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Fig. 5 K9 vest with RGB and thermal imaging camera
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Table 1 Classification of intelligent animal augmentation system
x1 FEIYIERRGESE
Bt BYIFRE I HRTFB ZHE R
3 ANAEIEY) %0 AT EEO [22-25]
] AT E . HoAh R [40-42, 51-56]
E NN bS] JREN BGR ] [27-30]
il B ORI N T i [43-50]
thAh . RSN RAN&AEH IMU, 5, GPS, Rk, R, HAE, LRMLERE [57-72, 82-90]
Ectil wok [91-96]
PR3 ik [97-105]
S ANIVNitb R BIEY)| &N IMU, ¥4, GPS, 5k, 3, KJJ. RE. SGHF. IRE. Btk ES [73-81]

3 itit5RE

AREER RE SR A M %, o0 H T3S
BT RAEM T H ST SR, JHRIEIR)Z
ARASLHECRXT AT T 028, Hop, B2
iR RGEIINGE A REMEZ —.

REECRIFHE R s RGN £ 7
TR FH DA A SO V5 7 1) 1 ek o 5 A AR
KHART R, R, WShHLgs &R
%, MRZE R GG S B A SR &
B ShHLAS AR TR E YR o R 40 0 £ AR A
o, Ak TN AT I e R T
B, WJE, RESILES, THEIAASHA, X
NMLESE A= A 2 o AE A 34/ INTT (R A
b R T SO VT RE ST RS AN
3.1 EEFHYILRRSEMNS A EA
311 HTERRmRE

B E YR R G A ARSI T AR
W A RTS8 N R AR A A Mk LA 2 S A AT
%, BV TRRRm A, BlIIBEFRmss. K
RIS A . MR A A

a. IR . RISHY R AR R A L%
SIFTAR B RIR S WIREE S . L, T s
HEGR R SR ETT TAER AT UK B P LA R4 7 K3
A AE SR A, ST AR AR RN AR
P o 2SR UL, R 1 MRE AR il . FLAR
. Sl . DD E S FEE U XA
W, CTHHE . MRI S5 B 7 A 5 25 14 Jey FRAEFE T
R B A i o IR S S IR I A3 o B oA
FAGRFEARAG I A . X FEERmAI, B A
T JEV I AE TL/INE B LR RS . ISRk 284 SRR Rl Py
PR 27 H LA 28 ST, R AR

b, AR B PR IG5 e s £
7K T REREAI IR, B AR T fa fe s HAT
1 RAGE , HORIROS R A A5 a2, L%
A B0 TR BAT TG RS . R T
TESIYIE EARTEIK . HEANSE Y —LEREE PR
gk, WHT I e YUK Er
PR R S g R AR G ] AR TAR R Bl
Wy RT AL RS BEA T RGN . AP0, A AL T
B T AR S ] DU UK AL a8 A0 A
O AR NI, TARETE S i 72t
11 A EGEEAEE), SECENL . FRINSETESS . 5
RTAY =4 T ML AR BRI L, S T A
P A SR R oA E A9 2 1T L S BK T
RLFNFAL

c. Mot BRI« Bl el s v iy s B B T
B IOk LA A R R IR A BEOL S . A1, A
TN, S IATAE 550 S B Bt o 76 il
., FAARIHEE A AR IR, I HRAEXHE
4 ) A A ORI AR . EA BRI T
A 1 YIZRAR B2 I R AU K E I R R AT 55 ik
—HY, TARRSRUR SRR o R oA B T
FFIR TR i B RE AR 2% R GEAR B 400
RLE MR AEE B AT 5 H A R B

d. WEEEE: fERME TN, B shg
5 2R G M T Rl A ZS s S B KRG
i, S AT HC S RIS E 54T ) B A
SREA S/ - AN AT R AR R
FET W LSS B N S 1805 LI TS A 5 Y
M5 E R HUALE, A& TP, B
AHLEET AN SR AR AR o 3R 1L R T,
SETHBLE S B A PR PR B A . n] 2B
TR AM T LI Z RS S SR SE s H



902+ EMUFESEYIRHR

Prog. Biochem. Biophys. 2024; 51 (4

HARM, fERTFEEHIRR, BEES 200 ok
WG RS A e, BRI S T A
H, BHRTHEATS 5. S5 e 2 BRI T
S, M. S B S KI . S5ERG
UL, 28 TAESI R bR . MEmf A X Ak /)N
H AR T EIUE FHRREE I

312 TRkt

B LA NS RIHLASXE LAHGA B b 7 37 ) A
AEFRGShERE ST . TAESI T AR A RIHL
f, FEAMELMGE | SCE A S B IR ) b
AN mE, ot VB AR, FTEREL
BRI S5 B USSR 2 BT 5.

H T R W i PR LA T 2 M R P, 3
PIAHAE T NFIALER K UK R8s A5 50 [ an i %
B, TR LITEIEA | 1L AR K H AR
JEZMTAEALE, I FRLEASR . KR
HEARSERIPREE T H TG sh, %58 VAR T L
VB, BT D KGR LIER A A kb ¢
Moo TERRIRH TR R LR T, T/EshY
P —E B B TES . ERmIAE T, TAE
SR NFINLES 2 5 F T ST RE B #%, A F
FRARSA . eSS T2,

3.1.3 T Z W Z s B

YGRS E Rt i as T ACLSk, 7
BB YR R G TIAAS PR RIREEL . 20204F38
E A E P STEA Y R, ERRFEEYRAEY)
MR BIAE 8 370 JT A6 000 J7 224+ o[RBT, AR
(2021 4F Hh E W SRS ) T R
2020 4F A E R A AR AT 1A H . IR, %3
WSS R T 2N S, AT
Bt e B S 0nAE . RS, S
NEFHAB S PIE R

B S T B AT I R S YR R G
B, —hE, AERMNTA S EG &R B AL
B B o X EHFSE TAERIH ZFE s S5 4
K, BN R R R . S
B HAEMERZHEL . K. O3 PERTR
APERE. SH—Jrm, ERGEENNEEEIT
YESh P EAT 15 BAG S B &, Bt . U
B SRR G A N T AR R . e Kt
WAL R TAESh Y. SR, YATE A K ZEs
BEROCGEELTHE “ASKIES” MEERHIES. A
T4 B AT IR 5 et He 2 AHES &
M SEEE T 87 B L WL 28 R B

