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Adaptive greedy Gaussian segmentation algorithm based on multivariate
time series

WANG Ling"?, LI Ze-zhong">

(1. School of Automation and Electrical Engineering, University of Science and Technology Beijing, Beijing 100083,
China; 2. Key Laboratory of Knowledge Automation of Industrial Processes of Ministry of Education, University of

Science and Technology Beijing, Beijing 100083, China)

Abstract: For most multivariate time series segmentation algorithms, the selection of segmentation points and the
determination of the number of segments often need to be completed independently, which greatly increase the
computational complexity of the algorithm. In order to solve the above problem, an adaptive greedy Gaussian
segmentation algorithm based on multivariate time series is proposed. The algorithm interprets the data points from the
segmentations of multivariate time series as independent samples of different multivariate Gaussian distributions, and
then transforms the segmentation problem into a covariance-regularized likelihood maximization problem to solve. In
order to improve the learning efficiency, the greedy search method is adopted to maximize the likelihood value of each
segment to find the optimal segment point approximately. During the search process, the information gain method is
adopted to adaptively obtain the optimal number of segments, which avoids from realizing the determination of the
number of segments and the selection of segment points independently to reduce the computational complexity. The
experimental analysis is carried out on real datasets in many different fields. Compared with traditional methods, the
proposed method can obtain higher accuracy and efficiency, and is able to detect outliers in multivariate time series
effectively.

Keywords: multivariate time series; segmented Gaussian model; information gain; adaptive; greedy search;

anomally detection

0 3 F (] Py 1) HdiE O WOBR B R B PR I K R —
AR, B AL RS AR AR K JR, VP 2 M B I [ B A B, I TR 51 2y BBk
SR (] A0 PR L (4 R g R A S b T RERS AR N Kl ) BE e R E 3L  BO — R 5

Yks HEA: 2022-05-02; FF HHA: 2022-10-10.
HLWBA: ERARBAEESTH (62076025, 61572073).
FEERE: =0

Tl IAA/EH. E-mail: lingwang@ustb.edu.cn.



%24

I %A F AT AR A ERFESNY B & 569

BHUN . AEE SN TR A, s R AL N R R R
7 A B BUECE H RO R 5 2, DA SEEILE — 28 1) A
W2, a0 7> 2. TR 2R LA ) 472 4 4504, B )
I 18] F7 31 23 BORIE 98 32 22 4 38 1 0 — Jo i [a) ¢ 51 73
B, SR B 7 1B ) B 26 ME 3R UK (piecewise linear
representation, PLR)P!, 7337 7€ 5L (AUG)!®! DA & i#t 4%
5117 (genetic algorithm, GA)!71 453X B8 73 B 77 v 5%
T JuI ] 21 e AU R AT 5 7 BOSCR. SR, AE
SR N 37 55 o I B v BHE 4 5 ) 22 T )
B Bt 3R A L — ST [F) PP 51 BE D = 8 1S B8 OF
H.2 Juint (8] F 51 By J& 22 A28 B iR SR Ik RARALIE L
S22, SR UL — TT N 8] P 47 73 B ik B RRCR AN
8L DR, S0 22 T ) 41 B v AR e EL w0 g B
FEEAERE X

AT, &0 22 o 18] Fe 41 i 2 BURE R 25 DL
N 3ANER 0N 1) A BRI 2) 4 R (LA T7V2: 3) X
T BOR AU e AL b, SCER (11 52— A
PR SMTS-DP ) 73 B 7 125, 1% 7 12 K% Hubert 73 B
AU DNy A R L, SR s 2 IR ALk J7 v
175y B B AR R, R A DU 245 I UST (BIC)
TE T A o BEsS I AS$. SMTS-DP 757K X £ Juhi 8] 7
F B4 A5 L RE 08 BT BT 1 o BOROR. SCHR [14] 1E
SCHR (117 AR 1 BLeSc, 32 17 2 T B 2 R4
R 4y BV (SMTS-FD). % 50 1 Je R R 207
254 22 TS Ta) 7 51 v AR LU AR B AT SRR, AR S A
BNAS A A A 0 AR B [ 4 1D IR B I — e R
P e HIR YIS AT R, SCHR[15] 32 tH —Fl T KPCA
1 G-G B R 2K 173 BUA L FSTS-KPG. 125055 5%
H I KPCA X 2 Ju i [6] 7 41) [ 4, AR 41 AP 7515 3K X
ORIy BB B, P2 T O8I G-G ISR 3R 2R k4T 4>
B, IR AR 4 2ot 1) DB 45 0 7€ e £ 70 B 2. FSTS-
KPG J7 iEE AR % ol 0] e A1 s £k BT 1 R AT
()53 B AR B T VR0 T 03 B s AL B R e A
F Ay BOEUH Bk 562 AN B SL R AT 1) P 3R, 1K
W T FE B R NI, SCER [16] £ H — R R
IGTS )73 B SR, R F 7 3k 06 B i As R 4, TR B
I BN RIS 53 B s S B AT -0 5% | P e i
oo B

N T R £ oA R A g B, OF HoAE
3 B 326 % 1R [R) I R B 1 1) 4 BB H AR SCAE
SCHR (17] B9 R Al B T — AT 2 o A R
HI) H & N 7 2k B B 5k (adaptive  greedy
Gaussian segmentation of multivariate time series,
AGGS-MTS). ZHVEE T T 70 BUd i 72 v 5
NAE B 18 25 (information gain), H & N Hb 3k & AR O

