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1) S WA AB 7 50 R ABL I 8] P 41 A KB
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AL
- a(u) X c(u) + a(v) x ¢(v) — AL’ 3)
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FE ¥ L(u) 1 L(v) 1) E & 1 AR, W& 1R,
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HHRARXN
JIp((a(u),c(w)), (a(v), c(v)))
=1—=J((a(u),c(u)), (a(v), c(v))). (4)
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Fig.1. The method of calculating the Jaccard distance

by the vector elements.
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HP BT,
1) A %2 1) 2 A

B IR B 5 8O

{(a(k),c(k))}, HH4RETF 5N A = {a(k)},
WMEFs e = {ck)}, k = 1,2,3,...,q, ¢ €

N. NAHFRRg —m+ 1P méEn & A(x) =
{a(z),a(z +1),a(z +2),-- ,a(z + m — 1)}, AC
HER g — m + 1 m 4R C(x) = {c(z), c(z +
),c(x+2), - ,c(x+m—1)}, x € N, HA(z)
Cx) H M EFH: Q(x) = {(a(x),c(x)), (a(z +
1),c(x + 1)), (alz + 2),c(x + 2)),---, (alx + m —
1),e(x +m—1))}.

2)HH Q) 5 Qy) MEEES: MEFH Q(x)
5Q)MEEXRRA: Q)5 Qy) 7 X MM
= ILE Jaccard B S B R AE:

D[Qm(z), Qum(y)]
= max(Jp((a(z + 2), c(z + 2)),

(a(y + 2), ¢y + 2)))); ()

HPf0o < 2 m—1, 1 < < qg—m+1,
I<y<g—-m+L

) WAHMER NRO < R < 1), X F A&
X, (2), GiitH D[Q.n(2), Qum(y)] < RIIANEL it
Hnum{D[Q,n (), Qum(y)] < R} 5 A I 5 &%
) EEAE :

B.'(R) =

num{ D[Qm (z), Qm(y)] < R},
(6)

n—m

AP, 1<y<n—m+1Hy#ua.
4) THE A &= B™(R) B°F3ME:

1 n—m+1
B (R)Zm ZZ::l Bz (R) (7)
5) KRR m B m+ 1, BRI —4), 1T

5 B7(R) M B"Y(R).
B"tY(R) = mnum{D[Qm+1($)a

Qm—H (y)] < R}7 (8)

m41 o 1 — m+1
=S o

6) FI AR 2 3Cih 5 4R e A4
D2SEn(m, R) = lim {— In[B™(R)/B™(R)]}.
(10)
PRI AE S B f 0, B 8] e 21 530 32 50 (A £
A B, Bt bl D2S En BUERIZ S AN HON g 1Al
THEHEAT 2 M7
D2SEn(m, R,q) = —In[B™"'(R)/B™(R)].
(11)
AT H, D2SEniifE S5 Z%m, R, ¢
WAEA K. AOFFOK F X 45 m = 2 %4 T 1
D2S En{&i#AT 53 #.

3 ZHERIEMR BRI E A M
B 17 B AT
3.1 HEREAE

1) MR W R i LE SX B 1807 B, T
T R N
s;(t) = A; - cos (%t), (12)

Hoep i = 1,3,5,...,2n — 1, ¢t € [0,m), 4
i=2,4,6,--- . 2nWf, t € [r,2n), T; f1 A; 5%
AN 4 AN IS 0 S AR 1.

2) Wi B 7 51 S [T 350 g, R4 2% A BE L
A RBENLT 5 A = {Ay, Ag, Az, -+, A, RUE AT
T = {Ty, Ty, Ts,-- ,T,}, HARTHRIRS
BFHO = {(A1,Th), (A, To), -+, (Ag, Ty}, 2R
Ja tH O & TR AR LT T, K750
F TR AHIER Al LI [R] 7231 S

F9id S1, S2, S3, S4, S5 LA kAT 9256, &
BT R AEAZ A 1000 Hz, TR0 T 3 R R
A HFZEAL: 300, 375, 450, 525, 600 pV. F A
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FLRPZEAL: 300, 375, 450, 525, 600 ms. {EIRIE.
PR AR 3 1) &7 2 v, ST AR R - i 20
G 5, S2H 10, S3 H 15F, S4H 20 F,
S5 25 . BT T B4 4 1200, R T IE
W BRI Y A s R R BT %
40 N IEAT SEE.

