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ABSTRACT

ABSTRACT

Pairs trading is a widely used trading strategy among investors. The basic
principle of investment is buying low and selling high, but it is often difficult to
accurately estimate the intrinsic value of a single asset. Pairs trading focuses on
whether one asset in the pair is significantly overvalued or undervalued compared
to another asset, thus avoiding the estimation of intrinsic value. The spread of the
prices of the assets participating in the pair should maintain an equilibrium in the
long run. When the spread severely deviates from the long-term equilibrium,
investors buy the undervalued asset and sell the overvalued asset at the same time,
and close the positions to gain profits when the spread reverses to the mean.

Pairs trading strategies are different in two aspects. One is how to select a pair,
and the other is the setting of trading rules. This paper aims to propose a method for
pair selection and compare its advantages and disadvantages with other methods.
Generally, people screen pairs in the same industry by testing whether there is a
cointegration relationship between the historical prices of the assets. However, due
to the limitation of search scope, this method will undoubtedly reduce the possibility
of trading, and because it is widely used, the profit margin is relatively small. If one
screens pairs in the super large space composed of all securities without being
confined to industry category, the number of candidate pairs to be tested will be very
large and the adverse impact of multiple hypothesis tests comes up. The method
proposed in this paper can effectively divide all securities into various categories in
advance, so that excessive search is not necessary. In the meanwhile, this
classification is not based on an obvious feature which is widely used.

The prerequisite for pairs trading is that the underlying assets can be shorted.
China officially launched securities margin trading on March 30th, 2010. This paper
takes the constituent stocks of the Shanghai and Shenzhen 300 Index as the stock
pool, uses the principal component analysis method to extract the main

characteristics of the stock price time series, and then uses the OPTICS density
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clustering algorithm to divide all the stocks in the stock pool into various clusters
based on the data characteristics, and then performs the cointegration test on the
candidate pairs in each cluster, and calculates and checks the Hurst index, half-life,
mean-reversion frequency. Finally, the eligible pairs are acquired. Density clustering
algorithm can deeply explore the deep relationship between data points, while
industry classification not only has the subjectivity of classification compilers, but
also may not reflect the main characteristic of data points. The OPTICS algorithm
does not need to specify the number of categories or assume the shape of categories
in advance, and is good at identifying outliers, so it is an ideal clustering algorithm
for this topic. The joint use of cointegration test, Hurst index, half-life and mean-
reversion frequency is to ensure that the spread does have strong mean- reversion
characteristic.

In this paper, three pre-processing methods, namely, no classification,
classification according to industry and classification based on OPTICS algorithm,
are used respectively in combination with the fixed threshold trading rule for trading
simulation. In order to reduce the occasionality, this paper conducts empirical
research in three periods: 2017-2020, 2018-2021 and 2019-2022. The empirical
results show that the OPTICS algorithm classification is superior to the industry
classification in terms of ROI, Sharp ratio and trading effectiveness. Compared with
no classification, OPTICS algorithm classification has higher trading efficiency, and
in terms of ROI and Sharp ratio each has its own merit. However, the calculation
efficiency of the OPTICS algorithm method is much higher. So in general, the
OPTICS way is better. The empirical results also show that the performance of the
industry classification is worse than no classification. Although classification by

industry seems reasonable, it may not be worth adopting.

Keywords: Pairs Trading; Stock Pairs; Pairs Selection; OPTICS Clustering;
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(2017) Shl i SEUERFFL R L, 5 WA 30 AR S S 2 T VE AR L, A
Hurst T8 800 1 B AFH)SEgn 45 5, UHGE (IR A0 5 iy 2. K
i, AT BON A Hurst & 2006 Bloof 2547 HF e A 128 o

bR 1 it ik b, AR E AT S B AEIS EAA L ECR B 2 ] Y
KR R 0L . 11, Dunis 55 (20060 101k 8 J5UH ANV #EATHC XS
BRI A2 AN AR S U o SRAL R T 38 i A AE KA L 2z [m) U,
RN AR A ™ CRE I FE R . A — LR 78 TARRAT M4 R S o B
G EORIRILRCRT . TKER (2013) BIEET A BT 7 SEuEst7e, 3l
AP AAT ML BRI A w B SR AT 2, AR R B A R AT S SR
RO, A FT R I TG R A% AT ML 2 FE R AT bR Ui 4 SR A B T4 R X
AW A, I HAgAT b BRI AR R AT W R R B o BfG
& (2017) BRIRLYIR 300 FREUS S AR NI S, SeiATI A, BRI
Tl TR REAT 2, A AR WIAE R AT b A BB Al B i Al
N ERHEAT HCXS HAE 5 S5 R EL 07T B R A 2 8] 58 B R A8 53 45 2R
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2.2 B SHHER
52 5 MU 7 T 0 B o T T L 52 B B
22,1 EFEENZSHH