73 BN E, T RE G 17 o0 B B E A1 BOE H i
FERIAIL o), BOREE B4R TV T SVE IS AT RO%,
SEIRTH S 2 AN S BB 1 1 T4

1 X
A T4 ) 22 JOIN 18] Fp A1 s FE R 2 s
S={x1,...,Tty..., Ty} =
_.73'11 r12 ... it ... Tin
21 T22 ... T2t ... Tan
ey
Cle ij .Z'jt ZL‘jn
_xnzl Tm2 -+ Tmt -+ xnm_

Hriz, € R, nfUEN B FAKKE, ;,(j =
1,2,...,m) 2% j MR EAER 2t FERAHE.

i % Jult (A7 51 S et Rl o0 Nk + 1A X a1
[b0,D1), -, [br—1,br), - o, [Br—1, bk), [bk, bpr1] (b0 =
Lbpyr =n), T BEESE N {bo, ... bry o by bpsr )
AT H A5 A2 A2 e 18] 7 51 Bl Hh 4k 2 s 20
BB A S oy BB 3R 1 ST R A5 B XL

*x1 HFSREX

ikl X
S Z LR FH, S € R™X™
Ty % JUIT 8] 3 HIAERS %1 ¢ (R, 2, € R™
z; HiG=1,2,..., ) AN 18] 5 72 I 220 ¢ PR SR B AR
b FEEEAD = {b, ..., by oves br, bri1}
k I3 BN
S, S r A B, RN b1, by)
e B AN B R
xm 5 AN BRI T A
I IS IE) 7 31043 e BT 125 JE 08 25 45 2 b 04
Pk I 500152 37 23 i e BN 435 JEL 8 B A A AR Al
H(S) BN AR B 5 B 28
H(S,) 8 BEIRE E RS

2 ETFZumEFEIINEENRESE S
BB (AGGS-MTS)
21 SEoERER
L8 MRKS = {z1, 20, .., 24, ..,z FHEFTA
BB br—1,b:), 8 = (Ty, s mp,—1). Fr DT
R — AN I Ry 8 A A 22 T v T 43 AT, FE 3B A 1)
A T ZE R 53508

1 b,—1
(r) —
p =g D )
t=b,_1
1 b.—1
(r) — —_ ™ _ T
E - br _ br—l t; (.’Et I’L )(‘/Ijt l’l’ ) . (3)

IR EE T 22 5T i W o A AR TR A v ) B
%1 (segmented Gaussian model, SGM), H: 1] DL s} []



570 = % 5 xR #£39%
7 5 3 B ) A Ak Ry v 4 43 BB Y 1) S B0CR i ) /83, H: > 02— NENESE, Tr(XM) & 5 Bor it
RT3 £ 538 W S B 15 38N TR 7 41 BB rT LR 22 Kok N By 7 ZE R0 B 8. — RN N B T ZE AR RE X ) &

AN B R TR R SRR, A 1R,

b bo bl bA bl.'\l

P 12 P P
X X, X, Xppo

\—I_/ \—I_/

wx xll’,”_, Xf_, - N(,u“’,z‘”) x/l,’k yeiy xﬁm ~N(,u(“,2(“)
1 SRR
NT A BRI RS, & 2t H

S = {1, 20, ..., @4, ..., @y ) IS EUAIR BRI HL LA REAT
BE'&jﬂU»?)MEH‘ S = {.Tl,CEQ,...,LEt .,LL‘TL} E@Xﬂ‘ﬁ
AR R HCR R 0 T
L(ba K, E) =
- L T y—1
Z ( - §(mt =) X (@ — ) —
=1
1 m
5 logdet X/ — 5 log (27r)) =
k+1 b.—1 1
S (- g i )TE) @ - )=
r=1t=b,_1
1
3 log det X — % log(27r)> =
k+1
ZL(T)([)PIJ,THUJ(T)7 Z(T))_ (4)
r=1
Hrp
L(T)( 1, by (r) E(T)) —
br—1 1
(= 5@ =)@ @ — )
t=b,_1
1
3 log det () — m 10g(271)) =
1=
-5 Z pN (2 (@ — p)—
t=b,_
br br—l (r)
(log det X' + mlog(2m)). 5)
Heb:b = (bo, ... bry byt ) = (M, p),

LpEDY = ) kDY Sy
W BRI A S L ERX @R G, iR 2
AN IESE 1, W log det X 5 XA —o0, b, — b1 1R
S B RE. i G 2 Jo i A7 A1 i AR B 4R A 2 T
B[] 7 20 A0 00 w5/ B b HE I R 8, 7E 52X (5) Hrias
— AN 2 1E ML T, B

k+1
—A Z Tr(X()~
k+1

(L by by p), Z0) = NTH(E) ). (6)

r=1

o(b, p, X) = L(b, pu, &

TEE (AT B, (R R E vt 4 BE 1) 7 22 K o AR A AN
FRIE 25 A, AL AE W 77 2 REL R oh R A N — AN IE U
AT, UK (3) 220

T 1 = r r
yr = b — b, t_bzrl (z — ,U( ))<wt - M( ))T+
A
—— )
NTHETE 4
1 br—1
S = T—— Z (@ — ) (@ — )T (®)
r r=1,° b1
F(©2) (1) @) RN (6) 11, & W J7 22 IE A,
FIXTEAER B ] Lt — D3RR
@b, p, X) =
k+1
D (L0 (b by i), D7) = ATH(20)7) =
r=1
k+1 1 r—1
Z ( =5 2. (@ p)IE) - p) -
r=1 t=b,_1
br . 40 A
<logdet( + b b, 1I>+
A —1
™) 4 _
mlog 27r> /\Tr(S A 11) )
k+1
C+ Y ¢(br_1,b,). ©)
Hri: 0 = —(mn/2)(log (2m) + 1) &2 —H =,
w(br—lvb ) =
- 1((b ~b,_1) log det (S(” 42 I>+
9 T r—1 23 br . br—l
)\ -1
)
ATr(S . 11) ) (10)