FH UG TT L, 7 B 38 T () i s A0 JE 3 — 4
2 () 85 A B S ZE T, R - R 2R A AR A
PR R B E R R NS < S2<S3 <S4 <
S5. 43 3 FH 1a] 5 4 A R o LRI TR 1 4R M - A 3 41
AR, FOEOY BIRIE - A IR a2k 1 g

R DI EBPFRIRIE - R

Table 1. Amplitude-period modes of the simulation waveforms.

W P - FE A (SRR AL vV, I HIEAT: ms)

S1 (300, 300), (375, 375), (450, 450), (525, 525), (600, 600)

<o (300, 300), (375, 375), (450, 450), (525, 525), (600, 600), (375, 300), (450, 375), (525, 450),
(600, 525), (300, 600).

<3 (300, 300), (375, 375), (450, 450), (525, 525), (600, 600), (375, 300), (450, 375), (525, 450),
(600, 525), (300, 600), (450, 300), (525, 375), (600, 450), (300, 525), (375, 600).
(300, 300), (375, 375), (450, 450), (525, 525), (600, 600), (375, 300), (450, 375), (525, 450),

S4 (600, 525), (300, 600), (450, 300), (525, 375), (600, 450), (300, 525), (375, 600), (525, 300),
(600, 375), (300, 450), (375, 525), (450, 600).
(300, 300), (375, 375), (450, 450), (525, 525), (600, 600), (375, 300), (450, 375), (525, 450),

. (600, 525), (300, 600), (450, 300), (525, 375), (600, 450), (300, 525), (375, 600), (525, 300),
(600, 375), (300, 450), (375, 525), (450, 600), (600, 300), (300, 375), (375, 450), (450, 525),
(

525, 600).

B 1 AR £E Bk R, S1 e E A
/N Jaccard BE B 414 0.234, S2, S3, S4, S5 G [A]
)8/ Jaccard FE B4 0.125, BRI %, 4 ARALZE
FREUENO < R < 0.125 5, A LRI A (AN [
BT X 50, AR > 0.1250), MIBIER R
X AN R R X 23 7 e LR

3.2 HEREHN ZHHEREIH

N ZYERE AR SRR A — 4R
FEASGE (0 DX, 4 3 S5 T b I8 T ) R M A A 06
(sample entropy of amplitude, SEnA), i HIFEA
i (sample entropy of cycle, SEnC), F1 4 A4S
(two-dimensional sample entropy, D2SEn), HH
SEnAN—YEHRIETFFIRIFEARS, SEnC A—4E)H
WIFFBIIREARS, RS EAm = 2, r = 0.25 545
#E2E. oy R R TE ) D2SEn, SEnA, SEnC

FEARIEAT J7 22 0 HT.

N FE D2S En i 18 % Y 524 FE (A B0,
Wm = 2, ITHMHPAERR = 0.05-0.95 (&
KN0.5) &AM N IR ¥ 1) D2SEnfi. H A
X R = 080950, it 5 D2SEn i B™(R) Al
B™TYR)FIMEM S, FED2SEnE N0, BT
X R = 0.8-0.95 I ¥] D2S En AG3E47 5 #7.

T ESEREH: RAMER = 0.05, 0.1,
01521 F, WM D2SEn{d A4 & S1 < S2 <
S3 < S4 < S5EHYR R, fEHAN KA T, TANBIE
D2SEn {5 IR/ KRR AT A1E. Hikn]
&, D2SEn H 5L AR R HIUEA K, 4
R & — & 2 AE 0, D2SEn A4 R84 30U Wil
52 AR FERRAE. EERM REFMT, AFBIEN
D2SEnfHanE 2 .

