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(Color online) Examples of hyperscanning studies. (a) Double fl\/IRI-hyperscanning[7]; (b) long-range double fMRI-hyperscanning[lO]; (c)

Figure 1

four-person EEG-hyperscanning[m; (d) multi-person fN IS-hyperscanning[40]; (e) multi-person EEG-hyperscanning[43’44]; (f) double N IS-hyperscarming“g]
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EFARN RN BERE IR BUZ (functional magnetic re-
sonance imaging, ﬂ\/IRI)[7’4Z]\ Jizi 5, €] (electroencephalo-
gram, EEG)>*"** 0 i [ (magnetoencephalo-
graphy, MEG)“” A MATLT S8 A% (functional  near-
infrared spectroscopy, fNIRS)* #1454 4 R 45tk
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FEAE L RIPRAE.

SRR e R R BRAR XN, JEAEE, HE
& (coupling)~ fiti-fii#H & (brain-to-brain coupling). fiii
[f] [ 5 (inter-brain  synchronization, interpersonal brain
synchronization). ¥-fi5i[#] 2 (brain-to-brain - synchroni-
zation). i [F] 2 (brain-wave synchronization). AH{V
[A]#5 (phase synchronization) A f #1425 (neural  syn-
chronization) 5 A TE 4 2 BLAE @8 A o8 () B AN
ST . (H A DGR G e 2 X X A Y B A
PG OCR AR, R amie s, JUHENI A
R — 2 PR RIME. S5 T, AR
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& (coupling)— Tt R IE T W Hl2E, $5M
P LA AR R s P Rz sl = o A0 B TR 5
Ml A 2 IR G AR L. AR DT Rt S S i 5 o,
R B R RS A A D B R G (s A) Z (1]
A —FR G R. XFhOC R AT LU AR MR RS &R
Girh 4 R GV A TR Z RIA EAR . A E AR
IR A N oy E B2 G AL TA R L RO N1
P s A Xz 0], AR P18 22 A K ki 22 18] B AH
HAERIFISENR. 2 15 B N A [ DX =[] R i
AT, P EZ A R 2 ] R G SURHER Sy -t
4 (brain-to-brain coupling, BBC, [¥12(b)). #A{IH#itf5z
o, MG ELA LTS X (1) #EEE R
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AR TR BT, R R — KA [R] i X
O N DN i EREFa ey S SN i N eSS A i 7
AT S AL [P ARk, X AR [ 2B X P S
SRRV R R T, (2) B AR
WG SAR A AR S e i 2 Rl AR B Rg ), ROARA -
I IE#H5 A (phase-amplitude coupling, PAC). PAFEWFSE A
PR, Sz A X T 4 22 18 B TSR, 0
SRR SIRRE. R, RN TR
) 5K B ARRAF 5 18] A G S T G I 2% ()45
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SR AR B ASAEY; (3) R HE R P K i
151 N 1 Y e 1 <9 B2 e S 2 228 S R o S | = T
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R ik DX 22 1] P 4 JE S I LA B e 4 i X PR & i X 1)
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R DRI X Y Theta i BEAR SRS A FG 2 1 = 40 X%t
ARG X B Y, 2 2 AT S, i X %
ARG DX A DA N 42 T A 2 2R A v R DX ) AT % 7
T SRR S5 RGN X AR 7 B A 2 Pl R .
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Figure 2 Two types of couplingm]. (a) Stimulus-to-brain coupling;
(b) brain-to-brain coupling
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Z B BAF S R AT X, AN E AN R =2 8] A
S [A] 2 SCBEFR M ki [] [5] 2 (inter-brain - synchronization,
IBS). SAEG AR L, AT ST 1Y E AU
WAE AN RIE S Z RIAOCR, XFOCRM FER
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Figure 3  (Color online) Types of synchrony[ss]. (a) Reciprocal
synchronization; (b) induced synchronization; (c¢) driven synchroniza-
tion; (d) coincidental synchronization
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PO IR BN GRS A0 MR LR B [F AL B TE, X R R AL bR
HFERFE, K3()FR—ARGEZEN S — D RGN
TE MBS R G RFF R RIE, X2 9K N
YRBN[F AR 3 () FRs IS R GEZ A AT R
B3, UG A ZR G A 5 AR R 2L
[, KPR NG E R, e thFEL.