N AN B IR B SR BR B 5 2 v i oy oA Y
FF 5 ARG T (0 6 BB b8 5 in 2R (9) TR
22 BERNRAESHDERER

RSEILZ Tei 8] 7 51 3 B, B A o BB H I e
A E B — IR, A R 1 BEEGE /N, o B
o3 BRI 2 35 AR Ak, A R R £ 06
18] 5 2 s AR 1 AR, I 2, i B v E N AR R 34
TL M 7 = A i A0 ) RO SRR [17] B )
BT v W 43 B (1) B9k 7R BEER A R AE SUIRAIE
5E 43 B, T R U 52 1R 2 B BGE A HER, F B
A8 SIS 19 43 B A B A o AN o B B0 A AT
N 1A i AR SR H T 2 Jn T (R B E
N £ A v 40 B % (AGGS-MTS). 1% 50548 % FH 42



%24

I AHE ATEZANARIGAERRES>EE X 571

AR R4y BLS AL B W AR P R 5SS, T H
32 o7 bR 5 A A 43 BEE B 8 G o B AT B R B
HF PR FLT, 3T R HR T S 1 o BRI
AGGS-MTS it 5 iy 70 B B i 1 7 22 1E Ak
XoF LA AR BRI E(9), H R L 2 AR 8 2 1 T =X, 1 A 1T

AR TRITEYH UL AGGS-MTS [ BARIZ 1T 4.
FEFHE DD BOS R (k= 1), 58
FHIIE by = 0, by = n, SR )G BEAT S03R48 T 3 i £
TG [E] P51 S B — AN Z (¢ € [bo, b2)), FHARHE K (10)
T %1 ¢ TR L[ b (bo, ) + (8, by) 18, B
1/}(170» t) + 1/’(757 b2) =
%((t — bo) log det (S(l) +
/\ —1
1) _
)\Tr<51 +t_b01> )

A
t—b01>7

1 A
y ((b2 — t) log det (5(2) +5o t[)—
A —1
@, A
ATr(S 2) 4 5 _tl> ) (11)

IR B — B 2 ¢ 15 10 (Do, t) + (¢, be) TEFTA 1S
A B A AR, WU 5 ) 220 ¢ R A OR A B4 1 e A o B
RO ZAUMA S B RS, HHEZ A a5 A
by, IXFEELS ) 1R AT (8] 7 51 23 R BRI B AR
A {bo, b1, b}

HIFE 2B (k=2 RS Bk fEk
oL B SRTESE 1A BE X NH] [bo, by ) R AT DR
HENIFE— I 2 A1 (bo, t) + P (E, br) TR, B

w(b(h t) + w(tv bl) =
- %((t — bo) log det <S(1) + ;

A -1

(1) _
ATr(Sl + t—bOI> )
1
2
)\Tr<5(2) +

Ab I)‘

— Yo

((b1 —t)logdet (5(2) + ﬁ[)—

bl)\ftl>71)' (12)

Bt % ¢ A TR 4 B S ARAT. ARG, TE 55 2 AN 43
B IX 5] by, bo) HEAT 52 4548 -, 38 B — AN 16 %1 ¢ 4475
(b, t) +p(t, bo) T K, EP

w(blvt/) + ¢(t/, b?) =

- %((t’ — by) logdet (5<1> +7 _Abl 1)7

ATr(S“) + _Abl 1')_1) _

A I)_

1 / (@)
2<(b2 #/) log det (S o

XTx (S + 5 A t,I>_1>. (13)

KIS ZI N 3 — AT 73 BUS T OR A

4 58 T X TA] 1 58 2R 48 5, EE B 4 (bo, 8) +
W(t,br) +1Cby, by) Fap(bo, b1 ) + 10 (by, t)+9h(t', ba)
KN, B S e 3 45 ORI Tk B s AR R B IR 1) 43 B
RUCRER I 20 B UM 73 B AR, 4 IS [B] Yy B
BT Gy B bR S, 3R 1T 45 320 BN I 18] 5 270 1) 23 B
88 {bo, b1, b2, b3 }.

DS, 7 D0 2548 T34 43 B[R] 8 e ik
53 BRI, T B AR B A ek B R U 58
Bz IR

1 k+1
max — 23" ((br — b,_1) log det <S(T)+

by -1

br-bT_lf) )'

(14)

NS BLLE T 43 B sk A B TR B 40 B Bt

1T H & M 5E , AGGS-MTS 7 & 0 & 18 in — A 4>

B Ja, TR N 43 B AR R S B Y 28 R E AR

. T, 2455 B S AN B 1IN S 2 2 e R B
BT J5 IS B a5 B R (AR R

pr = 2 — ﬁf (15)

o 1o 1] 31 A 43 BT 45 B3 s 1 2R A,

B4 0; 1y RS 3 1A 7 B st I B IR 30 4 2

B 5 B s o, A

r=1
A
br - br—l

I) - ATr(S<’”> +

|5

2
h=H(S)-) 5] H(s,). (16)
r=1

|| = by — by NEE T BRIGKE, H(S) AR )5
B A5 B 5 B 25,

H(S) == p;logp;, (17)
j=1

= w0 wie (18)
t=1

j=1 t=1

oA "y FoR 2 TUI 18] 7 51 e 5 5 AN 1) 15 57 i
t=1

A1, S S g, FR 2 ST T
j=1 t=1

i 60 e A UL 2 O R, HE (s,) % r BRI
25,47

H(s,) == pyjlogpr, (19)
j=1

i[>0 N @ (20)



