, V-Split &
R BD%, REEAOHHEEELZL720DT VT X
2\ H-Assignment (Phase 1) T& 4. H-Assignment OHEZE
% Algorithm 2 |Z/R"9. SNFEFTOMURW LR T AT ) »
FTNT) AL LR Y, H-Assignment (385 F 0 12 7% A
EHONY —2fifd 5, BRI, 7oV X £E
TININT A—=5{01,0:} BE2 oIzl &, RET VT
AL O 7 A M ehbHL T —L4 0 I12H ) 4T/
EEOHFEFALIA I EUTOLHICEEL, Lhax by
INEL BB LY =DM i O 7 A b eEI) LTS

o =

{39} = arg min Costc(X[iHG, A)a
0€6,,0,

ZZT, X[i] = {s1,82,... } iDL A DLy
FNChHAH. bbb, ALEHMOEL7 ALY MIFALL Y —
LZET A LB STV S,
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Algorithm 2 H-Assignment (X, 0,605, A)
: Input: Tensor X, model parameters {01, 02, A}
: Output: {m,ma,S1,S2}
m1 =0; mg =0; S1 =0; Sy =0;
for i =1 to w do
if Costc(X[i]|02, A) > Costc(X[i]|01, A) then
S =85 U .)C'[Z]7
my = my + |X[i]];
else
So = Sz U Xi];
mz = my + |X[i]];
end if
: end for

—_ =
o= A T ol e

— =
w N

: return {m;, ma,S1,S2};

5.4 FeatureExtraction (P2)

i ClX, ZRITHRIT Y I VP BEEDOS A I VT
TEALT RIS — v 2 I HRIET 272007
VT) ALIZOWTIRR7z, ROBRYE, MbEsstoREY
7% Pl 2 EBT 572012, BRFIF— 5 25 kDR
A, 5V EFRERTIFHEMB T2 THD. —fik
12, W) L= CESN L T2 1E
L DIA X% EGH, BT AHVAT LADPHEMTHLI1TE
ZOIEMELRRENEZETMET LI ENHL 2D, £2
TARHLTIE, BRHISY —of#aFIH LT X 2
ZALL, MEOFILERRICHIL T 2 FEEIR—ET 5.
BAKMIZIE, BRHT Y VIV X EETFTINIST A — F L
(m,r, 8,0, F} BEZHN- L&, X %WRH8% — 12
EOEIRIRRET > Vv Z2 L2 L2 0EET vy
W ENTHEIT .

GorHOLY—LELSO = {6,,...,0,} 5%
BN dhE, BREGtIZBTA, ZEi0TF—%
wi(t) = {zi;()}}o, T OHOL Y —nDWFT oIk
BE 2i(t) ICEBE NS, 22T, z(t) I3EY L FUIREEIC
BYAET =58 A 2 FOVEEGMOM {u,0} Z7RT.
SF N, BIEIREET VIV DORIGIE 2 € Rwx2dxn } 7p
L. W, @ BH AN ED, Bt ZBU 5 %1
i DX j OFHIME ©5(t) € X OFFSALRRAE & FiRHES
p(zi;(1)]0) TEHET S, Thbb, X &EROFFILEAER
E e RWXIXn TH L, I, 2 DD KA L7225
X' e Rwx3dxn 14 4, DLEomEic k), A7 —
Y DIERESR) 2Lk, FRETNVHEE OBEICKERYI
OB IRV EZEET 52 LA TE 5.

5.5 SplitCast (P3)

BEFHEORLNZBE, 52 5N0BRYTF VL
X056, s AT v THROENN 2 Pl &2 SR I C
ETHDH. TAOVTS A QBT R E LT, TR
TIRERBFBICES L FEIHE ARESIN TN L. BE
FRIHES TR, PHEBELEBICLY, hREoL
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= MEEMR T I L CRRAFE T ERTE L —F, &
Bra=—y "EIEEZ HITEFEIST A= 0% R E
HIEMPEL 25, £, BFEOMED SV, HEZ H
FE2ODT 7 =y I HBE LT H—H, Eb
HICES b0 THY, AFEALFEFICHMr 2T 2 —
SV TNLEE RS, F 2 TRETF Y SpLTCasT X, fifE
HETIWAHED ML T L RE T E e A s b
H, ET— 50 HHhH S NI R BRI S S — v R
BIHIET, LVNERAy VT =2 THEEHTE, #HE
HOMBE XL 255822 o8 R 7% 7 )V Tl %
FEHS 5.

