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Fig. 1. Schematic diagram of constructing multiplex visibility graph using VG algorithm: (a) a multivariate time series; (b) schema-
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tic diagram of VG algorithm. From top to bottom are original time series, VG algorithm procedure for fragment contained in the
red circle and the constructed network; (¢) multiplex visibility graph of series in dotted box in figure (a) constructed by VG al-
gorithm, where layers 1, 2 and 3 correspond to time series z;, 2, and 3, respectively.
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Fig. 2. Network mapped by multiplex visibility graph.
Nodes 1, 2 and 3 correspond to the 1st, 2nd and 3rd layers
of multiplex visibility graph. I, 5, I; 3, I 3 are the mutual in-
formation between layer 1 and layer 2, layer 1 and layer 3,
layer 2 and layer 3 respectively, meanwhile, they are the

weight of edges of corresponding two points.
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Fig. 3. Average weighted distribution entropy of healthy people and patients with MI under different scale factor s: (a) 60-69 years
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tion entropy of two groups after scaling, and asterisk represents the maximum difference.
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Table 2.
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Fig. 4. Average weighted degree of healthy subjects and myocardial infarction patients at different values of constant ¢: (a) 60—
69 years old; (b) 50-59 years old; (c) 40-49 years old; (d) 30-39 years old. The solid green line is the difference of the average

weighted degree of two groups, and the asterisk represents the maximum difference, see Table 2 for specific values.
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Fig. 5. Topology of the reconstructed network of (a) healthy
subjects and (b) patients with MI at ¢ = 0.43. The corres-

ponding leads of each node have been indicated in the fig-

ure. Size and color are relative to the weighted degree of the
node. The color bar on the right of the figure indicates the

value of weighted degree.

[l B < TR N R e 1) TRk S NN
SACEERUELL, THRAR N

N
j=1

Horr, w AR /L4 MY L Z T AR, N AR
TREH.

I 5 nTLUE Y TG R 2 MI R,
iy S I () AN B B AR F AR B, FEEAT ECG R
SRR R AR . W S i TR A
TR, X U B 3 2 A B T A R AL PRI, A
MI ARG, 31X 6 /4~ SIS 75 B2 3 5 S T A %
% %R 5(a) RO 5(b), 2R E A MI 2%
) v5, v6 S IHE X Y A5 A R /NFI B (6 22 R ok
FeA T AT LAY IS 3 1 HIWT, MI XHiZ R FH 42
OB, R, M FFNE S M E
P BT A ST, SR, LS PRt R R I v A 3R
LA 2 IR

4.3 SHSH

NS WFFE PN B AL R 45 R 4 DA
AT EAG L 1P EREE (d) (W (10) )
PRI 2% C,, Horh €, Ak T 411
RN, WP 2R SO A A BRI 1, S5 AR

1 i
Cp = NZ ci, (12)
i€EN
Hop, NACRMZE R R8O 2T 8 i Y
ISR 2R %L, B

> (wijwljwiz)%
i jl#iEN
v ki(k; — 1) ’
Ho, By A R B, wy, wy, wy 2R 4
PRS- 5 & =N e |1 O &= BB 1 e
SR HARTE, FRATXT 4 MRS MI B EdE 1T
SEEG IR AR IR (18] 6), W5 VEAT K63, KB
PAEIE/NT 0.05, HEWERRE 3213 i MI A 1F-
IR RIS AR 2R R B (AP AE 5 25 52
HRYEE 6 FRATAT LIS, A MI B il
AR YA T = T YR B RPE S MAUR 2L R
B MRS MR, DIEVE N AR B i
FEIRNAEL RG22 —, AMAK RE RS EH
fifS O i S RIS R i sh, B 24 it
[ 751, MI R B0 B vl T B RE 2K,
HZ et 515 A EERRAIR, 2458 S A C—2
AL, T MR E O AEDIREIES , ZEAS RO WL
BRI B S RIS 4548, k2
BTN 02 ] B A B/, RN LEET, £
W M BR . PRI, M 8 25 %y 42 2% I 4%
PSR, ELA 1 S A B N .

(13)

050501-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 71, No. 5 (2022)

050501

— fERA

ol — Lﬁ*%‘ - = Q
7 5

(a)

6|
I
4t 1 4

1
| £

SRR

+

+ , , ,
Eat gyl %34l Sazd

| .

0.7 — flFEA -~ (b)
— OERE |

0.6 | !

@ 0.5} - 1

R -

® 04t N |

.E 1

= 0.3¢r + _

x T _ | i

B o2} T ‘ B + _
0.1} E| l;l

O 4

.
1

14 o 34 Az

B 6 fdHEA N MR EFE AR E T A (a) FIRCE
() FEMBOERERE. F 1A A A7 AR
5B o 60—69 % . 50—59 % . 40—49 % L K 30—
39 %

Fig. 6. (a) Average weighted degree and (b) average
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infarction patients under optimal thresholds. Subjects in
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Table 3. The comparison between proposed method and
other existing methods.
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Abstract

The visibility graph algorithm proves to be a simple and efficient method to transform time series into
complex network and has been widely used in time series analysis because it can inherit the dynamic
characteristics of original time series in topological structure. Now, visibility graph analysis of univariate time
series has become mature gradually. However, most of complex systems in real world are multi-dimensional, so
the univariate analysis is difficult to describe the global characteristics when applied to multi-dimensional series.
In this paper, a novel method of analyzing the multivariate time series is proposed. For patients with
myocardial infarction and healthy subjects, the 12-lead electrocardiogram signals of each individual are
considered as a multivariate time series, which is transformed into a multiplex visibility graph through visibility
graph algorithm and then mapped to fully connected complex network. Each node of the network corresponds
to a lead, and the inter-layer mutual information between visibility graphs of two leads represents the weight of
edges. Owing to the fully connected network of different groups showing an identical topological structure, the
dynamic characteristics of different individuals cannot be uniquely represented. Therefore, we reconstruct the
fully connected network according to inter-layer mutual information, and when the value of inter-layer mutual
information is less than the threshold we set, the edge corresponding to the inter-layer mutual information is
deleted. We extract average weighted degree and average weighted clustering coefficient of reconstructed
networks for recognizing the 12-lead ECG signals of healthy subjects and myocardial infarction patients.
Moreover, multiscale weighted distribution entropy is also introduced to analyze the relation between the length
of original time series and final recognition result. Owing to higher average weighted degree and average
weighted clustering coefficient of healthy subjects, their reconstructed networks show a more regular structure,
higher complexity and connectivity, and the healthy subjects can be distinguished from patients with
myocardial infarction, whose reconstructed networks are sparser. Experimental results show that the
identification accuracy of both parameters, average weighted degree and average weighted clustering coefficient,
reaches 93.3%, which can distinguish between the 12-lead electrocardiograph signals of healthy people and
patients with myocardial infarction, and realize the automatic detection of myocardial infarction.

Keywords: myocardial infarction, multivariate time series, multiplex visibility graph, complex network
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