f£ Gatev 5 NI e g SCE AR, 28 5y A ) 80 B e k4 22 (1R IR
LS T o POVt A 22 M 15 A SO0 220 4 PO PR e g S 22 I P 8, 58 5 3 B
ST BB BTSS0S 0E VLR R, 25 H S
%; AW AR TP AR MEERS, 25 H KA 2. T B2 R iR H 21k
SR ) 7 AIEIE, IRATE 5 NAZR IR S A AT P e tkiE. X%

Sy B AR B R, (HE IR EGE, i Z B0 I B S, & 28
IR o

Elliott % (2005) U1z F [R] 2 51 7 2 R A FUBC X 22 55 S . 1538 s
- Dy R B R R O Z S E DRI R . Al T ST TR B RS T AR A &
TIRERPIRS 2 A, FFiH IR BIE. 1488 Do 55 (20060 UK HtE, %
TFEA =R (D BB G T AP, RIR S B A FURES 23 (A B R T F T4
4. (2) AT LUK R HIE S AR T 1l o (3) 1 J7VEA T b e T35
EEDE, TIE RN BN AE 5 IR . Do S8 ANHXF VAR T HEvr. it
i, &, rZ Rz HD B ds MR o kg s ok, R ™R AR Hod
M ARG A R RAIESE, ML, WG - P R BONFE I

HEARM AT B R 5] K a9 ER A SRz Bl 1)
BCAT 58 7= AN P AH ICI, A S EC XS 58 2 SRR s oy R B R . 1K M
AT RE SN 22 LR R B 25, T HLG ik B 2 B S . A XM 100
N, GREEN Z RSO S IRER . 1 AR AT AS 38 35 i 125 72 BT I 1) 3
JEIK A X — A8, Bock F1 Mestel (2009) PO L /R AT R [X il #6 A2 AR T A 4t
THER R TAEG GRER, 45 AR X H B A R ) TT6 BE A LR 45 R AE
TER M — AT Z A R BC R A 55 F0 o

Bertram (2010) PR IEZF 4% IR AL Ornstein-Uhlenbeck i #2, F4 5
G BN G IR A B, fEId ST first-passage time [A]# (first-
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passage time e ML HIUEIRAE BN E R A& BRAE OIS TRDD,  HES 132 S i
[ B I AN T ZE R RIE 3. ARG, At de 5 H B 7 I 1) A AT 2 ) S0 B2 A0
ZER)FRIE I DAL 1] ST B A 2 B 25 LU 3 i R H A, 3 AT BASK
f A 5 RME . Zeng F1 Lee (2014) PRt T Bertram (2010) PURHF 5T
TAE, Bertram R RVFERZ B FEH 2, N T RN VAU, Zeng 1 Lee
SH T LT AAR O-U IR T first-passage time FJHIEE{E [ FRIA K,
SRJE S AR TR s A BT I T P ST SR AT 2 ) A8 ] A g SRR 5 R ) 1

Bogomolov (2013) [PIff Renko 11 Kagi KIZR [FJ5EAE FFEH T —FH S
X5 T71 e EMITIEMA T Gl Bl R RS IHE R . BEEARE

HHVECAES, WA ZEX O ZE R B ™R R . 25T Renko 1 Kagi

R IR [ A2 T SRS T8 T I R 58 B e R T AR R E A Sy i R AT s Ak fe) — A
T3 A% 8 22 /b BB A Re AT S TR B AR A A A AT I

BIe S (20160 POy 1 IGAIE T4 th (0 P I B O oS 52 S0 1L F) A i 1
XA T ZHBURE A ABNTRIIAS S I 38 5 fil O BB S5 1 7 2
H e B XS S G et R — IR . SCEIEH, 385 KIS A)ES5 A
BIE L, 15 M TCik R 22 CE I OR BE St 1l 52 S I 5ME, I BLA2 5 B
BBCEABOVET I, XA R AR LR K IR L ARA