BARMIZIX, 7oV X ={Z,8} ORBREOMKT %
ET LT 572912, Long-short term memory (LSTM) [9]
WA T A, LSTM &, AJIH v TV xEREIT—45 & L
TH, ERICOIFRIE T A F 3 7 A % B he 7 EIE 2
HEFNVD1DTHAH. RNNOHHEOL= v b% A E
Y=y b EMHEN SRR REEICE S 25 DT, A
Nr—=1r, Br—1, SHF7— o 3 FEHEY M L T
Htoz=y Mlic L= bOHTIME by ZHIEIT 5.
& — NOWIMEE FNE i, 00, f T HE, LSTM O
NE AR I T OR TR I NS,

he =0y @ o(cy)

or = o(W%x + WOrh,_y + W + b°)
ct=fi Ocim1+i ©o(Whee, + Weh,_y +b°)
iy = o(Wia + WPhhy_ 1 + W1 +b)
fi=oWPz, + W/hy ) + Woee, 1 +bF)

ZIT, O REEROMERL, o) XEECEE T R
T, KBTI, LIRS sigmoid BB HRAT 5.
LSTM X, AEY 2=y MZXoTEHZ LN ATRIO
BRIV % 8 5 L CE B0, LU— LERY
LY — LA NEROIRREBHE OB TR 16 L TR ICE
WRRFZ R L 225, 30l O R OBMEIIRI & 24 L
TNy VRTINS A L EZ S ND . ikIC, h, 2 H
WT g AT v THD TNV T EAT .

KRFFETIE, B L 2B BRBOMS Y — 47 v A5
Dl bl E 2 7 7 A58y A7 L LT, B
Rt 4+ 1, OB AR ERE LTS, Lo T
SPLITCAST D a7 g,

Yer1, = sigmoid(W¥"hy + bY)

b, T, MET TN RMET R E BB Bi-
nary cross entropy (BCE) &7 0, €T IVEHEED /Ny F
P A X% N, £ AT 7 i 1ZxF$ 5 SpLiTCasT D H
ez g; 95k,

N
1 X X
E=—N2;%bmﬁ+ﬂ—mﬂ%ﬂ—w)
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THEIND., TITHEELRLLE LT, RETFEEHLER/N
Ehaz=y ML (=10) 20 Y v PN RiEREDET IV E
WAL, FEICEHVIEREZRL TS (6 EESHH).
5.5.1 ML

HBHEE 1 REFLEORIEREET— & T4 X1 L
% (O(wdn)) TH5.

FIRA1 £ SCAE L #R 12 B v T, V-Assignment, H-
Assignment B £ % ModelEstimation 3751t 2 2 b &
EFNINT A= DHED 72012 O(wdnk?) DFIEEZ B
$5. ZIT, wldikm, dIERILH, n 3RO
S, kLY =2 {0}, OTORNKEORKERT. Lo
T, RegimeGeneration (P1) OFIE &L O(#iter - wdnk?)
Thb. 22T, KAEBE #iter & FREIVIREEDMEE & 13
FEWINSVERTH D720, MET LI LN TED,
& 5 T, RegimeGeneration Dl H & 1X O(wdn) TH 5.
FeatureExtraction (P2) I2B\WTIZ, &ithh, &£t ¥, &
G OEBAERRE &L ET L L 2B oBE 2 T 4720,
A EIE O(wdn) TH A, W, BONLETVE L
=y Mfu® LSTM THFEH$ LB, FHEEIE O(u? - wdn)
b, JIT, REFECBVTR, #EE=2—TFL
Py bT—=7 2 BELTEBLT, Za—F W%ty bT—2
DAL=y MIuldFEFITNSWERTH 5 7-DEHATE
5. @I, MEFHEOFHHERIL O(wdn) TH 5.