3.5
3.0
2571
201
15
1.0
0.5

D2SEn

&S] +-S2 -4-S3 -S4 -e-S5

0 . . . . .
0.05 0.15 0.25

0.45 0.55 0.65 0.75
R

2 AARVAERR R BUREMEN 1 B D2S En {4

Fig. 2. D2SEn values of simulation waveforms for different similar tolerance values.
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f£ER = 0.05, 0.1, 0154 F, LAWK
D2SEnfH W) J7 2 7 Hr &5 R K W 1E bk = Fb
% AF T, D2SEn {8 1E T M ¥ 8] () 4 208 2
#(R = 0.05: F = 3245.084, P < 0.00001;
R =0.1: F = 3245.084, P < 0.00001; R = 0.15:
F = 3923475, P < 0.00001). 41 & P P Lt 4%
i, 5 P94 B T A () D2SEnH M A 5% £ 7
(P < 0.00001). TLZH¥TE SEnAM SEnC fEH 1)
T Z 5y Mt R B SEnAF SEnC 1 20 18] 2 B 35
NEF (SEnA: F = 0.654, P = 0.625; SEnC:
F =1.667, P =0.159).

25 LR, D2SEn 8 7] LLAT R X 70 AN [F) 52 0%
FEBIVIAN 22 5. R IRSN 7 41 (1) 52 2% B AR VA
IR AR M - ] 3058 T AR ) A, i 0 R ) ST AR
1535 T iE R AN R B AR T R TR 547 X 4y, D2SEn
A DL 2R #h SEnA T S EnC 15 i % K2 4% &
IS AN A2

3.3 EHD2SEn 8RR RINAE

i E SRR, WA D2SEn 1 # R 5
AR R MEUER . — BN, 4% 0E T,
FRALZR BRI 0.1 3 0.25 5 b 22 I8 7] LA1G 3 L AR
SE HIREAAE, 5ARAEZ MR R ] LU B3R T AH
AL BR A B — S5tk A D2.S En ARABLZS B 1 HX
HEA— e, ARG — 4o Rm M oz m o
MR R R, W — 4R T BRI LA BRJTVE S i
B YE A, PRI LU 77 D2S En ¥ RAE AT
CES

SRR L AE S 1 RE AR DU R

1) 4 31 0 3 7E T A 4 R 1) BOME 2 A EL
SLHY;

2) “HEF AT RAEW N B S 4R IEDS
vaiip

DR 8 —4EBEN LR 528 (G, H), G H 754

B I A
flooh) = w5 (U
G _0252)2)] (13)
G M H {1345 Ay
falg) = 2}101 exp [* o ;U?ﬁg}, (14)
) = e [~ L] g

Horb g, pue A NG H BT, o1, oo 57 A
NGMHWT %2, WANG, HMHB ML, Bril
f(g,h) = fa(g) - fu(h).
T8 G ECH 750 ) — e AR I, — L
7 51 76 % 0.1—0.25 £ x4 2 /E N AH AL BR R
WAE. BLGAB, 2 RE 0.1 80.25 £% br #E 2
I, AN E e 3 AU R R 251 D Py (X) =
F(py + 0.101) — F(uy — 0.101) ~ 0.08, Py(X) =
F(py +0.2501) — F(u1 — 0.2501) ~ 0.20.
R AE — 4 51 A —4EFe 51, AR TR 1A
B RA R 2. & G H I HUE A
g = [ —wor, p1 +wor], h = [us — wog, pe +wos).
H PG H) = [F(pn +woy) — F(pn —wo)] -
[Fug + wog) — F(u2 — woa)] = 0.08, 1T w; =
0.36;
PG H) = [F(pn +wor) — Fp —wo)] -
[F(u2+wos)—F(pue—wos)] = 0.2, fif#15 wy = 0.60.
Pk B {S1 (g, h)lg = [ — 0.3601, 1 +
0.3601),h = [u2 — 0.3609, 2 + 0.3607)} 0 FH A
R — FAH AL 2 BR B/ D9 AHBLAS PR B R BR, a6 L
{S2(9,h)|lg = [t1 — 0.601, 1 + 0.601],h = [pa —
0.602, pa + 0.602] } 0 [l A 1) — M AR LA BRAELAE A
FEALASBR ) PR AE Sy FSo XIR, — MR AR BL A
IR A X
Ry = (1 — woy) - (p2 — woz)
x [(Ml —wo1) - (2 + wos)
+ (11 +woy) - (p2 — woz)
— (g —won) - (u2 —won)] . (16)

Hodp, X1 S Xk, w = 0.36, X TS Kk, w =
0.6.