572 # % 5

xR ¥39%

lo 9FRAT 58 2443 B AU I 18] 75 F1 8 43 B 3 B
s SR HRME, A
3
l=H(S) - ||S:s:| H(s,). 1)
r=1
5] HE, 24 43 B AN 0N 3 I, 23 BURG Ja S B
TURAE BN

lo —1h
p2 = [
MRIREHE, W] AR 3 245 B MO8 kI I B
T AR AR 1, FVE B 2 B R AE R ZR oy 43 R

(22)

k+1
ST‘
h=HE) - (g HE). e
r=1
U —
pr = "L, (24)
lev1 — Ik

T OB E N E B A B B AN 81, AGGS-
MTS B2 A% FI A5 5 38 o 40 (R A R AE R VP4l 48
Fr. 4Hf5E 1 kA5 B rUE 8 n] DS BILE 4 B 2
FA B EIG s R E R E S (o1, p2, -, o)
B BRI BN A B K p TR N2 R AR, R N
2B 8] B AE 1% 73 B i AN B {5 21 25 450 2K R 3
e B s 25 SRk 0. DR L, 3 T R ) B AR AR 1
AGGS-MTS ¥4 0 254 3 515 B3 25 51 R AE A A
gh G, AT LUYGH Hho 22 Je I 18] P A REAT 2 B, AT 3R
B R B AN
23 HEIMPE

AGGS-MTS Rg 545 R Ab 3 v 4 1) 22 Jo i (]
H, FF HAEBEA 3 Bod F2 v, 5] A5 B 26 49 K o 4L
(A2 A 220K B 3 A o B R 1R BOS B R )
PR B2 firow, BAR I SE RS R R

HIN:Z U P S = {21, 20, ..., Tty .., Tn }s
R BEAN N ko = (n/m) /35

Bl BOsEARD = {bo, b, ..., by, ..., by,
b1 b AR B H K.

step L WJUGLD = {by = 0,03 = n}, pmax = 0.

step2: & k = 1,38 W46 8] /741 S, $ B 21 ¢
13 (bo, t) + (¢, be) BR, 2% RAENE — DI B

step 3: #2483 (23) 11 H 48 0 o BUE A4S Bk
BRI EUE L,

step 4: 4k X (24) 751G N 73 B A JE B4 240
KIG T pre.

step 5: TR pie > prase, W prax = P

step 6: WAk > kyax, W% step 8; H W, 2k =
k+ 1% % step.

step 7: 3@ i T 3 B s, (r = 1,2,..., k), TEREA

[br—1,b,) PEEEN— A2 A (b1, 8) + (L, by)
B R, VLI BAZ s 8T 20 B R H A e e R 8

I3 BRI N 2 0 B R A TR, S B bR S S
bo < by <...< by, % step3.

step 8: 1 &5 A, 15 ) 5 4 43 B s AN B0k BA AL 43
BRES.

| zwirss ]

[ Witk =1,b,=1,b,=n,p,=0 |

[ 3 73 8, SR 19 B
€«

v ]
| e ] i FLbr o8 BOR B K 1
I B T 1 43 B e,
N E NI
T
Y W s, (r=1,2,...,k),1F
s B AR B — o, 45
w(b,_,, 1)+ w(t, b)) K

[0, T LR K LB 53 B B 5 |

&2 AGGS-MTS E%5i2
24 HEEZFESH
AR T VPG S P B ) B2 2% B, & 22 Sl (] 7 41
HIK R n, BRI R K BEEUR 7R N kax. AGGS-

A BIKSE N LIRS B b, ~ b,y 38 J7BTG n—
AN B I AR o TH SR I 2 ¢ AR In 43 B ST
A 75 A oy BRI 22 B8 3B R B 7 22, G [R) 52 2% B
RNO®I2). Rp(by_1,t) + (t, b,) FIE, FIF 1R 24
HO((by — br—1)13). KT EEANKE Ny n 1 2 JEHT ]
HIT & R TP SRR L, 2, .. kax 7R
H AR 4 N O (nkmax (12 + 13)). HIR, AGGS-
MTS FI {5 J2 3 a6 1 o2 e 8 70 BN 8 78 4 B
o v H AR 1 I — A B RS 1S B A, 120 7R
(IS [ S A4 PR O (n). 25 B RTIR, 53 1) it [a] 52 2%
FER O (kmaxn (12 + 13 + 1)), SH R FFI K E n B2
KA.

3 SEWAER

TE SRS I8 IE TR 73, AR 308 ekt 2 T a7 51 43 B
HERPE IR FR FR 0 LA 28, FVCR S22 e
(1) P 51) K 8 B R 56 0E S0V 16 0 B e, B 0 o T A
A7 S R o A TN 7 B R MR ol
SO A SR H 590 5 SMTS_FD!!, SMTS_DP!4!,
FSTS_KPGU!! IGTS!S PUFh 73 B 523t AT 5 L. By
S5 57 Python 3.6+ 3.20 GHz AL #2% . 16.00 GB P 1%