6. FHiiEER

KT, SpLITCAST DA WA T 5720, E
T EHWIERE o7 M1 ICBWTREFEOR
HElE TR Lz, AT, LT OIEBIZD W THGEE
T5.

o EfHHbE DRI TR T AR FEFLEORE

o DY) TIVY A KBS B FHE R ORGE
FEERIE 128GB @ X E ), NVIDIA TITAN V 12GB ®
GPU ## ® Linux (Ubuntu 18.04 LTS) ¥ ¥ L T%
L7z, F£72, 7=ty MIFHYE L 5EE T IERAL
(z-normalization) L CTfEM L 7-.

6.1 REFEDTHRIEE

KU, 52 ONHERGT ¥ AT A IRETFEOK
BEFREEE IS DO W THRAES 5. [RECF 2L, — ik
2MEFMEFTNVTHALE Y AT 4 v 7AYFE (LR : Logistic
regression) [1] L FRHM =2 —-F VA y NI =27 EFTLT
&5 RNN (Recurrent neural network), GRU (Gated re-
current unit) [4], LSTM & L7z, LR TlX, foE
BETNVEWETIBEII =Ny FLLTHERDHG Y —
Ty ANGFHE, SrEdE, RORKE, RAMEERRERL, 4K
TEOEERANRZ ML E LTIV TF%A4TS . RNN, GRU,
LSTM T, E7F—=% 2 ANELTINVTFMEAT).

REFHICELT, FMAT Y 75200, 74 ¥ Ko
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LR EERNN [IGRU ILSTM [l Proposed |

Accuracy
cooo
N

200 250 300 350 400
Steps

4 s A7 v THROTURE D
Fig. 4 Accuracy of ls-ahead forecasting.

4 X400, FHALIANDERLO0FTFT 7+ & LTHE
BixitoTwb, F7, ETFELEOTRTOMRFERE
FNIZOWTE, PEo=y NE%x 10, BE O
Zv MREs L L, @7 VT A LI2IE Adam [12] &
R L7, SRME4EIEIC1E Accuracy 2 L, 5 45Esc#
WEE % 4T - 7B O % ik 3 % .
HHLEF—%ty ML, ZEELIL Y &Y —K
F ¥ — Vv RS T 2017 £ 10 H2 5 3 7 HIRERBIC
BEIL, X7V -y IMLE T> Tz 55 D
THFREM I A &7z, [HEEEEE (Speed), HREITELE
(Load), #XMiREE (Temp) D 32Dty HIZLko>T5H
MR CTEEINZbDTHE. ATATA YT I4 Y Ry
TEEMT o TV ERERLTBY, iR E L Tw»
BWEEDT YT VIFENTWD, EEHEEROY T
B8 62,983, FEEAEILFIOY > FNVEAT1,060 H D, FH
Vw0 S L2728, JEFEIEREO Y » 7OV B IR E )
RO TV EERiZ, AHRELTL069x 2% > T %
FAVERZITo 7.
6.1.1 FRIEXT Y THEELI L ZDTFRRBEE

X 4 3 TREDRAT v TRl B LS e L E DR
DI TH D, REBRIIRL D [, LT Y TV x ER
L, FHEFUEIToTWA, T, V5 LI1CF
ML 723E L AR (Accuracy = 0.5) O TS %2R
—J5C, SPLITCAST lZWVTNOLETTHEN-EEEE
ARLTWAE, ZORENS, FEEEIEOERIZEED LA
PLHBEEDRT Lo 2 iR b0 TIER L, BT
AT AR FER I EEZOND, RETHERIETF—¥
WEENDHERYINY — v 2B L CEIEHNDOT A F 37
A% b BB ENTEL2D, MOFREE TV EHN
TRIRINCIEF IO BRI 2 Z LI L7,
6.1.2 TA L RIYA X eE LS EETDTRBEE

X 5%, Ay NI —ZEBEICHHTLEI =Ny FOY
AV FYIREZLE S SOTIBEORKTH 5. 17
FFEE, Be294 Y FYREOT— 713 L THEEL
TEHWHEREETRL TV,
6.1.3 FTHEEROEEREBERE

6 12, FlFERDOEE (Precision) & FHH= (Recall)
FRT. EERIE, FHESRIZAXNY FOERHEZFD)
LERTH o ANY POAFBOEGERT. BHE
i, IRTOANXY FNOEFMEO T E TFHI SN/ A X2 b
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LR BIRNN [[TIGRU I LSTM [ Proposed
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£02
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5 A Y FUREZLSE2L EOTFMAEEDHE

Fig. 5 Forecasting accuracy vs. window size.