SHEMAEASAE, S ARIET W K
FRE A S SR, W . e, bt Anfk e
& 5 ag i n ARy SOR BB P i
B BRET, IZE TAE sh P B A r 35 4,
I IR S E DI BE R . BT O3 T ik
P S YE T 2T NSRS Y Z [0 38 T 5
FIRIFFE N B 22380F F N T8 BEH AR /M A B
YIS AT AR TS Y (R T iE
FHEZRERZRENE, LA aifESL . SCb
AFLRSE SR EE B, XIEFATIRAE T
R BE, B BRI S KA

WHE— ), WRSY BT I,
IS sh) 5 h¥ 2 M 3S F gmity . fiRAs iy i
FITH NI, I RES SCI 2 Fhsh Y fE
FHEARKINFE WA EBRISCE ., E—NE A5
Yrso i B AEAS R sl 0 R RE T KAl K bt g )
ZH RGN AR R —sh i i s G
s, 2R YHES A GR A TR
Alfig.

&5, T RS E RN B, 7
SRR AR RO, TR e . &
AR . Herp, o A S R R B TR i
SEAHPER O T AR e R . ERRE AN SRR R 2
SRR RGN S IO EHEAR N
b THTE A5 RN K R AR o v {5 R P A £ B
A, HAAHEERE LGASEH A, SER bR
G, AT LI AL R S i RGeS
TooRKo MK N REIE AR s b, Rk, /K
{5 FK TG A5 2 B A #e Rl 322 5 K 15 5
AR R, K AR AL B ] LR #
BOE A, (HIER AR, MELLGASI SRR 1
K OB E AR B A E R R R, B, Y
FIK T A5 A LSRG B 2 5 S0 e, K
T E B R A B T AR TR B, T
I A — A AR AR 2
32 FBHNLEABEVMRELR
32,1 BEE S

P sh ) 17 SO 3h i 16 B 5T G R R ST
Ko NIEALAT LA 3 i sh s IR AT 2412 sl )
170 5 AR BRI DG, T L AT LB deg il i
YIRS, W0 NS SR R 25 B ok 2
PR EEIR .

PTG IS I AE WA R 2 3 W Wi 1 s ki
YT R E AN, HTIERE . ik



2024; 51 (4

iR, % SEPYMERTREXE: IRERE 903

. VSR PISURSRGSAT FHLL MG B
B, HEM SR s iR, TS, 4
wn, WA S R R A AL 5 B N RS
K ISR R A S R SRR A G T AR
SRR AL JRAS A TR S 1 S
DBl I B R M A8 Ak . O3 AE SR bR T LA
T PEAL G G 4IRS 1 i R R AT S
P FIESZ ORI 3h 9 R 77 LA
HERB S R " 52 R E LR R, IF
W3R A3 BT A% SRR DL S WUt b 2 A5 a5 . il
FIFHNUR A, 38 A i s T AR AL IR () F o7
ARG 26, nEm ., AR A

it —, MG IR B v IR R — 1 R 1Y
IgeRR i, SC B A 1 S Wi 45 1 2 R R A
Mo MRESIY) KSR M, [FIRHEEGS &
RS, FELLORMARERG R, nTLIE 4>
Mrah 2 Gt ek, MmsE it iy B i
VAT R A2 7 43 e A ) B
322 DRAPEFA S A Bt

e A FE A TR A PR B AR 3 )
e AT L M 7 T ALK R AR RVERT . Bilan, S
1GR3 AE S 5 b T LASKRECH A S AT R 1 3h e
PRYHISC G B o —SeX] 4 2 LS RE 12 (1 A
SR T AR, R AL IERas gl 45 il T 45 5
YIS RN PR B BRI S R G

GPS. 1%k . &7, IMUSEH Fi4&nT L
WS R RIS o 2 2R E S, )
Yizsh ., 1AL, DUME AT A Ao
AR A Ak, —SepR) 2 A E
HISeT ARG TR DR R, T
AR TEAMEREH A | BT IRE 2= Bk = &
MG IE AR
323 R A5 AARIEA AL

SIHLES G T LAHS B A5 2 58 MR b R AR S
KRR T XS 20 5 B AT T3
W T S B R IR B I 2, BRI AT [ B
Lo ME NG SVEBIAW 5k, Prfhk4s . deks
A A A O AE A R GE 2 ik 45— R AR AR [
AR T BB, ARSI ARE 2N
ARG, F L, FRZAEARTIYA
B2 2 shblas S HEARF R T A
FE T R N T s DR A sh
G NN (T 3 A = TN W Ay 152
M, BET AR AR A2 i, (A RS s

LT L8 RGBT A
324 HPORATRERZHN AR

MBI SRR A A fa 5 0, i AR AR
FE A S TR ] RE 206 sh s A 02 A T o
K R S R S NI N4 | 3 @ Wk a g L
(R, (AR5 Al B R AT mT X sh i A A
RISEI . Rl i, X FRA S M, XA mAR A
TR FHORTFARME T . R sy
(ITHSZ6E S DR, 2B 9T N 28 - o LU
FEA 5™ it JE A 55 8 I R AE

WAL, SR A2 X P A8 T AT
TG EIE R . 2 ISR T . eSS
BE AT RES FECEA TR A AR N HL] . FE
SEgR AR, WA ORI S TR A
PRI BEAR A A7 B RGOl B L b GO R R BTG
TELE N, I M IR i) B0 A B R
RS

SIMLEE A AE 2R 5 R N A 2500 K B s
AATE R EERR L . ZhWnT REAETCATRIEE B IR RS
BT BB AEMERTEMATS . 2k, A T
RSB FATE, RPEEORE (K ssiAl
TEKZERNTE AT RN . 7EX Rh I ZR3RES
fil FH % 1 BB R B SR o il RAR AR = —Fh .5l
WERk, JF ARG H A A e AN g B . SR,
TESEBRMESS T, il LS E A R T 2 DU AE R
Hroe 55 o

YER—AH4sk, SiPlas&nlretiikll L2
RS o FRATTILIZTERE S IEA A A T AR
SERG SNG4 N . TG B SE I A LA S S v
FERBS S5 A7 T RS BRPR AR . ST & il H shAlL
SEEHOREE, WA R EATRT e R S A
WS, R EGE Y A Tt A B L R .
33 MBHEEEMEANLEE