LRk, RPEBIAA - S B i Ta] [R) A 2 T 2%
AR BT RO T B, BAR XA
ZAKRIGR AP E ShBEAT R0 %, - & i 12
PN BN IR 2 5] B8R LA P A EL S - i
DA RBUIRIRNE L, e, [R5 R T LASRAE
- R SR R, L R 45 AN A5 ) T 0 ] [ 2
R T BKIRIFAEAE,  R- WA s vl LA B A i P A% f ]
hREZEse. SCHARNAE. MEAb, H S ][] 2Dt AN Tk
HHEAT M-I, ROt D[Rl 2 i AT BE(3(d)).
3 MRS S R AL SR T %

TEAE BRI X U DT FE T, RS RS W it M
AMEPRARAE: ARG o B A DI A 5 SRR
BRAETET RV LA LR Z LA R
WA PR RS, BRI BA A LR R A R R
Wi AHEAREIR R, ARG 5 B AUR X RGN AR
SIS REIRE AR EE, o 55 e P A B L B ZR 3¢ 1) e
HAT 0 DR800 WA RE AN AW, A5 Dh ] B R 7E 4%
AU A RGN A BER Z MR . B
ABER b, X RGEZ AP S R & A
JE, RETTOMABL R GE M A AR 3 B A LA, %o
FOIRBEAF BT, eI, BF R A
RUERRAR G SREE. Kk, T FRATLAT R T A5 545
ME R o 2MeAs, LAIRTE] AR ATy 28, X b
FR Rk N R e AN U R N D P S G N G a i ]
EIATIR V.

3.1 MR —RE R R

PEIRAH I R B (circular correlation coefficient,
CCorr) B FIE 5 A Jr 22 Z [l AR RR . andR
PISIE S5 5 g, WA OE R EL(CCorr)iE X
515801
o, - > sin(¢—§)sin(p—7) |

T sin(p- g )sinp-p)
0 e P AR T A 220 B AR A AT L
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TRIGI 5 BORRAL, X T RIS S, R3S
LI 20 B0 S AR G T T 2% P 220 6 0 (B ) A
{37, TR B S AR N2 s IR SAB 4 A, BI PG
FUAR A B BRI 7 22 REZ R IR . FEFR AR C 28K
RIS FEI7E0~1, 0FRMFIME = AR 2 MG AT
s, 1 FRHE S IR AR SE 2 g 18
— T AR TR AR B h, WFFE I BAIRZE T 20
SHBIEI A 15034, — 2R B LB T2 R s,
55— PR AR A L MR BRI T, s —4
F14 S AR Al 7E B BE B 1R] . SZBO SR Ao P — R
VPR T BE T | P8 K R 2R i TR 4 sk
SRR PCRARRRE, RN ESR U6 5 AR A f A ]
JRZ B PIRTREE. DISE RN, AR T P 1 i ok,
FA M PIR RS, 7 PR B AT,
A2 T-RE A1 1132 995 175 5 R A G I DX ¥ 9 Alpha-mu 5
G, ELs Sl X ] AR A O 2R 50T 520
AR TR L LA B A TREAE A s v e S 3 A O,

3.2 HINCBUE

ARV 1 %€ {E (phase-locking value, PLV)i#id P {5
5 Z R 22k i T AT Z B A R, A BE
B PR AR 227 52 B R o A i L. an2i Al
P25, IR 2ARGIE S5 T0, FnMhL
SEAANE A WS A 25 2 B B e (E 5 T,
FRPIINE SN R, ORGSR G
S Al B AR B {0,

C(f,0).
¢U¢)=mn{cgj}} @
Pii=Pi— P (3)
PLY; = |y S ewlo|. )

A, C(f,0) C(f 1), 303 A8 B 28 80 S
REFR, N REE S E, | [Fn A s, ARRL
S (H & EEGHE I v 8 FH 45 22 110 i - I ¥ 5 8 4,
YT OMET S SRR R
PP OOVERE SR 4G, BN, 454 EEGREFREFI 2]
1155, sEIRER A2 RS T i E A M
SN L AR MU, 25 R, k=2 P Rnah ok
JEUIME L AT U 7 S T L e AN A A 2 B AT
S5 ef i ) 261, i) Alpha 15 Y ) Gamma 5
HE g ] [ 5 T AR S 5 AT R [ A, 7
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AAEEZE I T, DA S I AR A SR8 b, Jae-
seung Jeong A AP EEE T Wi 44 g AR N GE IR B b
FEFH BRI AR B R 2 sh 51 & B,
FRXF TN Z [0 A B AR A 45, N L 4 T X T L
Bb, AT 2 M B R AR, A M- TR A X
FEIH = 1) Alpha i BE [R5, H Alphadfi Bt [5)45 7 L
T A6 i f bR e, [R)ARE A A i R3S g S AT
%, WA BN 8 TGRS (R AR A VRS ) R .
SN G NS LR A A E DR A A 2 ML 5 & B0,
Wz SPLEREZE, MAS AR RIS A A
Y HL L B Thetai Be Al Alphatii B 4 i 18] e 251, HAS
PRI A D RIPE AT TR BT S R R A 5 &R,
XM AU 25 G5 H 22375 & AN TR B Al 2 T 7.