BB LTS 55 (2015) BIMEA] AR(DBE B Ay Z I (8] 3 51, £ et E 7
5 FH BB SR 5 2 R S R T B I DA R A8 T R BGsAT il o, B35 SR A
HIE B R H AR T B B . 100 [R] I Py b A0 25 8 9 L i 1 2 ) M
SEREATHCXS 22 S, SEUE S5 FRAIE B 2 A SRR foe D0 BRI 1) 7 62 A R
FAb, AE TR [E E S HOR R AR LTI AR SRR A TR TS 15 5 R

BISCHAE (2017) PN AL G R i € Z B R HEAT 1 2edt, FIH] Sarsa 54k
) FEAN e-greedy SHMG, RHAL SR FEfE E M A Kok B E [ € SR IMET!
%R HIE N T S B AR T FEE RO E Gir T EiRiEE R
KETHT A FIR AT SEUERT 7T, 45 R WL T ol 2 ST s &S S 8 0y i%
HE Sk 25 M AR v R TR AR A R RV LS, JRRRAR R R MR, ek 22 5 I
T IR

ML (2019) WUER] GARCH BRI Z 1IN A AR Z 741, #E 1L
Sl e e, e, IERSERIERIMAME S, EE R GARCH #AYAIfEL
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e E AR EZE R PRI T A e, SEIESS R &R, PIMAIAERE A
NFIREA M A A EE IR AT, {3 GARCH BB L A& Gt B 58 nAafid o

THRFAE (20200 FRIHEIT & AL HIBCN A 2 h B XU . A 5 T gi
RUOR [ € BS54, AR5 3t AR RO B3 7 Bl 38 B o P S 0 25 1R 1 SR 8
FBEORMF RS LA MRS Zy R . VR KE IR 500 AR 300 FE 4L
Jy BAZAT ML 73 28 JE I BERE X, SR A R B AR F T SAIERIE 7S« AR R
W, SNBSS E 10%06] 5 L2 AF A S A0 BB AR AT L, 7 1k 43
AT B B A BB AT AN SEI, 1 B s B R a2, T ELAE A2 A RS A 45 K%
3 Tt R A R

2.2.2 HufA3R

Do F Faff (2012) PUEET 1963 422 2009 - [AI ¥ T A 7L 158 5
JRASKT LR AE G SR R o AR ORI, R FIE TR 5 ME. tigmd
A2 RSO, EX A2 Gk A Rl B, 3R R KP ATk
A PR AR AR OBk AT R (R B8 7= 44 SE B T 85 R4 30 ANk
22 RS TR S Rt R A . FETHAEHEAA T 30% M I 55 b St e X 22 &)
WS T R SCET 34 ) 24 A3 AU alpha BB AT 25 .

Dunis %5 (2006) 19132 Fi N\ T AHZR /028 %of J5L i AN i A Z2 EA T b, 1
BINZRAn 2 2 DL T 95000 R — A58 & H AN 2 M8 L4022 2 H A1 22
FL A 5 R D00 358 T 2 0 A A 2R R S 1 ) BRI < IR LU AR S SR . AT
KRTEER, 2 OBHE LR L0 UuTE /DT EE A REW, 56
B AR 0 ERRIBAIAMIETE T, AR ARG XA R
Ao AT IR FHUE T 15% KPR 20, (HAR AT ) BAS s 1 SE e 1R
Ko JGkK, Dunis 55 (2015) WIHE T KA R RIBCAT A 25 i 8 7B, #55%
JEAZ Gy AR I B0 N IS 1 BT 20% W & 4

2.3 ERTARIECT3E 5 SEER 5T

THRAMELTHE (2007) ) 32 H PR A 56 J7 12 A% 22 2 R R A 56 7 VA IE

13



HeTHLAS A 2 FRRIBC N 28 5 RIS AE TR E A BT 37 B SIAIERT 7

WA K 7 i 38 5 BT 00 ORI B R K 2 3 B R R s 2 RIS K I i R R
AT TAEREAR YRR AZ 5 (1 25 SR 3R W T8 2 B R 2 Sh B IR ) sl 28 Sk 2
RIZE 5, I RBEARFE BT BRIZ G, FRFEEATE, HRH LKL 51
SERRNEE ST B R, kBRI G RETE BHRIRE G 0 AR A R
MTEAE AR SMEAUAE 5y (1) 285 SR W) R B R 22 5 I~ S R AN 2 %

T (20100 BILGEE 1 JE 15028 T ANHE 5 (4 B X 52 B 5k s R 2k -
A PEARLIG IITC X 22 5 SRS TE. A T3 BRI, 1EFIEILT A T 2007
SR 2009 FEEIEHEAT SHERT UG KB, —FHHRREEUE T T I AR R B
FERR . AR T3HAT I B2 I e AT R 4, 7R 347 1 8 1)
I A ) R AT — o o 3 AT LS R, 6T [ e e 6 R B %o 22 5 3
WA B RSP AR 2, B TR 28 AT HE 5 () T A8 B SR s 1 A 2 38
BNV, H LR A