T o B AR R oy 30 AR E B e B
AT
4.1 SCIGHHE

A 24 L PR S se 8, F AR AE 20 B X
12N (55, ik 44.17414.43), 1EH X 8 2 4 R
12 N (55, 4E#: 44.17+13.53), JLFEIN AR HEN:
HFTF, FERETE 18—60 % Z [0], TGP FE 5k 25 1 i
FH st HAISRE 2H 4 32 155 6 R B 0 12 T RN
F- 25 DU AR (DSM-TV') A #E (19 24 117 B FH 400 A i 25

4
=
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H, TG A A 2 BORS R R G0 S % B4 A K
35) JC 1 22 BRSSP 2R 0% S R A A K A )
SRS A HLUUEL. A5 44 4k A SIS R 58 AR B VF
% (BDI), FA XK BDI 4 8 % = B3 (AL
fEH: 22.42410.34; XTHEA: 442.26; t = 5.563,
P < 0.001).

KA IALE AR S BN 2 min BN
{£5. KX N Brain Products 2 7 4 77 1] 64
WIE 1020 KRG RE RS, LS H NN
FCz, B RMMFLR (TPI, TP10) FHI 8%,
RFESIZE N 1000 Hz, A7 i@ JEIHMIE A 0.01—30 Hz,
s B ) B RE 2 5 kQ DL

4.2 SHAEZE

] Butterworth i % &% (#1279 24 db/Oct) %f
o P B B A T R U, R 23N Theta(4—7 Hz),
Alpha(8—13 Hz), Beta(14—30 Hz) =/MIEHI1{5
T RSB AR IR - IR BN 81, AR 4
20 B 3R A7 0 38, B ic IR 5 270 A0 R BA e 1 o
W BR AN D e AE, BB AR 3N 7 81 A 3 e
I TEE. M Theta, Alpha, Beta SR 5N T 1
KB B /ME, RN AIE IR 30 7 1 2 A Rl
[, Horh Theta SB AR 3N 751 (K JE 9 1500, Alpha
BB E 2000, Beta S K 5 A 3800. 4351
%} Theta, Alpha, Beta #2751 (1) — 4ERE A
BEAT 3 . B 43 B i i FE IR B4 D BrainVision
Analyzer 2.0 f1 MATLAB 2010 b.

R A B o N A X (Fpl, AF3, AF7,
F1, F3, F5, F7), fifll#i[X (Fp2, AF4, AFS, F2,
F4, F6, F8), it X (FC1, FC3, FC5, C1, C3,
C5), A+ Y [X (FC2, FC4, FC6, C2, C4, C6),

FEMTHX (CP1, CP3, CP5, P1, P3, P5, P7), A
TR X (CP2, CP4, CP6, P2, P4, P6, P8), {5
X (FT7, FT9, T7, TP7), A M#H X (FT8, FT10,
T8, TP8), Z ML X (01, PO3, POT), £ ¥k X
(02, PO4, PO8)10 /M [X. 53 Jall Xof 4 i [X Ak 1)
D2S En~V-BEEAT 547

4.3 SLIRLER

431 Z#HEHABEMRMERRMXF

S R = 0.1-—0.9, tHEAR REZMH T H
HP R M) D2SEnfl. FINTER = 0.1 540 F, #4)
HRAETH S D2SEn it f2 R HEL T B™ L (r) = 011
B, AR R = 0.1 W) D2S En A8 #E47 23 #r.
fE R = 0.2—0.9 %A T, 43 7% PR A4 A &AL
i X AL ) D2S En HFATRCN FEAS ¢ K056, B
BdEiE i SPSS20 # A 34T 0

Theta B 3 AT 45 KM, /£ R = 0.2—0.9 %%
PEF, SARRE 275 25 06 X 1 D2S En A& 35 /N F Xf
. MR = 06098, PAPRAE LM B X
D2SEn 4l %R 5.3% (P < 0.05), t{HE R = 0.9
Wik B B, RH B R = 0.9 #4145 7 1
D2SEnfti % 58 K. Theta $lE & Wi X 4k D2SEn
1) ¢ A e 4 R an i 3 .