A5 ZR BRI 7 B R (AT S B X S5 AR o A
i - R o FE . XV B ASUX AR A7 A0, %ot Rt AN
B, T H AN RATAT S5, 6806 75/ R IREEGHE £ 4 =
A T] 43 BRI AL 3. A7 EEHEHL IS (phase resetting theo-
ry) IR, RGN IR A R R, B RS
Chn &b g A BRI AT LS | & EAE R4 T B A 2 4R
P AT AR FEHE LA D i s e R A A ) 254, IR 1E
XA AL O MR O RS, AP AN
23 PR Z AR SR B RTE T, 412
H it R A s E A & R A5 S (i
B, BIRZEH. FEEFIBRAEFIELR), XE
SV AT & T A2 ISR IEEET
At 2 IR T AR EHE, i 208 (55 B AR 22
41 2 (PLV) 8 H BR3EAS (CCorr)!Y,

3.3 MT O Hr— DA T

AHF (coherence) 7 HT il - EE MR T IR 5 2
(B A FE DR (R B FERE, FEXPIZMR T X 55 2 1]
AT REREG (functional coupling)#EfTHfL. XAFEIRAE
FEXHE S IR BERRESE Y, SHAHAITEC, REARYSHY
X 40 5 (R o, 22 e ThRE SR AR A
LEANER A 727202000 N A R T (wavelet
transform coherence, WTC)Z % s B 51 i bk 5 -5
AT/INBE AR 5 AR T, TR S X A B )3 371
x(n) Ry (n) A THESE/N)% 7 (continuous wavelet trans-
form, CWT)W].

WX(s) = F iv: X
n ? n.P0

n'=1

o =n%) )

A, n I RLE, s/ MBORUE, 6,2 R AE R, N2 1]
FPHEE. SR B = (6) XS PN I [R]FP 51 54 7 58 /NI
AR Hi(cross wavelet transform)/i FH 2 (7) 1158 H /N AR
FAH

WX (n,s) = WX (n,)W *(n,s), (6)
‘S(S—lw;qu(s))’2

R, (s) = . ,
S[s ’1‘ W,,X(s)‘ ] oS[sl‘W}’(s)’z]

()

Forh, N E I, S TWET. NI TR LT
SMRBFRIFST i B2 (G- R A T A7, G FRIAE
0~12 [, 0FREAAMT, 1B RZEMT. — R I
LTANEARTIZE AN MR IR, BAEAE S5, ARXHT I A4
R A N, B NG A D043 L [ [ 48 i ] )
A DR, ELSCRIHETR 5 A 1S VEAT S 1E AR R
FRFFA AT S5 4L (B 4 R4 FUM 52U 55), B
1T 55 4H (P 4 B0 SE 7 52 10— WME AT 459 i BaR R E
I R AT S R R A A, T L A M
X IR B H 54 45 B e ik ) S e 2 191 % TE AR DG 119
figila] )4 R R B A (B-F . Bt L)l Ll
AT A PSS T I ] R, IR B 2 il
i ) 2 4 8 T I S st

FH T30 2T AN ST 15 4% 10 (5 49 M AR X U 75 £
FEANE, LM K 5 NS A TR
AAE bR 2 (0 S B S ST P AR I T IZ R, i
FEL7ERT [ P28 B SR B op R T AR . 5
SRR M 75 2 2 A . 201848, 54 T A
T U 16 i ) 45 7 0 2o o 4 T RIL TR O R 0,
L v O THUIBE & (X (3% 31 5 R 2010 sJ 2%
HE R IR S0 S A [, -
i 1) [ AL AR, 20 BOR AR (1 1(D)). 20194F, 220
P BN b SRR PR 2 SR R SR
B AL EFTHR I R B, U e DA i 4 i ]
AAEEE A SR 1 T 3K OF 5 3] Rk 2 Tl
AN RE TR, BRSO R -
FRAHE AR TR SR 5, S B &
s 1) 0 (0 T - £ 3k 70 ) B 0L T () S E
Bz 4