FEHESE (2012) SN LIE 180ETF FIYF 7K 300 B f6 SR dAT BN, LT
RIS S, S 5T Elliot HEZLIEET O-U BENLII RN ZE 1548 . Tl
Tob b 5 A 2R TN £ SRR L S 4R D DA % TN 45 R P o 2 R B S AT
MIbREZE fG KL, ZIETE T O-U AL FR IR A AR T Elliot HEALREAYL.

BRI EAE (2015 VORI A BT b mhs a5 ba it I 2580 ETF (19
F AR R AT SRR 7, 2 Y R % R s 1) 4 B B 25 (R B T 0 7 A ] e
JEATMVIX PRANGEBE AT 40 4, FE 2 TR R A R A R AFLAR SIS SR B A Tog ¢ A
BRI TN ZE S TR AN BN AN o BF T8 R IR AT I 23 ) 2 i S O 1A T
FIA B BRI, , R BE Rl X0 1) 28 ) L AR e 7 20 REEVE L, (BGETHERIE A
Wiy b — 2 el AT, ETF BAREMKEIOR, FiEAE AR
i

2.4 CHEREE

M A A1 AR 2R SRR R LA 3, B A8 5 U ) 2 B0 78 7 A A 4
PR JTRIE AR S B I B RS R R T R B 58 2 WL 2 D BT ik s T
DA 983X IR S e T 7 iR A W i 22 6 18] 5 8 75 B A PRk, BT
PRI, EBINENH R EW ER T E R, PRI
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MR Jys BRI B 7 TC 7 2% RS O, EREA RO R RTH b, B30 Tt
i Z2 W IME 1] B I AR AT R A 7 Fe A Zp RN s T4 ) 7 V2 AN 7 2 7
M 22 AR KA, WATHEEREILRY, B ER2RBIRRE~HE, 1
E L ALHEN ;IO R SCEREUD I — 28773, BlandLes >0 oo
M1+ Hurst 820, Copula &%,

FERCREFER) Tk b, DI RER G )i P TR SR X B8 7 B A 2 )
BAAERKIAIE R AR 5196, Hurst FEEAER 5 H 50 5 FIBCN B2 I R L H
TGP RO . — LeBIE TR I AE [ AT M AT M BT U A R A 9 A
MEFERCNS o BLARISRUE, SO HE X 128 3% S BRI T AN T2 7803« ASCERE TR
B o) R AR RS Hurst $6 85 2ME A3, SME B9 4%
FR, $eth 7 — MO FE B AE LN 28 5 T E IR BB A AR S, 2 xd
AT T A 2 AN 7S
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3. FERZE SAHOGHIA BRI

3.1 £/ I

FEARZRECR I, 22 53 Ay SR B8 LA A [R] 1 5 G XU il 1 FRAIE S . AR
FEER EM HIL (Arbitrage Pricing Theory), IXL&iEZ: WK BAKRE M 1% 2 A 4
[F] R SHER [l o DRI, AR ART i 293X — T IR O A& T B 4 5 9 B g i, TN
5 FEFIRAEEIHL. Jolliffe (2011) 3 HY, AT LIS 527 B4R A48 FH 32 e 5y
TIPSR 7715 J5 B IR Le 3L [] £ JRURS: B 1

PCA (Principle Component Analysis), BJFasrsrtrik, &—Fgit L
FHBIB4ETT . A TR 28 AR ok — 20 AT e 4k 14 AH 5% 1) 3% 5 ) ML U 4 e ey
—H TR B AR B R R AN R o XA E SOV ER — D R
ST e 2 MRS A4k, B — AN S B2 B R 26 255 TR ) T AT 03 DR FF
B R AR, RN AE AN 2 J5 2 30 B o7 v e 0% B 22 i R 280 1 AR 4K
— B AT AN — A KU AL 5

PCA Miz® 7R~ &k, WRIEIES i A ETEFS] P(t), 1HHEE
A 7 ZR IS 8] 2 97 R, ()

P(t) — P(t—1)
Ri(t) = Pt—1) B-1

SRJE, WU ZE N 1) 7 AT R AL AL 38, RSB AR AII(ER, J5 FERR DAFE
zlgi:ﬂ—‘{ﬁﬁm ’