NG B YR — LA et LA AR R . R
I, WSS aE o] AR —Fp L T2
BRI SEES , MTT R BE ANLAE B R e b s
S0 BEAN, T s R A I ST R PN A 22
L I N E S SIS NS Ny =3 I 7 (I
MATRT BRI 27 2 FCAZ B T 58 = e AN 3 . HLAA
M, E B FE R R RE 1A B TR
HITRE AL R LA, 3D IS AL S sl Ak P 1)
2% B B TR 5 AN R 55 AH SC Y b 28 [l
IR ESC N

BRI R GRS T L A



*904- EMUFESEYIRHR

Prog. Biochem. Biophys. 2024; 51 (4

BE. N TALMIES . A pominyr SOk R 4 &
J& o X AR DS R A B T & 0T
Gy Vel i o R =TI o e A =) 5 M E 5 N U
FLBh Y r iz sh B SR R AR B — B e
FIENIBEA T I B 245 5 P R fighs , A BT
TRAFRARIG ) TAEDLE . Wrospfgedsil, — 7 ks
PR IEBE 2R 2E A T i sl K b B 2 AR
B, J3—07m, R AR IR R A
A ATEAEE TR . P 2 A A 5 R
] DU G b S B N R 2 s 2 AR B iy i —
R, IR TR AR A AR
B U N TR SR B 25 R AR AT AT . 3L KR
5 ORI B 2 2Z IR A AH AR BACHR C R A5 . X Tzl
SN R R AR Y, FER R, B
SESTEIRYT M4 R GUBNN Ty T A4S — LEAR 4 1 1
W, LIS SRS, iR R4,
BB TR 225 TR B AT, AT RE
5 LS AR i AR A U AN a4 . A4 AR 55
IREITITE

WAL, “Shilgs e 2 “AMLEEET
AT DLMNRE J7 HE i i AR Bk 5 . DNREFR R S B it
JIr s NEBAE R R — I I B RE 3 . A — A
FETEEM . B AT LAEAARE ) . B s A
F BN, RS AHREZ KA IR E AT
S T B e e B R, B S A AR B
it , SOBFIHEIRIER BIRE T . TR BB
sRARGEH, AT @R HOR AT “Zhilgs &7
F S (R 2 — T d i T AEsh i A BibERE . 4k
REJIRNAS I TAERE Sy . IRk, AZSREJ3gom Rl AE &
NI —AEENHEHP

RAEZ e FoS TARR, TR RBL
ANEBdE A AW T #4766 S 3 9 0Y JR
el Y, ERERMWARFERE - RN RS L
LT —FBBER, Ay s/ e
S, DAESIE RN o AT AR 1 S0,
X H/ANARE T — A FmEay g EAs
(cyborg), BB “HZNMEBEM ARG RLE .
19854F, MEhrdEde il 2 A4 AR E 5, W3E
TiAs SOl TS S5 AR s SR 2

AR, N TR BERILE AFAR T A2
FREVIKRSGHAR R E . SUCFEr, AR
Plas Z B FEIEAETH R o 2023 4F, 38 [ i £
KA RIZBE B S ARSI M 2B A8 1 B2 Ik
ARG TEPUE "7 RGN —FRAIR) . B

=By, WAL AR ISR, AENSTE 55 A MRIHLAIR 3
i (BB o Ak, HUARH 4L s Bl
e+ N AEA RN 37 5 T 68 1 34 5% 1 AN [R) 77
K, RESWR. B B
HERZFRRTIL T, TR AR I A5
R E S YRR RS R ARG, SERR L,
MR —A “HERR AR /NERR A, T
PRI A2 K2R ZS 45 FI G I IR R 052
M, BT BN Z IR AR RE R, IR )
Pl SECORKBERE . FRETRITA B . S st
iagl, AEYEERE NI NSRS . B
() FEG RS 12
FEEFAR, T A 2o N TR B ok
s DU S, RIS AT WLAT SRR SRk
O, HIEHSEEA WSV, N TR R A il B %
BEXELA BT, H o3 R Al - S 19 AR PR
RE. AT W RISEEMEES . 20194, FEEEEF
YEGLRE ) & S R A3 R AR — I 58 Ak, Bde
ARG . R UL PR 1 3 3] 2050 4F s s R AR R B
JEAIATHY ™ TR AR IS IR R AR . T
ST, G E BB AL AR N TR
FFEPAL LA, FH T VA 38 RN R B W s 3 e A
FH XL B AL i () A0 1 B A 2 1 5
TSP, AMLACH 253l 18 PR P sl it
e e A T RER A i) AR A 36 . A
KEITHE PO T 2R . Flan,
ORI T A N 0Bk, SRR s A T
WIT M RGP, N TAURBE T80 A T/
B, PRE A T I AR TR

4 5= e

nes

AT B A A CHEERA S 5 1R AL
PR TT ST T ik, LIRS
NTAEL, X HAERIIRE 47 R el B BE
JIEATE A B R, ARSI R Sl
77 NS S TR ER A A, T
g T “BHESWEE AL (1AAS) 7 #&.

AN TAAS /IR HI T2 J5H . H—,
BOmBe s, AR . BREE A . FRAT
B “TAEShY” AR TRE, PRI TR
R W, Bfaskies . FASN TR m R
AT SZ AT iz ey . BRI EE B ARMESS, nT LARRIR
AR %, K=, ST RS G B2
Ho EEYIRP R EMESS A AT SIS 2R AT 5



2024; 51 (4) RiER, & HEPYSBTHEZE: ARESRE *905-
Yrsto autonomously controlled animals. IEEE Network, 2006, 20(3):

TAAS FEARME & X B 8 B AR 25 PR i 4 J
HAMENEN, WA T RERZ AR . FA
W SYIE B — BT I AT A — S RO BREE . R
e . ARG R A i TR RO R
G, R Eh) A B A S I A s AL Ttk
Oy Lk NI e R 3o B L N P Al e
P AR, BEmIE S PIe B M AR
Ko