TR 6 A E g A B E ik 573

%0 1 EHFATS
I AT
3.1 FNIERR
X T A7 AE H 9243 B S B (ground truth) ) i 4

115, 9 SEBLxT T 22 Tu it 18] 7 51 73 BOKS £ (1P Ak, 5

i F BFE AR 9 Fy 23000, A T s
2x TP

2x TP+ FN+FP’
P 78 Bk S0 8L ) 3155273 B A (ground truth) Y
MEEARRNN{GCTi = 1,2,..., b}, FEFA 5 B
FE RS B SE 56 43 Bt 55 (experimental segmentation)
M EEE RSN {br = 1,2,...,k} WK @25+
MEFATETPACER (GT,i = 1,2,...,h} 5 {b,|r = 1,
-k} TR AR B O R PR FPARER {0, | =
2, L kIHRASZHER AL BRI TTRED
BB RNARE{GTli = 1,2,... bW} FEESZ
FHAE B 52567 BOR I TR ML Fy 70 BoBlsy, 7y B S
FHORG 1.
SCHR [20] 48 H, BEE Fy o BUUE N VE Al 4R bR
1) A BT S Ay BOs ) A B 7 R, TR
Xk, R A B DA fe it J iy BUIX A T
N BRAR 5258 53 B R TR AE B8 B IX TRT Y, )
AR ELRH A TP, X T4 45t B S 73 B sl R 28
HH L Sy B DX A] ) B 4 4R, AR SO A SR (211, BA R
AT B U 0, 3 L0.025 m AR E SCFLSE
53 BT, e rpom A 84S 22 J0 I 18] 5 90 1 S B2,
NAZ X ] (R S5 73 B AT [ RE R bR ic o FL FH TP,
TERFIRAE LT, 4 A ASr DAl 55002 3R A5 1 SE 58 73
BT R I P AR LS oy B IX RIS, Fy 20 30K TG 7% 4k
SRV IR S5, TR kh EaR BRI, SCER [22] 42 H
— PR T VPAN 23 B R HE B 1 I 48 BF MAE, 145 b
T THE SRS B i A B S H R A LSy B
B L 0] ELEE B R VT 2 SR ) A 1, R

h
MAE =Y |CT, —bf|/m,
=1

(25)

=

7 = argmin |GT; — b,|. (26)
re(1,k)
MAE AR, 73 B 45 OBk . 75 208 S, 1%

fabs HadE T SE56 7 B RS S B S 40 B EU
GG O, T Fy Sy HT DL T SRS 43 B AR L S
Iy BUS ARSI DL, PRI T 5 2 T8 B AR
32 EXHIBEXW

I O TR W Al DS 7 B 1S
HEAT 56, £ 45 HY (hydrometeorological) 7K 3C A, 4 41
P EERURI CMU A 26 31 Jifi 32 B4 42 Mocap(motion

capture)?4,

321 HYBEER LR

HY #0448 & — A J 5k 2 o) 8] 7 51 $040 48,
A& 5 [ BT R b X ) K SR R R, R
windspeed, dir, gusts = /48 & S8 f# F] T 2014-01-
03 ~ 2014-01-05 I #cds, 2 Joi 18] 3 51 Kt (1 48K

= 500. B Jo I H z-score X H4 AL BEAT AR AL Ak 3

)Z R AR R BRI RN, R gk 47 40 B

L SRS (1 H0HE R A IR R A e IR
(1973 B AU A B, (E mT DAIE s B 18] 7 41 R 38 A 10 ok
J W e BE R 453K, 181 3 BT 7~ N windspeed, dir, gusts
= ANAR B (1) I A R A0 AR A it 22 B 3(a) BT AR H
AGGS-MTS HEIR1F 1 3 B i 45 5 5 10 [ e 1) 1) A
b & AW A, T A R AR HY 204 s 47 3L
SR AE. BRI, 0 T B8 K SR R EE 2 HY, AGGS-
MTS 53 B8 AN R M 380 5 £ 1) 43 B 3.

1.0 ’ I/ ”fm )’l’n
=V W Nk i Ab‘l
T MWL ALt s
0750 150 250 350 450
IFI7) 25 /s
(a) AGGS-MTSTEHUHEEE HY )5 Br g 1
1.0

(g
<

| | | X X
150 250 350 450
A 18] A /s
(b) IGTS fEHIEAE HY HI5r B 3

1.0 T Iﬂf i
@ | in . W\Nﬂ\hwﬁ W
SR Ll mvl

o™
"% 150 250 350 450
A1) 5 /s
(c) FSTS-KPGTEA(#E4E HY f4r Brah
1.0 LR
L
- M“ ,‘ ‘Wﬁ“ I" ‘fl
& 03] . w”{%,,w\ﬁr’\h ”“« N”W‘l
50 150 250 350 450
HF ] 25 /s

(d) SMTS-FDTEEHRAE HY f15r Bt 45

= Mm ¥, wﬁ“'”
= it NAWWJ

250 350
N 8] £ /s
(e) SMTS-DPEHHE 5 HY 73 Beah
—— windspeed dir gusts

B3 AEEXREHYHIEE FHSERER
AT DB AR BT H SR 4 B B, SR L
BTAFERARY FRE LT 555 &
53 BB, SERG S5 R 2 B, R 2 LR
A SR Y AGGS-MTS 535 1938 47 5 18] B BT A



574 ¥ o®% 5 x R #39%
S R B /D 10, R & 5 SMTS_DP #l SMTS_FD - 50 ! ;
R N N N . putt 0 i
FECA, FLISAT HCR A AR ATT R 1 000 15 = _Soﬁewm&,&ym
%2 TREETHY REENHRER B B R—

S BATIE] /5 B E s B
AGGS-MTS 0.34 129,227,373 4

IGTS 0.72 130, 251, 365 4
FSTS_KPG 1.22 134, 192, 299, 407 5
SMTS_FD 317.35 383,449 3
SMTS_DP 317.30 372 2

MR AEE S BEANBUOR B, AGGS-MTS FIIGTS $£ 2
T AR B R 23 BB, HAR B4R B i e 2 B
K ANAH F). 45 2 B 3(a) I TR PP 41 R AR A 34,
AT LA 72 AT B RE 5 4R 21 SE N 438 1 4 Be g, M
] e 05 A B S 22 TG I 18] 7 31 6 T 20 B
3.22 MoCapHHEEH L