Ri(t) - EL

r(6) = = -2
CERRAEAL IR 5 TSI ERY |, B E R AR, 450

1
pirj:T_lzri,txr},t (3_3)
t

16



3. A AR RO B 1R

8t P WA 2 6 INF 8] 7 210 17 FEAN A B 1) 3 F0 36 AT 6 14 70T 16 J8 DR T i
i 2N T 5 471 PR A O R B0 6T T oA A 0 8] I e B R R B B
A/ A% B 5] 5 370 J0) T e T B T 35 03 Tt R AR P A O

T, RBURFAE A AR AL DA IE E R AAE ) B R E AR TS 2
77 0], RPAIE AR R 5 o MR AAE: ) 2 PRI 2 o ARp AR AR AR 7] 5 P DL 5
E KRR Ak, KRS bR b5 1 0 RUESRICEs 2t 5] 5
S PG — N ERE, iCNA, STARN HE SE SRR, 133

A=UzVT (3 —4)

Horr, FEREURIV SR IESHERE, R X X A4 BT g g ATA BRI
RFI7AR, WA A & SAE, TRE N A &I AR BRI .

AR ATA=vITEvT |, AT AR i vt I R AE Ok REOE [, IXFE—
K, VERREHHEE ok BIEIXFIE, BUA AR B RE AR RRIE M & . FR
ATEBEXT T B KT Z 0 k DT k ANMFIEA R, Hb k AURKES. &
(AEREV I EPO R &/ R BT N o

BJa, FHIFEIEFERE A T BRI R AR 2] — AN K/NR nxk BRTHERE . FERE
P A P55 A AT 1 5 1 K MRRAGE b

T e k BEUE, — B EGER HT AN 3 o BT RRRE 1) e Ty %
RIELI, AR5 IR E E 7 LA 31— & IR RE LUl . A SCEAE SR BUBUR AR AIE 2
JEia TE B 1 B, BOm PR AE FE 2 i R A s 1. R BTG RARAE
HIRTRETE 3G 2. 4EBCRAE . 4EBURMER B Bellman (1957) 2612 . 4
N5 B S A AL P 5 25 TR PR B I, R B5R M 2 5 0K B i SRR 1S
e R, S EER RS RS TOR . R4E Berkhin (2006) PIHIHHTT, 4
HEHORT 15 B, gEBCOHERIE I 20 . AT, k IWEUVER R 25
BATERE, B 15,

3.2 BRI

TSI — FIARAE AT T G BB AL, R 0T FU0 R 73 4L B A [F 201
Mgttt ot e, J& TRk E 005,
FUAS SO TR IR e, BRAR A SRR R ML 1Z B 2% DL e
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(1) TSI ndceE. FISDHICHIER, BT AR 35004
EREATI B, TN % B B O

(2) Tk dE— FAEZEEO BB — NI o BRUONEESIESR (1A% I 18] 7
FIT RER AT N G AR, EATNAZ A e WA . e — Bk
530 (1) JE ISR X 8 5 (L A B A S i 35 TRERRICR, 2 AR 1

(3) PRI HE o BN, = FETMECTEHEZ

(4) KA BERMNES. Bl (1D M.

3.2.1 BAREZEME

BRI ik vl DA R 73 =28 73 X 2R 36 (Partitioning Clustering)
JZIR 2 (Hierarchical Clustering) F1% % %35 (Density-based Clustering)

Iy IX I, LL K-means AR T, HoAE T A SCHE PR I SR R =
B, XRFIEAREET AL FH M P B A e H A . R, B ERIERIR A
M AR s E O RIES A, Xl TR . e, B
RS tE E K HE

JFIRBREERTINEEEE, ERELSHHIOEREM &1L, X
Al REIGINZE 5 B AN LB I, o B 2458 5 2 W £ PT e 70 el T 4% f b
AERI IR R OTIEAR BRI S5 IR, X R TRATN — I BRI 1A ) . Rk, R IR
FRAEARSLHIW T PR A GG

XK BUCREMLEL, BEREAUTIA: B, EXRERR
WA ER, PRI TR 206 B8 o Ao T8 20 s . ok, e H A v
W — A REHT 4, RICE R A XA R R . e, EATRERLEE
K. L, AT TAET, AT R %R KT E.