TAAS BRI WIE S xt 42, nlog A
Hlf RILIAR IR, I mifesERRpLE 7 Ak
AE. N TALMIE . ARG Y75 SUR R P &
J&, Qoo HEIE AP, &1 K ekt , AT
BEEMEIZHAE | AP R TR
FIR A0 7

PP R ETAAS HOAR , n] A% AR SR i =
o CJRBET WIRARG T, MEOES | &
R P SR8 =07 X ShHLAS & Ui AT
BHIRER

Z % x

[1]  Thulin C G, Rocklinsberg H. Ethical considerations for wildlife
reintroductions and rewilding. Front Vet Sci, 2020, 7: 163

[2]  Vigne J D. The origins of animal domestication and husbandry: a
major change in the history of humanity and the biosphere. CR
Biol,2011,334(3):171-181

[3] Hediger R. Animals and War: Studies of Europe and North
America. The Netherlands: Koninklijke Brill NV, 2013: 5-13

[4] R.Malamud. Service animals: serve us animals: serve us, animals.
SocAltern, 2013,32(4),34-40

[5]  Takahashi N, Shibata N, Nonaka K. Optimal configuration control
of planar leg/wheel mobile robots for flexible obstacle avoidance.
Control Eng Pract, 2020, 101: 104503

[6] Montgomery J C, Radford C A. Marine bioacoustics. Curr Biol,
2017,27(11):1502-r507

[77  FerwornA, Sadeghian A, Barnum K, et a/. Urban search and rescue
with canine augmentation technology//Packianather M. 2006
IEEE/SMC International Conference on System of Systems
Engineering. Los Angeles: IEEE, 2006: 309-313

[8] Mancini
Interactions, 2011, 18(4): 69-73

[91 Liu Q, Wang C, Zhang B, et al. Kinematics analysis and motion

C. Animal-computer interaction: a manifesto.

planning of a redundant robotic manipulator for surgical
intervention//Wang Z D. 2017 IEEE International Conference on
Cyborg and Bionic Systems (CBS). Beijing: IEEE, 2017: 1-6

[10] Olds B, Harris C. Navy marine mammal systems in support of
munitions clearance. Mar Technol Soc J, 2011, 45(6): 96-98

[11] LiY, Panwar S S, Mao S. A wireless biosensor network using

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

6-11
Zhou Z,Mei H, LiR, et al. Progresses of animal robots: a historical
review and perspectiveness. Heliyon, 2022, 8(11): 11499

Jukan A, Masip-Bruin X, Amla N. Smart computing and sensing
technologies for animal welfare: a systematic review. ACM
Comput Surv,2017,50(1): 10

Hirskyj-Douglas I, Pons P, Read J C, ef al. Seven years after the
manifesto: literature review and research directions for
technologies in animal

Technologies and Interaction, 2018,2(2): 30

computer interaction. Multimodal

Yoshii K, Saitou M, Liu J, et al. Prediction of ionospheric fading
for long distance emergency communication/Meng W X,
Papadias C, Sheng M. 2019 IEEE International Conference on
Communications Workshops (ICC Workshops). Shanghai: IEEE,
2019:1-5.doi: 10.1109/ICCW.2019.8757151

THEA, LA AR D RUK T SUE A HOR R I T
£,2017,37(3): 8-11

Yin W W, Guo S L. Ship Electronic Engineering, 2017,37(3): 8-11
EAF S N i) SO R X kU RN g (P ey Y
FIHCR BB . T E:CNT15484891A. 2022-12-16

Smoraz J R. Wireless Audio Transmitters and Receivers Using
Bone Conduction Bone Devices. China: CN115484891A. 2022-
12-16

Vrochidou E, Tsakalidou V N, Kalathas I, et al. An overview of end
effectors in agricultural robotic harvesting systems. Agriculture,
2022,12(8): 1240

Pons P, JaenJ, Catala A. Developing a depth-based tracking system
for interactive playful environments with animals//lurgel I,
Sakamoto D, Moulthrop S. Proceedings of the 12th International
Conference on Advances in Computer Entertainment Technology.
New York: ACM, 2015: 1-8. doi: 10.1145/2832932.2837007
Neethirajan S. Affective state recognition in livestock—artificial
intelligence approaches. Animals, 2022, 12(6): 759

Wu X, Dai J. A deep-learning-based neural decoding framework
for emotional brain-computer interfaces. arXiv preprint, 2023:
arXiv2303.04391. https://arxiv.org/pdf/2303.04391.pdf

Musk E. An integrated brain-machine interface platform with
thousands of channels. ] Med Internet Res, 2019, 21(10): 16194
Yang N, Li Q, Zhang X, et al. From transparent cranial windows to
multifunctional smart cranial platforms. Electronics, 2022,
11(16): 2559

Shupe L E, Miles F P, Jones G, et al. Neurochip3: an autonomous
multichannel bidirectional brain-computer interface for closed-
loop activity-dependent stimulation. Front Neurosci, 2021,
15:718465

Fallegger F, Schiavone G, Lacour S P. Conformable hybrid
systems for implantable bioelectronic interfaces. Adv Mater, 2019,
32(15): 1903904

Liangyu. China Unveils Brain-Computer Interface Chip [N/OL].
China: Xinhua, 2019 [2023-08-30]. http://www. xinhuanet. com/
english/2019-05/18/c_138069590.htm



+906-

EMUFESEYIRHR

Prog. Biochem. Biophys.