MoCap $ 45 525K 1 CMU i1 i #1E 3040 3. 781X
N R b, BN S S A R N N ECE W R A, B
HH 64 4[] & /5 51 24 i, SEae R e B T H R 44 (A
FRRARIAE A ) OB B E <o B T SR TIANE
BRI B, A SRR T EE R A A
T A T 4 AR B BT R PR 22 TG N ) 47, R Bk
A DLANIX S832 3 7 41 4R B BAR 132 3l (i “A7
ACFREE” ) AEARSLEG FUER TKEET = 2000 I
5] 7 2 B 4. FL R ST AR AR 70 BE A (ground truth) PA KL
TS24y BEIX [B) EH SCRR [25] 2 41t 9236 1 S s it Lh
AR SFIEEZ AR Ly B aE RS B B
HEAT E AR SR 4 W B0k 1) 23 B 2 B LR T 3T
W BT BRI AT PE R I U IR, 5256 S HL R T AR
TEAEEE AR F I AT ).

B4 A R BEE B R A o Be s R, I 4(a)
N 2% R 26 3R 7 EL S 9 B R (ground truth) (1) 47
[ 52 38 70 3 on B2 o B X TE). £ P 4(b) ~ & 4(F) 7T
PLE i, SMFTS_FD 1 SMFTS_DP % 7% 35 15 1) 43 X
RUAL B A AL T 45 58 1 BSE o B s L2 4b,
PR 1) g B eI MR AR 2 IGTS A B 1A o
BRI B AL T S o BUIX 1A, T AGGS-MTS Al
FSTS_KPG 532 T 3k 15 1) 73 B sl i o7 B A A7 T~ B 5K
3 B DX TB] PR Y L P, TR] L 3 7 P RV 1 B R
.

F 3R T ARSI AE MoCap Bl 46 _E s 1T
iR b AR ER S TR ) 2 B E L Py A
PL % MAE. 1] DL & Hi, SMFTS_FD il SMFTS_DP [{]
BATRCREORNGE, I BLAE 4 BE e 1 L%
Bl R . AGGS-MTS Hll FSTS_KPG #I it 1% 15 1) 8¢ N
HE R 1K) 93 B 45 3, (H FSTS_KPG (1) i3 17 %% 3 B A

B 71 £5/(10s)
(a) H¥EHEMocap ] Ground Treth

50 I I
@ o B e
® 50 ! , LA
-100f | L. hd N .
0.2 0.6 1.0 1.4 1.8

I 1) )ﬁ:/(lojs)
(b) AGGS-MTS (153 Bt4h

-100 . J R | . .
0.2 0.6 1.0 1.4 1.8
) 25 /(10°)
(c) IGTS HI4rBaE 3R

50 1 / 1

@m0 L '
;& _50 | I W _—
=100 . L | i L

0.2 0.6 1.0 1.4 1.8
I )25 /(10%s)
(d) FSTS-KPG {15y Brgh R

& -s50F ‘ / i

0.2 0.6 1.0 14 18
I 5] 55/ (10°s)
(e) SMTS-FD [#) 4y B4t 3

50F f

Z o i /}.\
&/ -50Ff | | R
-100¢ . A L, . .
0.2 0.6 1.0 1.4 1.8

I 5] 25/ (10°s)
(f) SMTS-DP [#14>Be 45 5
a)i] VX filigE —— 7 g

E 4 FEEEEMoCap HIEE LR NERER
T AGGS-MTS, IGTS 5% 12 17 808 5 AGGS-MTS
BRI AR R BV 4 BUAE R 2 B 24K T AGGS-
MTS. £ b, %t B Sesh 1 il 508 42 Mocap, A SCFi
$2 H 1) AGGS-MTS 5L R 3145 5 £ 1) 7 B g R
£3 ANEEZES MoCap HIBEM D ERER

ik BATIRTE] /s

SEME FL MAE

AGGS-MTS 1.67 561,1189 1 0.025
IGTS 1.85 615,1185 0.500 0.050
FSTS_KPG 19.31 590,1189 1 0.040
SMTS_FD 3040.56 684,1076 0 0.104
SMTS_DP 4933.49 685,976 0 0.154

3.3 AGGS-MTSTEFEHMESZFHIR B
H T i — 3 58 AGGS-MTS & 2 11 52 b 3
RO, A A T £ oo ] R A G S R AR AT



%24

I AHE ATEZANARIGAERRES>EE X 575

55 BT R FH ) SE 6 B0 605 15 A 2R, BA 5T I DA &
G R 43 T S5 AT 1) 22 T I TR P A L SE AR 4R, 5L
HARSEM S S EE R, RREE R4 Hop,
sweets!"VEL 5 7 H P B Google 8 &R 5 %8 7E — Bt i
) P9 2 5 R U R DG IR 4 oG R (4 R
a2 flus!"V & T F P f# B Google 8 % 5] 86 7E — B
I [0) P9 25900 5 IR0 IER 1 R D% 1) 4 O ] (198
% & occupancy 20N it 5 T /R A N 5 BRI BT R A%
JER 2% TE 8] 52 i 18] Bt Y 1R $501H; exchange®™! U E 5% T
1996 % 2016 4 74> H X & HIL R 2L IF 0. iy
K SR AE AT S R S 56 2 w38 SR VA — A %
SE R TRALFE. F H AGGS-MTS it ik ¥ 48 73 5332t
A7 5 B, A9 21 43 B AL B A (an 1 S rp B R R 2R
)5 R T TR S A E e A —EL