Alpha B I &5 KW, fE R = 0.2—0.9
SAET, FARE 4 7E 2% W6 X [ D2S En g 35 /N T
SR, MR = 0.7—0.98F, P74L87 3R 78 X0 10
DX R AR X () D2S En {f 2 5 5.3 (P < 0.05),
v 1 2 A A O T IXRN A R X1 ¢ A AR
R = 0.9 ik B85 /N, A8 76 00 15 X R e A B X1
tEHAE R = 0.8 ik B & /)y, Alpha #5 B & fisi X 4k
D2SEn &1 t K445 R anE 4 Fros.

T T T
—0.5 +/J:@ﬂz +A:H‘9%|Z
—o— FiHX —e— fipikX
—1.0}

=y
—15F &=

D2SEn

—3.0 Il Il Il

T T T
ZETRIX. ZERIX. ZERIX

—o— fAWilX —e— FHIX —e— FibLIX

0.2 0.3 0.4 0.5

3 (MTIRE) Theta FB & X D2SEn {1 ¢ Kas R

Fig. 3. (color online) T-test results of D2SEn values of each brain region in Theta band.
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—-1.0
—2.0
L§ 3.0
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Q
—4.0
—=5.0

e IR e R
—— {7~ fihkix

—6.0 =

R
—— WIS~ A~ il

0.2

0.3 0.4

K 4
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R
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(MTFIRE) Alpha SUBLERGIX D2SEn fEH1) ¢ K545 5

Fig. 4. (color online) T-test results of D2SEn values of each brain region in Alpha band.

1f Beta #1 B, WA D2SEnfEER =
02—09% %M THEERINHEZEER (P >
0.05).

432 % % 2 F 1z E D2SEnt %3t 547
R

FRYE 3.3 FEH (10 77 V5% &M IEF 5 76 51 F1 So
DX 3P (AR AR BREAT 20 AT, 4 Rk 2 fir g

H% 2 Al &1, %FF Theta, Alpha, Beta =M
B, Sy ASy X I A] R 1 BB $47E 0.493 £ 0.593 2
B, NEATHE, ARBFFER R = 0.5 1F 8 4k
AR E S KR = 0.5, X WA R 18] 1
D2SEn{a #4773 ¥, &5 R KW, 7£ Alpha SEL, #
I 2L A T DR 22 AR X 1) D2S En . E KT
XTHEZH, 7F Theta Fl Beta ATUEL, 9 414 10 7E 251 X
(1) D2SEn 370 . 3% 2 7. £ Alpha 50EL, W24

RAES M X AL D2S En HS0HI05E 3 Airgl.

F2 PFrAIEIETE Sy M So X P I KA PR
Table 2.

areas in all channels.

Maximum similar tolerance in S; and S

Theta Alpha Beta

Sy Xk 0.427 £0.058 0.453 £0.057  0.493 + 0.032

S X3, 0.593 +0.066 0.621 +0.065 0.665 4 0.034

Alpha B /3BT R W, £ R = 0.2—0.9 % Fli %
PR, AR AR 2 0 T DX R0 22 AR X () D2S En
{EL 35035 2 AAIORE 4L 42 25 /N T R ZH, R BHTEXT P 4
W R 4% FE 3047 70 Wi, Alpha S5 B A2 N 10T [X A
FEMRL X 1) D2S En Al B AT — & AR M, A3
HH P e A AL 25 B F 5 72 AT B S A 2.

#3 M R=05W, & Alpha B &KX 4L D2SEn 8
Table 3. D2SEn value of each brain region in Alpha band when R = 0.5.

ERRELL (m £ sd) YR (m + sd) t Sig (KL{)
FERIX 0.502+0.251 0.71140.288 —1634 0.130
HEIX 0.52140.259 0.721+0.323 —1.415 0.185
e g X 0.5414-0.209 0.71740.261 —1.641 0.129
Fi X 0.562+0.209 0.709+0.289 —1.260 0.234
FETRIX 0.54340.116 0.699+0.221 —3.146 0.009
H X 0.49240.142 0.653+0.239 —2.168 0.053
Tr X 0.54740.173 0.7564-0.249 —2.175 0.052
HERIX 0.586+0.195 0.748+0.277 —1.514 0.158
FERLIX 0.43640.145 0.66340.254 —3.894 0.003
FRLX 0.3924-0.193 0.5924-0.279 —2.168 0.053
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XA MRE X ) D2S En {2 5 .35, R LR K
X A B AR TT B 55 VIR (1 A= FHLIEAT 0%, {HA
LA R AR AR B o T ) AR 2, 3K S8R X 41
AISE AR AR IE A gk — P A FUSGHIE.