-

‘ ‘
I Precision
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Precision & Recall
o
(6]

LR RNN GRU

LSTM  Proposed

6 TlFEOMEE (Precision) & HHIE (Recall)

Fig. 6 Precision vs. recall.
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Number of segments (m)

7 BREAT A NI B TS 02l

Fig. 7 Forecasting accuracy vs. # of segments.

ORTIEM L -GIHoOEEEZRT. WiELd, BENFR
WIGEIZIE 1IZES . REFERIEL S DIBIEIT LT
bENTHREEZRL TV,
6.1.4 EREEIT AL MUY 2 FREE

T E T A N m 12k $ A SpLiTCAST DF
HWHEL R, 5 LI A NOEATHD a % 0.1~10 F
TELSERAS, Mt s A v MEam s, i
R X1, SPLITCAST 2L o THEI L2k 7 £~ b D%k
Lo TPMREEIIRE CEILT 5. m VNS WIS, B
RINT =5 D6+ R BERERE L 2 LT & T
EMET T 5. F72, m BSRECEEICOEERIC, ZERHE
WAET = FITEDL OFHRBEIKT T 5. ZOHE
Moy, BRFIT Vs D88 — AT o
FEMEICEMTH S Lz b, REBRTIE, m = 1,000
D& kb BWER (Accuracy = 0.88) M6 N7z, %
e LT, MEFRIEBFRITL, FHLTH62%D
DFEREN b2 M L 7.
6.1.5 FEH L TILEETFREKEEDRER
FEHICBWT, BT Y TP L G, Tk
RSO N2 WITREND D 5. 8 \IZFHY IV ETF
Wk OBRE L RT. REFEE, ASnd v 7 i
BOWTHRBEFEL)SWERELZRLTEBY, FEHY V7
WEAEER S B0 & D) B KSR THUE A <X > b & 7l
THEIENTES.
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Fig. 8 Forecasting accuracy vs. # of samples.
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Fig. 9 Computation cost of SPLITCAST.
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6.2 REFEDERE

9 It w, oV ¥d, P—FrryAEn%kEN
FNEALE 7oL 2O SPLITCAST DFIHE I A M 7R 7.
I BARIIZIE, AT =% ZRERVISY — 20 E L,
ETIVOEEE 10 epoch Kz 72 L EDOFHERHTH 5.
SPLITCAST 135 -2 65 N7z 25T ¥ Vv 5 5 55 12 E
RNy — L BRI T 5720, TRTOERICBNTT—
YA XM HRHEETHY) (F2b5, O(wdn)), K
B 7 — 5 OTICE L 7T TH 5.

7. TTV

KL TR ABBE IoT o F =7 D200 FH 7LV T

1) A& LT SPLITCAST #8% L7z, SpuirCast i3, 5
A ONTMERYT ¥V VICE TN 8y — 0 R %
DEALEZLHICHB L, LY —2E LTEHNTLI L
T, BN ETR 2B T 5. T Tf b5
T =% & W TEEEZIT\, SPLITCAST 23 ME 7% B RS
I8 — 2 RN T ML L, R 7 i 2

A7) & RRER L7, F72, BT b L CRIER
FERE L EREDM E A ER L TWDH 2 xR L.

LSHBOBELE LT, 55 NHRYIE T IR Z DTl
ROFEM LT, FHERICED W L) SaE % Tk
WKOWTHEFHLTWFETH 5.
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2015 fFREA K TG I S
TR, 2017 AR R Bt
TR T, FAE RSB
FRARLESE. 2017 4F H AR SPAfr iR L&
FEpIEgE B (DC1). BAE, KBKRFEK
FEAFRE AR R MG S A 7 4 L
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N— AR PWBRGE, M ELHE R T RO E, 2018
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