2024; 51 (4

[27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Rajangam S, Tseng P H, Yin A, e al. Wireless cortical brain-
machine interface for whole-body navigation in primates. Sci Rep,
2016,6(1):22170

BORN, TR A, BE DS, A LR 1 IR, IS R A=Ak
22 L e 2020, 47(12): 1227-1249

Ge S, XuJJ, Lai SN. Prog Biochem Biophys, 2020, 47(12): 1227-
1249

Rizzoglio F, Altan E, Ma X, et al. Monkey-to-human transfer
of  brain interface decoders. bioRxiv,
2022: bioRxiv2022.11.12.515040. https://www. biorxiv. org/
content/10.1101/2022.11.12.515040v1.full

Trautmann E M, O'Shea D J, Sun X, et al. Dendritic calcium

computer

signals in rhesus macaque motor cortex drive an optical brain-
computer interface. Nat Commun, 2021, 12(1): 3689

Warren W H. Information is where you find it: perception as an
ecologically well-posed problem. Iperception, 2021, 12(2):
20416695211000366

Bhagavatula P S, Claudianos C, Ibbotson M R, ef al. Optic flow
cues guide flight in birds. Curr Biol, 2011, 21(21): 1794-1799
Djebbara Z, Jensen O B, Parada F J, et al. Neuroscience and
architecture: modulating behavior through sensorimotor
responses to the built environment. Neurosci Biobehav Rev, 2022,
138:104715

Morley E L, Steinmann T, Casas J, et al. Directional cues in
Drosophila melanogaster audition: structure of acoustic flow and
inter-antennal velocity differences. J Exp Biol, 2012, 215(14):
2405-2413

Brown A D, Hayward T, Portfors C V, et al. On the value of diverse
organisms in auditory research: from fish to flies to humans.
Hearing Res,2023,432: 108754

Jones TK, Allen K M, Moss C F. Communication with self, friends
and foes in active-sensing animals. J Exp Biol, 2021, 224(22):
jeb242637

Martin G R, Portugal S J, Murn C P. Visual fields, foraging and
collision vulnerability in Gyps vultures. Ibis, 2012, 154(3):
626-631

Gao S, Webb J, Mridha Z, et al. Novel virtual reality system for
auditory tasks in head-fixed mice//Barbieri R. 2020 42nd Annual
International Conference of the IEEE Engineering in Medicine &
Biology Society (EMBC). Montreal: IEEE, 2020: 2925-2928

Ziv G. The effects of using aversive training methods in dogs—a
review. J Vet Behav, 2017,19: 50-60

Qian X H, WuY C, Yang T, et al. Design and in-vivo verification
of a CMOS bone-guided cochlear implant microsystem. IEEE
Trans Biomed Eng, 2019, 66(11):3156-3167

Wang S H, Huang Y K, Chen CY, ef al. Design of a bone-guided
cochlear implant microsystem with monopolar biphasic multiple
stimulations and evoked compound action potential acquisition
and its in vivo verification. IEEE J Solid St Circ, 2021, 56(10):
3062-3076

Kiilah H, Ulusan H, Chamanian S, ez a/. A fully-implantable mems-
based autonomous cochlear implant//Ando T. 2022 IEEE 35th

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

International Conference on Micro Electro Mechanical Systems
Conference (MEMS). Tokyo: IEEE, 2022: 396-399

Fifta, X0 HIH, gk, 45 R BT 1 AR Ay 2 e 57 K 3
RERTA WS AR H R A 243K, 2016, 14(1): 15-20

Chen W, LiuR Y, Zhang L, et al. Chinese Journal of Otology, 2016,
14(1): 15-20

Trinh T T, Cohen C, Boullaud L, ef al. Sheep as a large animal
model for cochlear implantation. Braz J Otorhinolar, 2023,
88:24-32

Schnabl J, Glueckert R, Feuchtner G, et al. Sheep as a large animal
model for middle and inner ear implantable hearing devices: a
feasibility study in cadavers. Otol Neurotol, 2012, 33(3): 481-489
MRATIE, B0, A I, 45 . N TALSE R B R 48 BUIR S5 2k
Wikt 54 Y Bt R, 2021, 48(11): 1316-1336

Lin Y N, Ge S, Yang N N, ef al. Prog Biochem Biophys, 2021,
48(11):1316-1336

Giiven D, Weiland J D, Maghribi M, et al. Implantation of an
inactive epiretinal poly (dimethyl siloxane) electrode array in
dogs. Exp Eye Res, 2006, 82(1): 81-90

Maya-Vetencourt J F, Marco S D, Mete M, ef al. Biocompatibility
of a conjugated polymer retinal prosthesis in the domestic pig.
Front Bioeng Biotech, 2020, 8: 579141

O'Doherty J E, Lebedev M A, Ifft P J, et al. Active tactile
exploration using a brain-machine-brain interface. Nature, 2011,
479(7372):228-231

Cutrone A, Micera S. Implantable neural interfaces and wearable
tactile systems for bidirectional neuroprosthetics systems. Adv
Healthc Mater, 2019, 8(24): 1801345

Cai L, Dai Z, Wang W, ez al. Modulating motor behaviors by
electrical stimulation of specific nuclei in pigeons. J Bionic Eng,
2015,12(4): 555-564

Seo J, Choi G J, Park S, et al. Wireless navigation of pigeons using
polymer-based fully implantable stimulator: a pilot study using
depth electrodes//Patton J. 2017 39th Annual International
Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC). Jeju: IEEE, 2017:917-920

Huai R, Yang J, Wang H. The robo-pigeon based on the multiple
brain

Bioengineered, 2016,7(4):213-218

regions synchronization implanted microelectrodes.
Yang J, Huai R, Wang H, et al. A robo-pigeon based on an
innovative multi-mode telestimulation system. Biomed Mater
Eng,2015,26(s1): S357-S363

Wang H, Yang J, Lv C, et al. Intercollicular nucleus electric
stimulation encoded “walk forward” commands in pigeons. Anim
Biol, 2018, 68(2): 213-225

Yang J, Huai R, Wang H, et al. Global positioning system-based
stimulation for robo-pigeons in open space. Front Neurorobotics,
2017,11:40

Ladha C, Hammerla N, Hughes E, ef al. Dog’s life: wearable
activity recognition for dogs//Baumann P. Proceedings of the 2013
ACM international joint conference on Pervasive and ubiquitous
computing. New York: ACM, 2013:415-418