DBSCAN k& —F g% R KA. K 3-1 H, ATz prblae
R — RS R 5 IR LA m AT U — 28, 2ROy — 2R3
WA A IBE R, XA EEY RS TAMNI R R Xt/ DBSCAN &
EEENEEEE,
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o ‘.'. ..-.. . -:. i .:::...... : - :0:::.. -‘:" o
i, O, v L&
. :o : * .0.0.. . e .:.'. :.' *
::O - l:‘ ....:...o “: - -.la::. :? . _.,":?_L

..'.'.':- ::‘ -...:'.‘..:' . ._.o:.q. vu{. e 4{.:-"_-:.}\'.{:';';?.‘ i:' .-{ con

. A 3':::: .c:: . : X ) .l.:‘“}‘.._'
: -..l:.‘. l.." s
database 1 database 2 database 3

B 3-1 BETRERENDAER

RIAITH R 44 DBSCAN SLER R, R erIfiohs. ek
AT (1D en DACEAEE AR & E 4, 1 AR K-means ALFER R
TSR (2) eX R E SR AU, BRI R S (3D SR W
iy, AHLLEN S, K-means Z KM FVERIREIR ZRWNIREI MR K. €
IR AE T (1) XPE R BRI BRI RRBOR A (2) FE B s
WsE i ZH, RIEE B B E e AN AT A A KL B [ minPts , S4B B X RERCR
RISEMACR . BRI, AEASSCHIBE 7 TARKE, S48 DBSCAN HEAMALT 70 [X
BB B R RGIEEI N T — 2oL, (EIRAE R BAE IR %

3.2.2 OPTICS 3%

OPTICS, 4FKN Ordering Points to Identify the Clustering Structure, tH /& F
DBSCAN & R BB TF & tH R —Fhgs BEER IS H % . 815 DBSCAN #
KA 245 % BEANR], OPTICS REWEAT Rt/ F %5 B 22 S ORI B4 4R
FTL, OPTICS J& DBSCAN F 253 il -

Kl 3-2 TE R B T OPTICS AHLL T DBSCAN IR 35 B fE

FEIXAMI)F 1, DBSCAN R AERJIRE EE 5S40 eps LA IR SOA
R, TR, BB A T ARER. tRATBOK eps FIUE, 5
SR IR ISR R R T, E AR AR AT B 45 A SR AR R R A SR AN R
FEanlig 1 AR 2 A I — KiK. FfLA7E DBSCAN Bk HL, eps HIME
IRHMETIL . {HA2LE OPTICS BEH, XAHMEBUR AFLE T .
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BT HLE 2 2 SR IO 58 5 S AE TR A i3 i) SRR

OPTICS | QrT—
.Cluster1
w O @ cluster2
& Cluster 3
0
© () outliers
O ®
o ® 0"
® o0 £/ 0
® O O O

[E 3-2 OPTICS F1 DBSCAN By¥}ELiiFA
N T AR5 AR A% Frid H A [F] B S AR ifE, OPTICS SR HEA M
Je 6 ) R BEAT B — L. B 3-3 bt 1 U an SR IRATTAERIE A B B HUER
BRI, BATATL A 3] B MEEES A BIABIEN BT A SRR B R 47 L
Bo MWEIRRATATUEH, A | B 00 S AR T 2 H A S B 9E S A Bz,
gE, A A B W LA S ARAT 5

& 3-3 OPTICS B AFIME4B =5 3%
OPTICS A A% U SRR a8 ik 1R 1) 258 3 4 A R PR U e B ) TR 2k
Mo R EHREE I SRR, 2 E IR S A — KRR 2 e mT ik 1 B A 4
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Fo FIRBPE—A LA N — AR RS, Rk SR T B AR A
FRZRHME G R . WA R B Bl B s A T AR T IR — 2R R

OPTICS B4 A B M

(1) ZOIEE: ERIEMNE S HFE A O ST R I RN
RS TE AL L, M E B O EEES .

(2) FIAFRES: BRARXS T — AR mUE . mp Ml q Z (A A]A
PRS2 p MIAZ QBB AN p 5 q 2 [AIFR R L FLASH R B (Bl Al 8 1 ROPE N B
RIPE B9 P R (R RO . X LR p R0 i, R TR R B AN AT RE /1N
TGO

Bl 3-4 TEZ B T A% O FE BRI ATIA BE BOX AN A . 108 B D AH AT A
MNminPts N 5, PAtely omm. EAEF, OB RN, Eikp K
D RN S AR N (6 < o) MR XA, CUOREE 5 ANk (%%
TminPtsH{ED . A EHR T Al IEEEE . Epat— MEOLRMEE T, qfpz
() (1 AT I PR B K I AN S TR SRR EE 5, g Fllp 2 [A] R Ak P 2 45T ax 7
AR SRR EE S