R gE R, FARE 20 AT B 4H (8] D2S En
EHIZERSHUERRMEBUEAR L. M REWHLE
— 5 % EIE, Alpha #5 Bt ) D2S En & 7] LA %t
XoF 1 2H 4 A ) A R O TR AT X A, VI RE ZH 1
D2S En {E1E Alpha $5UEL 2R 39 76 2e AN T X 0 72 AN
B X5 2 /N 150 RRAH PR REAE, R B AR X T IR N,
FIAS i A8 70 b i X3 50y A A X T A RO 2R
BREAR. DR AR IR 2 B DA S A A BH 2 B RTRT
S IF (20210 AT IE fidd FRL PRI — AR AE T RE S R
FEG A RN () D RE B FA A 0%, (HIX — 4
T B — B A AT 36

w

AR SR — AR AR - A 10— 4 2 et R Y
SORPERIREAIR 7 i, IR il Hds 1 BRI X Ay
AR R IR B (A 2. AR BRI R
% FER B IRNE - 52 HAR I, —4ERe AN L
B B REAS IR B INAT AL T T AEREARR T
12, I S8 AN L H N R L EAT T A, 4
REH, £ ERMUERFT, 4 AR
DA 280 A RIS i £ R I N TR i P 22 . 7
Alpha $E, FHRIE B 78 #8700 XA — ZEREAS
WERT IR, KU IEH N, S0H0E B
Jibi #4 i 2h mROBT AR 2 A OB R AR, X — R AR T e
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Abstract

Sample entropy, a complexity measure that quantifies the new pattern generation rate of time series, has been widely
applied to physiological signal analysis. It can effectively reflect the pattern complexity of one-dimensional sequences,
such as the information contained in amplitude or period features. However, the traditional method usually ignores the
interaction between amplitude and period in time series, such as electroencephalogram (EEG) signals. To address this
issue, in this study, we propose a new method to describe the pattern complexity of waveform in a two-dimensional
space. In this method, the local peaks of the signals are first extracted, and the variation range and the duration time
between the adjacent peaks are calculated as the instantaneous amplitude and period. Then the amplitude and period
sequences are combined into a two-dimensional sequence to calculate the sample entropy based on the amplitude and
period information. In addition, in order to avoid the influence of the different units in the two dimensions, we use the
Jaccard distance to measure the similarity of the amplitude-period bi-vectors in the waveforms, which is different from
the one-dimensional method. The Jaccard distance is defined as the ratio of the different area to the combined area of
two rectangles containing the amplitude-period bi-vectors in the Cartesian coordinate system. To verify the effectiveness
of the method, we construct five sets of simulative waveforms in which the numbers of patterns are completely equal
in one-dimensional space of amplitude or period but the numbers in two-dimensional space are significantly different
(P < 0.00001). Simulation results show that the two-dimensional sample entropy could effectively reflect the different
complexities of the five signals (P < 0.00001), while the sample entropy in one-dimensional space of amplitude or period
cannot do. The results indicate that compared with the one-dimensional sample entropy, the two-dimensional sample
entropy is very effective to describe and distinguish the complexity of interactive patterns based on amplitude and
period features in waveforms. The entropy is also used to analyze the resting state EEG signals between well-matched
depression patient and healthy control groups. Signals in three separated frequency bands (Theta, Alpha, Beta) and
ten brain regions (bilateral: frontal, central, parietal, temporal, occipital) are analyzed. Experimental results show that
in the Alpha band and in the left parietal and occipital regions, the two-dimensional sample entropy in depression is
significantly lower than that in the healthy group (P<0.01), indicating the disability of depression patients in generation

of various EEG patterns. These features might become potential biomarkers of depressions.

Keywords: sample entropy, two-dimension, electroencephalogram, major depressive disorder
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