2024; 51 (4) BER, % TEIVSETHEXE: IRERE 907+
[58] Valentin G, Alcaidinho J, Howard A, et al. Towards a canine- [70] FerwornA, Sadeghian A, Barnum K, et a/. Urban search and rescue
human communication system based on head gestures// Iurgel I, with canine augmentation technology//El-Osery A. 2006 IEEE/
Sakamoto D, Moulthrop S. Proceedings of the 12th International SMC International Conference on System of Systems
Conference on Advances in Computer Entertainment Technology. Engineering. Los Angeles: IEEE, 2006:309-313
New York: ACM, 2015: 1-9. doi: 10.1145/2832932.2837016 [71] Tran J, Gerdzhev M, Ferworn A. Continuing progress in
[59] Aich S, Chakraborty S, Sim J S, ez al. The design of an automated augmenting urban search and rescue dogs//Guizani M, RachediA.
system for the analysis of the activity and emotional patterns of Proceedings of the 6th International Wireless Communications
dogs with wearable sensors using machine learning. Appl Sci, and Mobile Computing Conference. New York: ACM, 2010:
2019,9(22):4938 784-788
[60] Brugarolas R, Loftin R T, Yang P, et a/. Behavior recognition based [72] YouB, Tang N, Xu J. Wireless intelligent monitoring system based
on machine learning algorithms for a wireless canine machine on police dog//Huang H J. 2008 China-Japan Joint Microwave
interface//Cantarella G. 2013 IEEE international conference on Conference. Shanghai: IEEE, 2008: 746-749
body sensor networks. Cambridge: IEEE, 2013: 1-5. doi: 10.1109/ [73] Davis R W, Wartzok D, Elsner R, et al. A small video camera
BSN.2013.6575505 attached to a Weddell seal: a new way to observe diving behavior//
[61] Komori Y, Ohno K, Fujieda T, et al. Detection of continuous Thomas J A, Kastelein R A, Supin A'Y. Marine Mammal Sensory
barking actions from search and rescue dogs’ activities data// Systems. New York: Springer New York, 1992: 631-642
Burgard W. 2015 IEEE/RSJ International Conference on [74] Davis R W, Hagey W, Horning M. Monitoring the behavior and
Intelligent Robots and Systems (IROS). Hamburg: IEEE, 2015: multi-dimensional movements of Weddell seals using an animal-
630-635 borne video and data recorder [M/OL]. Tokyo: Memoirs of
[62] Kasnesis P, Doulgerakis V, Uzunidis D, et al. Deep learning National Institute of Polar Research, 2004 [2023-08-30]. http://id.
empowered wearable-based behavior recognition for search and nii.ac.jp/1291/00002488/
rescue dogs. Sensors, 2022,22(3): 993 [75] Davis R W, Fuiman L A, Madden K M, et al. Classification and
[63] Bozkurt A, Roberts D L, Sherman B L, e al. Toward cyber- behavior of free-ranging Weddell seal dives based on three-
enhanced working dogs for search and rescue. IEEE Intell Syst, dimensional movements and video-recorded observations. Deep
2014,29(6):32-39 Sea Research Part II: Topical Studies in Oceanography, 2013,
[64] Majikes J, Brugarolas R, Winters M, et al. Balancing noise 88:65-77
sensitivity, response latency, and posture accuracy for a computer- [76] Linnenschmidt M, Teilmann J, Akamatsu T, ef al. Biosonar, dive,
assisted canine posture training system. Int J Hum Comput St, and foraging activity of satellite tracked harbor porpoises
2017,98:179-195 (Phocoena phocoena). Mar Mammal Sci, 2013, 29(2): €77-¢97
[65] Vosinakis G, Krommyda M, Stamou A, et al. A smart integrated [77] Chapple T K, Gleiss A C, Jewell O J D, et al. Tracking sharks
vest for the canine companion of the K9 units. Informatics, 2022, without teeth: a non-invasive rigid tag attachment for large
9(1):2 predatory sharks. Animal Biotelemetry, 2015, 3: 14
[66] Haladjian J, Ermis A, Hodaie Z, et al. IPig: towards tracking the [78] VanBeestF M, TeilmannJ, Dietz R, et al. Environmental drivers of
behavior of free-roaming pigs//Zamansky A, Wirman H. harbour porpoise fine-scale movements. Mar biol, 2018,
Proceedings of the Fourth International Conference on Animal- 165(5):95
Computer Interaction. New York: ACM, 2017: 1-5. doi: 10.1145/ [79] Mate B R, Irvine L M, Palacios D M. The development of an
3152130.3152145 intermediate-duration tag to characterize the diving behavior of
[67] Valentin G, Alcaidinho J, Howard A, et al. Creating collar-sensed large whales. Ecol Evol, 2017,7(2): 585-595
motion gestures for dog-human communication in service [80] Norman S A, Flynn K R, Zerbini AN, et al. Assessment of wound
applications//Exler A. Proceedings of the 2016 ACM International healing of tagged gray (Eschrichtius robustus) and blue
Symposium on Wearable Computers. New York: ACM, 2016: (Balaenoptera musculus) whales in the eastern North Pacific using
100-107 long-term series of photographs. Mar Mammal Sci, 2018, 34(1):
[68] Winters M, Brugarolas R, Majikes J, et al. Knowledge engineering 27-53
for unsupervised canine posture detection from IMU data//Iurgel I, [81] Goulet P, Guinet C, Swift R, et al. A miniature biomimetic sonar
Sakamoto D, Moulthrop S. Proceedings of the 12th International and movement tag to study the biotic environment and predator-
Conference on Advances in Computer Entertainment Technology. prey interactions in aquatic animals. Deep Sea Research Part I:
New York: ACM, 2015: 1-8. doi: 10.1145/2832932.2837015 Oceanographical Research Papers, 2019, 148: 1-11
[69] Zhan X, Huang Q, Zhu C, ef al. A real-time police dog action [82] Ribeiro C, Ferworn A, Denko M, et al. Wireless estimation of

recognition sensors//
Prabhakaran B. 2020 IEEE International Conference on
Multimedia & Expo Workshops (ICMEW). London: IEEE, 2020:

1-6.doi: 10.1109/ICMEW46912.2020.9106042

system based on vision and IMU

[83]

canine pose for search and rescue//Alexander B. 2008 IEEE
International Conference on System of Systems Engineering.
Monterey: IEEE, 2008: 240

Ribeiro C, Ferworn A, Tran J. An assessment of a wireless mesh



+908-

EMUFESEYIRHR

Prog. Biochem. Biophys.