*4 ZRHEFIFRERNEIHESR

HEndE  RHAEEH RR4ER PRSI
sweets 484 4 {3 B &
flus 472 4 (EYin
occupancy 2275 5 RS
exchang 7588 7 S Rb sy AT

. —ice cream — milkshake 2010410 B4 K !
12 1.0f,~— hot cocoa — gingerbread icecrimé?]gﬁggﬁ :
gL Vi
2 0.5(/, W
A O]
N Y

I X : o=
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Af[a] / 4
(a) AGGS-MTS7E sweet Z I 4 FKG Lh 5t
— VR o
8 1.0] — itk — 25t IS
A& 2000 4F 44 HAHINGER | | )] 20094 10/ FALHINI
205 O felbgEEp kR | N e A e
GWL/\"M\”““"’“M@‘\M b N W N RS )
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
) /4R
(b)  AGGS-MTSTE flus ZU 4 4E 1AM 45
1.0 ‘ — -
P i \J%EI/Y‘ I— i ﬁlﬁﬂﬁ — R
e ﬁﬁﬁlﬁ%gﬁ%@wﬁ& plst ot CO, — ML
jﬁ%——-—ﬂl—' R ~
0 L 1‘ o
0.2 0.6 1.0 1.4 1.8 2.2
FF 18] /min

(c)  AGGS-MTSTE occupancy H 5 5 (4G I 25 -

—RRH — EE — HA — Bk 12008 4R 2 ERE RN
— Hhn Wi FEIE
wl] y .

ff )/ 4
(d) AGGS-MTS 7E exchange ¥ £ (48 45

5 AGGS-MTSZEESIHIESR LMNFERMER

5(a) F ) B 26 2 78 T AGGS-MTS X} T sweets
Bo¥a 4w i Ar BRI 25 3. P 7E Google 1
TG R R S 5 U OGB4 Fh OB (“ice
cream” “gingerbread” &%) [f] 44 & & £ 2010 & LA A
FA WY1 R A M, SR £E 2010 4F 12 H B 5 “ice

cream” R E ML BB TR0, R & BT %5
KA T %N “ice cream” [EAE RER, 5l T B L.
5(b) F1 )RR £ B 7% T AGGS-MTS X} T flus £ 45 45 7
i A B BRI S5 R F P E Google 1 % 5] S 44 &
5B 1 R AR DG IR 4 Fh OB R] (IR R ik
FEIR 7 £5), 75 2009 4E 4 A A12009 4 10 H KA 1k
D3 S A FRS HIN s A tH A0 P 10 8 OB R
DA% 328 1 1A RS Bl e b, B0 3R 4 Bl G B iR R
(R FATE RPN [A] 5k A 7 B R 2 4k, E5(c)
) R 28 32 7R T AGGS-MTS X -T- occupancy #5445
SEH R E A LE T TR B P A IR R AR I
EWFIIAEE R R, R, Y G NER A E
BT Ip A TR, BT AR s I AUE T 2 20 T+
BT NS A 5, L B EUE I & 23—
S I 1) B 94 35 B 5(d) H I 48 B 7R T AGGS-
MTS % T+ exchange $i4fs £ 7 5 mi o B R I 25 2R, 24
2008 4 4> BR & Al fE WL AR s, K0 43 [ 5% 1 3600
I ZE BRI, 2% b TR, AR SCHT R HE 1 AGGS-MTS 5
TEREE HERA ARSI R 22 b S L S R B 40
FFAE IR 55 I R] R
4 4 »

N T RRIA 7y BEEVEAE R T 2 o A7
B 1 53 B, HARRAR T 1) 8, AR SCHR T — Rl T
% JUI E] 7 51 1) B 3 5T 2E v T A BV AGGS-
MTS. ZH PR A S A FE ST 2R 2 t5
W 23 AT 0T 22 TG I EOE 16 & AN o BOdEAT A 2T
¥ 43 B 10 B Ak SR b g 22 1E AR FR e K ABUAR A i il
FIEAT KA. AGGS-MTS 3l i 7% 2% S 38 S /e A 1
B, R F G B 5 EE B SRR A 4 B
H, DLIBE S, 73 B s 7 B 58 A0 43 BB H e 3R K A 1)
R, 25 B i BV IS AT AR SR 4 4 LA T
FVE SRHR AR 10 7 BAT 55 DA S 5 22 Je I 18] 41 (1
SRR AT 25 S 8], S8 AF BT 44 H BR3P A AR PR AR
P, 45 JH W], AGGS-MTS £ 38 47 R PA K 7y B
P 5 TR A T A e Ll B39, I LR S A 45 L
ARz .

AR EE AR — B MR 1D
i N A ) 23 AT G L5 2 e v B o3 AT 2 BE IROK I
(B i NHHE 9 5 70 A ), AGGS-MTS fi i ) 70 B
S H RS H S BUE BAETE B KR 25 2) i
N EHE v () 7 05 T BE X AGGS-MTS 7= 4B AN |/ 5%
s 3) 24 {1 AGGS-MTS 5ik 3 B il T B 28 0 B
Yy AEETORIB 5T b, K 55 T35 98 AGGS-MTS
XA 2% 4y A LA B W S A R A B RE D, HE M L E T
ER 7y B 5



576

*

R %£39%

S2E 3Rk (References)

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Mello C E, Carvalho A S T, Lyra A, et al. Time
series classification via divergence measures between
probability density functions[J]. Pattern Recognition
Letters, 2019, 125: 42-48.
Garcia-Vega S, Leén-Gémez E A, Castellanos-
Dominguez G. A time-series prediction framework
using sequential learning algorithms and dimensionality
reduction within a sparsification approach[J]. Pattern
Recognition Letters, 2020, 129: 287-292.