3.4 MTHHT—AAHT-RE
2R A DX 8 A RN e A LA 5 5,
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A2 B i, b 20 3R A e b e ok
[, FeF£ 50 H [EH#RY (multivariable autoregres-
sive model) 4% = 75 Al 2R (Granger Causality) U], #8471
IS | AR A W AH T 2 88 (generalized partial di-
rected coherence, GPDC) FR1E FI 51 {5 5 8] 115 B i sh
77 ) A PR SR 5 225Y . GPDCIR] il 4553 1 (channel )i
T 3 ) A [ 5 IR R LA R A 0T X 8% v i A 3 1 7
FEM, 4 I W E S (A I s A ] LR E &R, 1
S GPDCH] & Se X i [B] P (55 v — Al i £
JC H EERERY, 2RI T Al = (] AR G B
ZHb, ] LIS PR A BN AR B, il R
ARSI 2250 B AR S EO R/ IR AT

s

b, A REONBH, TRMAE LR, R,
P=—1. XM —XEHIEG, /), GPDC,Hh Tk

L)
T >
{Zriz w0

R, 07 FRX (O ) 2. GPDCIBUBAEO~1Z 7], 3
71 DATE T 9 )38 AR A R E R S
ML), GPDC 0 R MIBIE A K &R, GPDC,
R R 3 1 T BRI A A 22 A A
GPDCHEE M T @ if 18] 4 B X MW EEG 5
S UIPISIAISSS] s 336 T T 1M 4805 5 fTh RE G M
AL AN, AT LR RIS S Y
E B ST AP A R DY, GPDCH Bk # Tk
FEE Y, Wi R A et e e
SRR E BT B9 S S FR. an— i F R A TR &
I, AR B LE NG B 10 2 1A% 24 78 (Granger) ]
SO, ELX AR IRLE BRI B B Ah 461 R LA
BHILAIE N, RIS, AR T 2L
N LR AIE T e =i TA A S S iw AR N i E=E p ol
M 22 AR SR R, 2 I BRI AT 238 2 ST
Fh, BB BT ENTHHRE LR BERK T
HRFARE R R, HEE K GTE S AT L
RN A ) KRG B, RZIAS L. X R,
TSt S aad ferh, #aRE & a7
252 H T B AT, FEA TS5, AR
LoPE 5T 1] B R A0V S 25 DA BB P B 2 )

P
A(f)=1- ) A,exp|—2mip , (8)
p=1

GPDC(f) = ©)
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RIS E, A WIS AL R (e A it B T
A A0 G R, e AR R P A T S

3.5 HETPhR-Isps & fibs

WA, BLSEAR G TR AT R o4 25T B)
PR ), XFELE S, B AR RN
Z RIS — AN BB (two-in-one 2 45) 7, %
ARG R IR R G, HACRARBER IR
SR WA BRSO A R BRI ST, S AR YR e
TRR T Z A ISR — 200, A Xl
B RBEFRAFEI ML (hyper-brain network), KIS
(graph theory)FI4 42 ki I £ 3 A1 45 512 X6T 8 i D 244 71
DR £ R AIE (N e R B AR K L AR L B R
B /MR P AT T, I LA FRAE AN - A
i RECOISTITT oy T TR A T S R SRR,
A BT LN AT B Az oS, a8 L,
— AT AR Fos — A El, B 4115 55 (node)
I HE X LS R AT 2R3 (edge) A, BIEIG(V, E)H
RS VIS EMAE G, AT S a0
FAARIE, XA RURPR N RBIER. Ha, R
R Z I BYHEL, FEFEA=(ay) B0 B G AR IR
B, BB T O & rh g 9 1 05 2 (R A SR R R A, AR
WA, PRI A, Wa=1; B Wa,=0. MR4ZERET &
H 2 A BT 5 Ty e T DA L 43S AT 1] L FG ) [
i, BT R R R TT KL, A 1 R A
L X 28 rh EAH R 0 s 2 A R SE TR A T
ST ) e B B IR S (degree). T S AR N
EJIXANT o E A I A BORL. A T B R R
RO R ABERNEE, 9 s A BE R A ) B Th e
SR ) s AN, 1 ) R B R ] [ v
A5 A5 1 HAT A A AR R R R R
XA GAHERII 2, XA AR R 2%
AL

(1) FJE BA5 1 JZ (shortest path length). e /H 4%
KBRS At — AR mE A SEL, RN
25 v L7 s 3 O — AS dlE BR R AR, R
AR AT DAl BRI I [R] DASR S8R, DTS %]
WIS, St i BUR D B — SR8 PR R i
RUZ AN B AR, 2 TP AR B AN ] e AR
R B S R0 2 A IO 2% 14 e e e A R L,

o
L= 5=y Lyl (10)



P A

o, NERTAEH, [RGB R RS
KA.