2024; 51 (4

[84]

[85]

(86]

(87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

(93]

[96]

[97]

(98]

network performance for urban search and rescue task//Mota M.
2009 IEEE Toronto International Conference Science and
Technology for Humanity (TIC-STH). Toronto: IEEE, 2009:
369-374

Lemasson G, Pesty S, Duhaut D. Increasing communication
between a man and a dog//Baranyi P. IEEE International
Conference on Cognitive Infocommunications. Budapest: IEEE,
2013:145-148

Brugarolas R, Latif T, Dieffenderfer J, et al. Wearable heart rate
sensor systems for wireless canine health monitoring. IEEE Sens J,
2015,16(10):2203-2206

Jackson M M, Valentin G, Freil L, et al. FIDO—facilitating
interactions for dogs with occupations: wearable communication
interfaces for working dogs. Pers Ubiquit Comput, 2015, 19(1):
155-173

Zeagler C, Byrne C, Valentin G, ef al. Search and rescue: dog and
handler collaboration through wearable and mobile interfaces//
Juhlin O, Lawson S. Proceedings of the Third International
Conference on Animal-Computer Interaction. New York: ACM,
2016:1-9.doi: 10.1145/2995257.2995390

Jackson M M, Byrne C, Freil L, ef al. Technology for working
dogs//van der Linden D. Proceedings of the Fifth International
Conference on Animal-Computer Interaction. New York: ACM,
2018:1-5.doi: 10.1145/3295598.3295615
QuYL,ZhaoMY,Dong ZL, et al. Experimental study of aremote-
controlled police dogbot//WANG M Y, WANG, Z D. 2005 IEEE
International Conference on Robotics and Biomimetics-ROBIO.
Hong Kong: IEEE, 2005: 533-537

Bedard M, Myrna K E, Diehl K A. Preliminary evaluation of effect
of two visual aid devices on navigation in blind dogs. J Small Anim
Pract, 2020, 61(5): 308-315

Ohno K, Yamaguchi S, Nishinoma H, et al. Control of canine’s
moving direction by using on-suit laser beams//Wang Z D. 2018
IEEE International Conference on Cyborg and Bionic Systems
(CBS). Hong Kong: IEEE, 2018: 59-64

Nishinoma H, Ohno K, Kikusui T, et al. Canine motion control
using bright spotlight devices mounted on a suit. IEEE T Med
RobotBio,2019,1(3): 189-198

Lee S, Kim C H, Kim D G, et al. Remote guidance of untrained
turtles by controlling voluntary instinct behavior. PLoS One, 2013,
8(4):¢61798

Kim C H, Choi B, Kim D G, et al. Remote navigation of turtle by
controlling instinct behavior via human brain-computer interface.
JBionic Eng,2016,13(3):491-503

Kim D G, Lee S, Kim C H, et al. Parasitic robot system for
waypoint navigation of turtle. J Bionic Eng, 2017, 14(2): 327-335
KimM, Jung I D, KimY, ef al. An electrochromic alarm system for
smart contact lenses. Sensor Actuat B Chem, 2020, 322: 128601
Lee S P, Cheok A D, James T K S, ef al. A mobile pet wearable
computer and mixed reality system for human-poultry interaction
through the internet. Pers Ubiquit Comput, 2006, 10(5): 301-317

ur Réhman S, Li H. Using vibrotactile language for multimodal

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

human animals communication and interaction//Silva P A.
Proceedings of the 2014 Workshops on Advances in Computer
Entertainment Conference. New York: ACM, 2014: 1-5. doi:
10.1145/2693787.2693792

Morrison A, Meller R H, Manresa-Yee C, et al. The impact of
training approaches on experimental setup and design of wearable
vibrotactiles for hunting dogs//Juhlin O, Lawson S. Proceedings of
the Third International Conference on Animal-Computer
Interaction. New York: ACM, 2016: 1-10. doi: 10.1145/
2995257.2995391

Byrne C, Kerwin R, Zuerndorfer J, et al. Two-way communication
between working dogs and their handlers. IEEE Pervas Comput,
2014,13(2): 80-83

Byrne C, Freil L, Starner T, ef al. A method to evaluate haptic
interfaces for working dogs. Int J Hum Comput St, 2017,
98:196-207

Golan Y, Serota B, Shapiro A, ef al. A vibrotactile vest for remote
human-dog communication//Otaduy M A, Ryu J, Gerling G, et al.
2019 IEEE World Haptics Conference (WHC). Tokyo: IEEE,
2019:556-561

Miller J, Flowers G, Bevly D. A system for tracking an
autonomously controlled canine. J Navigation, 2012, 65(3):
427-444

Britt W R, Miller J, Waggoner P, et al. An embedded system for
real-time navigation and remote command of a trained canine. Pers
Ubiquit Comput, 2011, 15(1): 61-74

Mealin S, Winters M, Dominguez I X, et al. Towards the non-
visual monitoring of canine physiology in real-time by blind
handlers//Iurgel I, Sakamoto D, Moulthrop S. Proceedings of the
12th International Conference on Advances in Computer
Entertainment Technology. New York: ACM, 2015: 1-8. doi:
10.1145/2832932.2837018

XuM, Xiao X, Wang Y, et al. A brain-computer interface based on
miniature-event-related potentials induced by very small lateral
visual stimuli. [IEEE T Biomed Eng, 2018, 65(5): 1166-1175

Han J, Xu M, Xiao X, et al. A high-speed hybrid brain-computer
interface with more than 200 targets. J Neural Eng, 2023, 20(1):
16025

Mei J, Xu M, Wang L, et al. Using SSVEP-BCI to continuous
control a quadcopter with 4-DOF motions//Riccardo Barbieri.
2020 42nd Annual International Conference of the IEEE
Engineering in Medicine & Biology Society (EMBC). Montreal:
IEEE, 2020:4745-4748

Taverna G, Tidu L, Grizzi F, et al. Olfactory system of highly
trained dogs detects prostate cancer in urine samples. J Urol, 2015,
193(4): 1382-1387

Lammers M O, Howe M, Zang E, et al. Acoustic monitoring of
coastal dolphins and their response to naval mine neutralization
exercises. Roy Soc Open Sci, 2017, 4(12): 170558

Board N S, National Research Council. Naval Mine Warfare:
Operational and Technical Challenges for Naval Forces.