Bokde N, Beck M W, Alvarez F M, et al. A novel
imputation methodology for time series based on pattern
sequence forecasting[J]. Pattern Recognition Letters,
2018, 116: 88-96.

Gharghabi S, Yeh C C M, Ding Y F, et al. Domain agnostic
online semantic segmentation for multi-dimensional time
series[J]. Data Mining and Knowledge Discovery, 2019,
33(1): 96-130.

Hu Y P, Guan P Y, Zhan P, et al. A novel segmentation
and representation approach for streaming time series[J].
IEEE Access, 2018, 7: 184423-184437.

Gedikli A, Aksoy H, Unal N E. Segmentation algorithm
for long time series analysis[J]. Stochastic Environmental
Research and Risk Assessment, 2008, 22(3): 291-302.
Pérez-Ortiz M, Duran-Rosal A M, GutiérrezP A, etal. On
the use of evolutionary time series analysis for segmenting
paleoclimate data[J]. Neurocomputing, 2019, 326/327:
3-14.

Duran-Rosal A M, Gutiérrez-Pefia P A, Martinez-
Estudillo F J, et al. Time series representation by a
novel hybrid segmentation algorithm[M]. Lecture Notes
in Computer Science. Cham: Springer International
Publishing, 2016: 163-173.

Nikolaou A, Gutiérrez P A, Durdan A, et al. Detection
of early warning signals in paleoclimate data using a
genetic time series segmentation algorithm[J]. Climate
Dynamics, 2015, 44(7): 1919-1933.

Truong C, Oudre L, Vayatis N. Selective review of offline
change point detection methods[J]. Signal Processing,
2020, 167: 107299.

Kehagias A, Nidelkou E, Petridis V. A dynamic
programming segmentation procedure for hydrological
and environmental time  series[J].  Stochastic
Environmental Research
2006, 20(1): 77-94.
Hubert P. The segmentation procedure as a tool for

and Risk Assessment,

discrete modeling of hydrometeorological regimes[J].
Stochastic Environmental Research and Risk Assessment,
2000, 14(4): 297-304.

Schwarz G. Estimating the dimension of a model[J]. The
Annals of Statistics, 1978, 6(2): 461-464.

Wang L, Xu P P, Peng K X. Segmentation of
multivariate time series with factor model and dynamic
programming[J]. Control and Decision, 2020, 35(1):
35-44.

[15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

Wang L, Zhu H. Fuzzy segmentation of multivariate time
series with KPCA and G-G clustering[J]. Control and
Decision, 2021, 36(1): 115-124.

Sadri A, Ren Y, Salim F D. Information gain-based
metric for recognizing transitions in human activities[J].
Pervasive and Mobile Computing, 2017, 38: 92-109.
Hallac D, Nystrup P, Boyd S. Greedy Gaussian
segmentation of multivariate time series[J]. Advances in
Data Analysis and Classification, 2019, 13(3): 727-751.
Witten D M, Tibshirani R. Covariance-regularized
regression and classification for high-dimensional
problems[J]. Journal of the Royal Statistical Society
Series B, Statistical Methodology, 2009, 71(3): 615-636.
Matsubara Y, Sakurai Y, Faloutsos C. Autoplait:
Automatic mining of co-evolving time sequences[C].
Proceedings of the 2014 ACM SIGMOD International
Conference on Management of Data. New York: ACM,
2014: 193-204.

Lin J F S, Karg M, Kuli D N. Movement primitive
segmentation for human motion modeling: A framework
for analysis[J]. IEEE Transactions on Human-Machine
Systems, 2016, 46(3): 325-339.

Muralidhar N, Tabassum A, Chen L Z, et al. Cut-n-reveal:
Time series segmentations with explanations [J]. ACM
Transactions on Intelligent Systems and Technology,
2020, 11(5): 1-26.

Gharghabi S, Ding Y F, Yeh C C M, et al. Matrix profile
VIII: Domain agnostic online semantic segmentation
at superhuman performance levels[C]. 2017 IEEE
International Conference on Data Mining. New Orleans:
IEEE, 2017: 117-126.

Spinrad R W. NOAA/NOS/COyOPS[DB/OL]. [2002-
06-27]. http://coops.nos.noaa.gov.

HODGINS J K. CMU graphics lab motion capture
database[DB/OL]. [2020-06-27]. http://mocap.cs.cmu.
edu/.

Barbi J, Safonova A, Pan J Y, et al. Segmenting motion
capture data into distinct behaviors[C]. Proceedings
of Graphics Interface 2004. New York: ACM, 2004:
185-194.

Candanedo L M, Feldheim V. Accurate occupancy
detection of an office room from light, temperature,
humidity and CO2 measurements using statistical
learning models[J]. Energy and Buildings, 2016, 112:
28-39.

Lai G K, Chang W C, Yang Y M, et al. Modeling
long- and short-term temporal patterns with deep
neural networks[C]. The 41st International ACM SIGIR
Conference on Research & Development in Information
Retrieval. New York: ACM, 2018: 95-104.

=Tk

FF (1974-), 2, #I%, @4, NFEHEEIZHE AR

S 9L, E-mail: lingwang @ustb.edu.cn;

P (1998—), 53, it A, SR E 2 4« A aCiR )

ZEIF 9T, E-mail: g20208697 @xs.ustb.edu.cn.