€ = 6mm

Core-distance of p Reachability-distance (p, ¢,) = €'= 3 mm
Reachability-distance (p. ¢,) = d(p. q,)

& 3-4 Bl EEMTAERE
OPTICS Fikil I T+, IR A4 s A EA D L A B B o k% [m] )
RAGFFHER, HER RN R A ()b 5l A 08 m B A AR o X 2B B, el
DAH & n A PRI, W x B R R e S, WS y R AR, i
3-5 NIiPm. W 3-5 2 BRI EESE, A EJr4 |t T OPTICS 5k
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HIAE R o AE RN AR IR . [F) e A SR A A 5 2 T8 (R
B, e SR B AA BN, Bk, AR, e R
DU R RE R DXk, 3 MR SRR, T AR RO . F3 Ah s ZEAb T U I 1Y
&, B XM AN R, AR RTA TR B BB B I X3

Dim. 2 Dim. 2
1 1

1 oim.1

0.25
0.2
0.15
0.1
0.05

[ 3-5 OPTICS B4R
11 R se Akt B 2 05, JATTIAES A SRR OAAE . 2 PN T

—MITiERE AT, FREE y Bl B iR E A E e, REEE
PPN RE BN Held, ZFEMMERESSH (eMminPts) WEAHFE
i) DBSCAN SVEHISE R —FE . 53— A2t B —A B e A — N ikik
A G efd, e e Tkt B bR — AN SR A R s/ BE B2 ke S
Mo Ankerst 55 (1999) PSWEAHIELA | HARKSEIIL IR . AR 78 TAEK
Yl ERREEZ AAE T BT o 7O SRR e X — AR . AR
REAHEIE TS HA, HoE ATRELEmnPtsX— NS
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3.3 ¥EREIIFNEIERTEIFT

Chan (2013) Mg, BR 13T 2 SN 5 BN, X 18] 51 3EAT
giittagnth o EE, DOV R Pl ailE e . mH, ak
SIS R PP AI R RRE T 1 geian e, JATEXIAL 5 M A BE 1A (5D

PSR AN I 18 P B R (R IBG 15 B 73 A AN B I T s 2 1] 10 e A i 422
FHUBOE SONSRT R RE . WA 5 R E R EZ WA, I AP A AR M 41E
A5 AN 2 A I 1) B2 8] A AR A T AR AL o i A2 MELAN T 22 AN AR 1 (1 )
FeAE R e SONES PRI RE . X T b 8] 2 S 0 Aokl , i 2 95 P Ak
I

¥ Alexander 558 NFRIREFEM, Aks o ] 3 AN 2 25 I 18] P 47 b T LA
WP B S, Bt — IR ZE 7 Ja A8 BT Rt T e 41, i iic et 2 A
PN g PR 8]y 4o (B e R TEVE s 5, R & IR 5 1, iy
1B g, BRI RS Ei, £ RA - TE - i
N, RHFETIEF TR 8 P SIBEAT A 5 o AL TREE ™ x Ay (TS0
T WER x(8) M y(t) Z AR, RIS ERL B MR 2(0) =
x(t) — B xyt) & VRENEFH, ZoEMmEMM z(t) #1785,

PRI 8] P51 5 e E R R iR R R R S E AR 2(8) 2
— TR P EWRE . — I, z() BIME ARSI M HER ke . 1X3R
W1, PHITBE ™ 2 Tl ) PR R R A e — R KR IISR &R . 3 —J5i, z(t) S ME AR
SAEPIITGE ™ A M GR LR FF— PRI OC R, RIAE VIR R REF LA R A
PN, A —TB P (AR T 5 — TS AR AN & AR v s A,
AARAERE — I 2] z(6) AOME D B A S (B R FEAROR, IR A B4 R Rl K
ERIWAE Ty A3 5l , R A B AR -

NI P AFAE TR R I, A FEL MIJ%QE’HM%HTIEU S

PRI AR Nz AR T, B SRR TE R U, X IT5E ™A A
AR S i 1, AL AT B A A = R Rl . B, B AER-— AT AR 2
m B . WTL SRR R B 5555, Bn] BEAFAER R &R

AU TN TR S P RS R L PR SC R AT R B AR PR A
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FHREAR

3.3.1 Augmented Dickey-Fuller #:1&

Augmented Dickey-Fuller(ADF)fu%: /2 Dickey 1 Fuller T+ 1979 42 H 1
— PR I VAR, BRI RN I A A R R AR AR . BA AR
XA FRIET B BH 2 e A [ F R AR . AR SRR R R B 1%
I} 18] Fe 31 AR Al A