Washington: National Academies Press, 2001: 56



2024; 51 (4) BER, % TEIVSETHEXE: IRERE 909+
[112] Poling A, Weetjens B, Cox C, et al. Using trained pouched rats to animals?. Neuropsychobiology, 1992,26(3): 151-165

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

detect land mines: another victory for operant conditioning. J Appl
Behav Anal, 2011, 44(2):351-355

Larkin M, Radich R. Pet population still on the rise, with fewer pets
perhousehold. J Am Vet Med Assoc,2021,259(11): 1243-1245
BHE . 2022-2028 4 [E TE My ATl T A 2B A B R A
BRSPS [EB/OL]. AE s B I i, 2023 [2023-08-30].
www.chyxx.com/industry/1101632.html

Intelligent Research Consulting. 2022-2028 China Pet Feed
Industry Market Management and Investment Prospects Forecast
Report [EB/OL]. Beijing: Intelligent Research Consulting, 2023
[2023-08-30]. www.chyxx.com/industry/1101632.html

Moore R K, Marxer R, Thill S. Vocal interactivity in-and-between
humans, animals, and robots. Front Robot AI, 2016, 3: 1-17
Balemarthy S, Sajjanhar A, Zheng J X. Our practice of using
machine learning to recognize species by voice. arXiv preprint,
2018:arXiv1810.09078. https://arxiv.org/abs/1810.09078
Rodoshi R T, Song Y, Choi W. Reinforcement learning-based
routing protocol for underwater wireless sensor networks: a
comparative survey. IEEE Access, 2021,9: 154578-154599
Proctor H, Carder G. Can changes in nasal temperature be used as
an indicator of emotional state in cows?. Appl Anim Behav Sci,
2016,184:1-6

Marques J I, Neto J P L, do Nascimento J W B, et al. Pupillary
dilation as a thermal stress indicator in boer crossbred goats
maintained in a climate chamber. Small Ruminant Res, 2018,
158:26-29

Leliveld L M C, Diipjan S, Tuchscherer A, ef al. Behavioural and
physiological measures indicate subtle variations in the emotional
valence of young pigs. Physiol Behav, 2016, 157: 116-124

Klemm W R. Are there EEG correlates of mental states in

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Rutz C, Troscianko J. Programmable, miniature video-loggers for
deployment on wild birds and other wildlife. Methods Ecol Evol,
2013,4(2): 114-122

Andersen G E, McGregor H W, Johnson C N, et al. Activity and
social interactions in a wide-ranging specialist scavenger, the
Tasmanian devil (Sarcophilus harrisii), revealed by animal-borne
video collars. Plos One, 2020, 15(3): 0230216

Liu S, He Y, Guo D, et al. Transcranial alternating current
stimulation ameliorates emotional attention through neural
oscillations modulation. Cogn Neurodynamics, 2022, 17: 1473-
1483

Wang F, Cai Q, Ju R, et al. Low-intensity focused ultrasound
ameliorates depression-like behaviors associated with improving
the synaptic plasticity in the vVCA1l-mPFC pathway. Cerebral
Cortex, 2023,33(12): 8024-8034

Gandy M. Cyborg urbanization: complexity and monstrosity in the
contemporary city. IntJ Urban Regional, 2005, 29(1): 26-49

Wang W, Jiang Y, Zhong D, et al. Neuromorphic sensorimotor loop
embodied by monolithically integrated, low-voltage, soft e-skin.
Science,2023,380(6646): 735-742

Chang E 'Y W. Fashion styling and design aesthetics in spacesuit:
an evolution review in 60 Years from 1960 to 2020. Acta Astronaut,
2021,178:117-128

Emanuel P, Walper S, DiEuliis D, et al. Cyborg soldier 2050:
Human/machine fusion and the implications for the future of the
DOD [R/OL]. USA: Defense Technology Information Center,
2019[2023-08-30]. https://apps.dtic.mil/sti/pdfs/AD1136654.pdf
Magisetty R P, Park S M. New era of electroceuticals: clinically
driven smart implantable electronic devices moving towards

precision therapy. Micromachines, 2022, 13(2): 161



910- EYUFSEYYIEH#E  Prog. Biochem. Biophys. 2024; 51 (4

Interactions Between Intelligent Animals and Electronic Technology:
Current State and Future Prospects”

ZHAO Jin-Jing"”, ZHOU Yang-Fan", ZHANG Bing-Ao", YI Ming”",
JIANG Hong”, XU Sheng-Yong"™

("School of Electronics, Peking University, Beijing 100871, China;
Dnstitute of Neuroscience, Peking University, Beijing 100191, China)

Graphical abstract

Section 1: Classification and G

auxiliary tools

evel2: animals
understand
instructions

Level3: multiple
interactions and
interconnectivit;

Levell: simple
interaction

O

Section 2: Support systems and G
technologies

Section 4:

Intelligent animal >
Summary

augmentation system

Implantable
devices

Non-implantable
devices

—
Y

O

Section 3: System application O
fields

Intelligent Explore

Practical
engineering
applications

Develop

. . human-machine
animal ethics

integration

interaction with
animals

O

Abstract Human-animal interaction has a long-standing tradition dating back to ancient times. With the rapid
advancements in intelligent chips, wearable devices, and machine algorithms, the intelligent interaction between
animals and electronic technology, facilitated by electronic devices and systems for communication, perception,
and control, has become a reality. These electronic devices aim to implement an animal-centric working mode to

enhance human understanding of animals and promote the development of animal intelligence and creativity. This
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article takes medium-sized and large animals as research objects, with the goal of developing their ability
enhancement, and introduces the concept of “intelligent animal augmentation system (IAAS)”. This concept is
used to describe the characteristics of such devices and provides a comprehensive overview of existing animal and
computer interface solutions. In general, IAAS can be divided into implantable and non-implantable types, each
composed of interface platforms, perception and interpretation, control and instruction components. Through
various levels of enhancement systems and architectural patterns, intelligent interaction between humans and
animals can be realized. Although existing IAAS still lack a complete independent interaction system architecture,
they hold great promise and development space in the future. Not only can they be applied as substitutes for
cutting-edge devices and transportation equipment, but they are also expected to achieve cross-species
information interaction through intelligent interconnection. Additionally, IAAS can promote bidirectional
interaction between humans and animals, playing a significant role in advancing animal ethics and ecological
protection. Furthermore, the development of interaction models based on animal subjects can provide insightful
research experiences for the design of human-computer interaction systems, thereby contributing to the more

efficient realization of the ambitious goal of human-machine integration.

Key words animal-technology interaction, animal-machine integration, implantable devices, non-implantable
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