(i) 2 JA%cE (global efficiency) Al 55K (local
efficiency). $5e A FEAR K BETHA IS 0] 9 e AR S A2

RS 7 AT RN AR K B, X2 A
B, b, EeHhEIAT &R (global  effi-
ciency) S EBACE (local efficiency) &>

N 1 N1
ERE E,= v -, 11
X\ﬁ—r g N(N_ 1) i;I lll ( )
s 1&
PRI : £ = 7 3 £, () (12)
A, N RUEEL, L s, jZ R R A KR

MG 2 R BT A A AR HMER B, H SR R K
FERUR L, B AR BN, )Rk, 1 ]
5 AL . SRR R T 1Y s R AR
(R V-S54, 2 D 245 Jey i DX sl i 2 [l A A i g
FIBEL. 4 Ry JeyiB sk R A BUE#SAE0~1 2 1], 0
FORVA I, 19RO >,

(ii) A 4r#) & ¥ (divisibility, D)FIfEHL R %k
(modularity, Q). FI53HRECFIBIHAL R 5 it — 4>
RERE 53 PR A OO 12 PR S O ) B8 2215 s B (BB
R,

w

D:zw,j[l—a(c,»,cj)pk’ (13)
Siouts‘in
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Hyperscanning—the simultaneous recording of hemodynamic or neuroelectric activity of the brain is the new
technology to directly observe the brain communication between individuals. Since the publication of the first
hyperscanning study in 2002, it has developed rapidly in the past decade. Brain-to-brain coupling (BBC) technology of
human interaction was widely used in the research of action coordination, cooperative game, classroom teaching and other
interactive tasks, which involved the use of functional magnetic resonance imaging (fMRI), Electroencephalogram (EEG),
magnetoencephalography (MEG), functional near-infrared spectroscopy (fNIRS) and other neuroimaging technologies. In
addition, hyperscanning research experienced a leap from pseudo-interaction to real interaction, a leap from a strictly
controlled laboratory paradigm to the “field research” paradigm in nature situations. Based on the differentiation and
analysis of the core concepts such as coupling and synchronization, taking the development of time and technology as the
main line, this paper reviewed the common BBC indicators and their application conditions, introduced the related theories
and forecasted the future research direction of BBC.

In hyperscanning study, BBC refers to the interaction and influence of two or more brains, or between two or more brain
regions within a single brain, while the inter-brain synchronization (IBS) refers to the consistency (relative stability) in
frequency, phase, and other characteristics of signals from different brain or different regions of the brain. Thus, the
similarities and differences between hyperscanning, BBC and IBS can be summarized as follows: Hyperscanning is the
technique of recording the neural activity of two or more brains simultaneously. BBC refers to the interaction or interaction
between two or more brains. BBC sometimes manifests as IBS, the degree of IBS can represent the strength of BBC in this
case, but BBC is not the same as IBS: (1) In addition to IBS, BBC can also be manifested as functional connections and
interactions between the brains; (2) due to the possibility of pseudo-synchronization, the occurrence of IBS does not mean
that there must be BBC.

In the field of physics and electronic engineering, the characteristics of a signal can be described by multiple indicators
such as amplitude, period, frequency and phase. Accordingly, neurologic studies have found that brain activity induced by
external events may take the form of phase response, frequency response, amplitude response, and production of new
components. Therefore, it is not surprising that many different indicators are used to characterize the strength of BBC in
existing hyperscanning studies. These indicators including the circular correlation coefficient (CCorr), wavelet transform
coherence (WTC), directed coherence, phase-locking value (PLV), the coupling indexes based on the event-related
potentials (ERP) such as the latency difference and the amplitude difference, the coupling indexes based on the Graph
Theory such as the shortest path length, global efficiency, local efficiency, divisibility, modularity, small-word network.

Through the review, we found the following three issues deserve the attention of the future hyperscanning research.
Firstly, as different coupling indicators have different characteristics and applicable conditions, we suggest that the
selection of indicators should be based on specific research methods, technical equipment and research problems. There are
no best indicators, only the most suitable ones. Secondly, the existing theory of BBC is not complete, integrating existing
theories and proposing theories with stronger explanatory power should be the focus of future hyperscanning theory
research. Thirdly, there are many forms of coupling in neural processing, and the meaning of coupling is different in
different forms. Therefore, it is necessary to take into account the comprehensive consideration of the specific research task
type, interactive mode and other factors when discussing the significance of coupling.

hyperscanning, brain-to-brain coupling, inter-brain synchronization, social interaction, coupling intensity
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