XIS (8] P 51 3 AR R RA 23 0 AL 40 = A T AR Y

Ay = yyi-1 + @Ay 1 + -+ Ay + € (3-5)
Ay =a+yYi—1 + @Ay g + -+ Ay i + € (3—16)
Ay =a+ ft+yye—1 + @Ay 1+ -+ Ay + € B-=7)

Hh Ay, =y —yeq, aRBIEDL BAEN AN RE, k2 H BHE
PR B # . ADF Rede R Ay = 0, &Ry < 0. fmRgitE
t =7/5, %, Py OLS flitt &, o, NyHiFriEiR. Dickey M Fuller A/t
R ARG EAAY = 0 — JFURBRALINFAT T BAAIRM t 7046, HHE
W R 7> A7 AE, #EFRZ N Dickey-Fuller 43 4fi » Dickey 11 Fuller %l T ADF f&
lm FHEZR, 52K Mackinnon Xl FUERM LAY 78, B T H AT 2 A8 H Y
Mackinnon g FHMEFE . WIER BB ¢ Gt &/ T 8 2 0 KCF R B Im FHE, WIE
AT -3 v o Sk  =E L (47

3.3.2 thERE

PRI PR TH R 205 % K Engle A1 Granger T 1987 £E 1 {3 HBY,
FES BV RERX — MRS A0, A0 ) W] BB & . 2R — NI R P 31 ik
d-1 RE EARE, (HE d IRES asiA - Fia, WIRRIZ R P32 d
B BB, G0N 1(d)e WER A d B BB IS [R] 210 A% B ) AN R AR 2 A 1) R
B EUNT d, NIFRIX LB (7] 7 1 3 2 (Bl AFAE DR OC 2R o AL A G X — It
AHE T, R —AHAFRER (DR E KRN LA G & — PRI 10) 35,
MEATZAAFAE I EE R R . BAKT S, BB — B R B I 6] Fr 51 38y, A1
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3. A AR RO B 1R

xp, EER REWEAEH BB, 1E153
Ye — Pxe = a+ g (3—-98)

Horp, R PR A 8 PR SC SR S FRATTH T A2 T, e fit 1 —A
TNERN LGB F 38 5 H-F RS TR FR 81 o T AR R 28 A0 3R i 4 < i
Bdm b, EAR B AP AR [R] 7 21 2 — A L R HE R B R 55 o

PR I0 AT LAB IE — AL I 6] PP 31 AR B TR AE AR E 1) . KIS R e
B i BB 56 75 /& Engle-Granger P95 (R FR E-G #2575 ) Fll Johansen
R o X T PINMIEZE I A I T 551, —CRH B-G Bk, HEAOBIRINT .

1. fi/ ADF ta3i%, WSt a5 y, Ao, o2 A AE SR AR o G SR iR i
(B FP A AE AR, (H R — W 200 Ja IS (8] FUANAEAE SRR AR, T 4k S AT
P2,

2. ¥R AN IRVENT y, A x, AT ERNE, 1BERET 6o

3. fiiH] ADF ta%ik, Sz 7o e, fe AP ERAIIR . a0 RAE 26 J5 R
W, HRZEF) e, MEERAR, WIS EFH y, Alx, Z AAFERER R

Armstrong (2001) BUSEH, B-G A — R B EE, BaEMEA
A IR FE T BE S S BN A B 4518  Johansen #3677, &1 TH FEH AL
AR ZR S DL A6 P B e R R AR AE o A SCAAE I SRR 2 TR X
Johansen & 46 J5 V5 1 A S HIBIF 7T Y6 L

3.3.3 Hurst 3E¥

Hurst 15 20t 7] AR R E I 18] e 21 P Aa it . BRI B2 DA LT A B
BIAZR, FAA ] 20 i A HOE BN 18T J U AT RIIZ 30 . Hurst $6 802
—ANPREAE, BT S TR A I ] A R S A [e] ) B AL AE
B, ERAFAERKMES. P

Hurst 4880 1R 2 it 50715 « A SCR A A0 R 773250 Hurst 48802474kt
277 V5 ) BB & GO % e 51 00 7 22 KA T I 8] PP 81 B R B0 FE o 0 T3
AN B ISR S T, B RS 7 SR T 23RN

Var(t) =< |In(t +7) —In (t)|*> > 3-9

—RIME, HEJUTMBEEEE T, Var(o)MoIEL:
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