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Autonomous Liver Ultrasound Scanning via Robotic Arm Using

Ensemble Bayesian Interaction Primitives

MA Ji' ZHAO Yue"® LIU Zhuang' HU Yue* LIU Jian-Xing' SHEN Yi'

Abstract To advance liver ultrasound examination, this study proposes a fully autonomous robotic arm ultra-
sound scanning method based on ensemble Bayesian interaction primitives (enBIP), and develops the correspond-
ing experimental system. The proposed method consists of two sequential stages: Initial positioning and imitation
learning. In the initial positioning stage, the system guides the probe to establish contact with the patient using
RGB-D images and determines the transition to the imitation learning stage based on real-time ultrasound images.
In the imitation learning stage, the system encodes expert scanning skills into ultrasound image state trajectories
and probe motion trajectories, and learns to reproduce these skills using enBIP. Consequently, fully autonomous ro-
botic arm liver ultrasound scanning is achieved. In addition, the proposed framework was experimentally validated
on a human abdominal phantom. Experimental results demonstrate that the proposed method successfully per-
forms the liver scanning task without human intervention, highlighting its potential for clinical application.
Keywords robotic arm; autonomous ultrasound scanning; imitation learning; ensemble Bayesian interaction
primitives
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method and existing representative studies
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Fig.1 Robotic arm system for autonomous

liver ultrasound scanning
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SE RN AT Ak, ASCIETRERARRR 22 { P 2 BT
EEIPN &t i

M,
F,—F;= ﬁ(uﬂl

— oY+ Dol (19)
Hrr, M, € R# D, € R 378 M40 & 5 R AULH
JERH Fy AT AL ), F, FORERIREE
P F N S I S 77 B 0P BRI A AR R { P}
2 BT RIS A At 9 R G AW, HE
BRI, AT SAEHRT, TRk Lok R )
AR RIHUARRE 22 e Ay B 5| A2 A i 25 0 EAT o 28 S5 4 b
A2 o H X ik g 42 K 2 PR AN RS

BT AR S m AL, B 2Rk H
PROLE pror 1EIEA:

tar tar

/ _ T
Drar, t4+1 = [Te41s Uit 26 17 +

(20)

Hr, pror FIEAE CREHEER BT 7E S1F B,
HOuEs A I 2e i AR & 72 S2 BrBL, W)
TEHEFL T A3 TN B . BT = BTET A5k Ak

BT [0, 0, v AL, 0]
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br 2 { P} 34 Jm AA s & { BY AR B, BT 38 AL
W Bz s it AR, BT WRIER LR A5 7)
B AR I = 4 J LA A Y A o

N T SR A R R AR S TR BT R BE AT
AT Z 8 SHER R A TR, A SO e B SRk
MRS ST 1.

% 1. BEEEHITRIHR

BN, RBEGLFE L, REWN y,, FEF RGB-D B4
I, SUIFELL fo., FHEBARER £,

i, HLas AAEHIHE 2 wema-

/¥ AR A 5 IR */
1) if f;. is true then
2)  HEF(18) ¥ L BB EARR (W)
3) end if
4) HEF K (16) ~ (17) HEZHIILH g, ;
5) FET 55 2.2.2 TIHEAIRE RS Xo;

/¥ S1: WA E LB B */

6) #T I, MU KRB {g1, -
7) for m < 1 to M do

) QM};

8)  REHERK S, FHERE &
9)  ETH Q) HHEEBRERE en;

10) if e,, < e, then

11) B IR, BEA S2 BB
12) end if
13) ﬁﬁ—]:# E 19%;@ Gnext < Gm+15

—_

4) if f,. is true then

15) BRI R S B AT AR ) F;
16) T (19) ~ (20) B IE BFR S great;
17)  endif

—_

8)  HEHIES o  Guesr, IFHIT;
19) end for
/¥ S2: BiAl A I B %/
20) while F1E (T4 K5E K do
21)  HT (4) 4T X, < Propagate(X;",);
2)  EHTH (5) T X' « BayesUpdate(X; , yi);
3) TR (13) ~ (14) W pl., a7l

NN

24) if f;. is true then
25) BT (18) K [ple, qpe)” ZHREIFRR {B);
26) end if
27) if f,. is true then
28) BRSO MR i) F;
29) BT (19) ~ (20) BIEHARLE [pl,, qt ]
30) end if
31) IS wema  [ple. qb]T, HHUT;
)

32) end while

3 SLIEHh
3.1 RGEERESZTE

3.1.1 RGZEE

ARSCHTHE IR B R S A R Rl
PRRC B A0 : HLRE SR PR A R A2 P2 1 UR3
S ARk 5B BRIE RS0 B NERIITE LA
A 3C-A B S40 EHL; RGB-D MAL
NHEHE IR A ] H A ) RealSense D435i; <4k /1)
FEAL 2SN ATI Mini 40-E; B33 RE H H A 5
HRLE AT ABDFAN RS Birg 492 508 AH 52
HyEEHEET ROS2 BAFHESE, KA Python 3.10 &
ST R. BB IT Fa N — 6 AMD
Ryzen 7 7745HX CPU. 16 GB RAM & GeForce
RTX 4060 Laptop GPU HIfE# it 5HL. Zit 5
WUSATEE R T SERT AN T/ Ubuntu 22.04 #:4E R4,
DL A2 X UR3 HUBRRE 12047 S B 428 1l R P e 75 K
3.1.2 REMLEI)I%

AL AR AR AR 489 5K 43 HE R N 512 x
512 pixel M MG, HTIRE M4 UVM-UN-
et 1 UNet™ FIJIZs. B UG 35 i i 5 2 i
TEAS [RIR S A 28 Je 2 fih 71 2% At TR R I 58 AR,
9« 1 I BIPEE AR BEAL R 23 A U 2R BRI 4.
TERIN R8T, AR EIR G — AR R 256 x 256 pixel
KN IR FE 25 1) 2538 T #5 31 Intel Xeon Gold
6226R CPU 5 NVIDIA RTX A6000 GPU K TLAF
i 5E R AR 256 S50 B T DL SCHER [16].
3.1.3 REHITWEREE

TN FULITE V) SR 45 5 7 A 23 [A) M 2R e A R 2
Kl 4 Fiow, BH— 0 &b s BT 3h 51 S HUE
56 AT IR AR I AAT 45 izl fE b, At i 45
$RZ4 B 30 Hz 1125 Hz 1475 BEEURE 545
ST EHE, REKH L ERERMEEMEHREE
N BMTZE X, FF i LR FE L 20 Hz 30R [F)25 13
&2 1 X 1R B BT A B, AT SRR 46 1) 2 15
INBEHRIT . 4, HERER] 50 FKoR L.

2) RN E 3) WA

=
2 ¢

W/ FEEMZH A

1) Wedm #i

4 REEERAE SRS BB R
Fig.4  Process of demonstrated trajectory acquisition
and latent state modeling
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JIT 1) 25 SR A () A o B 48 TR B ) 45 oM &
GUIRAS vy, A RS BORSHIE Y. SR i
PRIECEE R R ST 43 i A TR AE AL 2 ), S 2
AL 50 MR FBTEIREES X, ZEAKE
N T JE SRS A HEFE (MRS AS . AR Sk o 2 R B
% By 15, RILEAMEA U @, FIYERER 182,
TN 5 B BRI B DG AR AL AE M IE 25 43 A6 N(0.01,
1074) HRAEAE K.

3.2 BEEGIEIMEREDT

NG P PR m A o S JH P 45 A e A 22 PRI OIR
S EZATHE. Jdt, AT AL T R R 2% 1A
RNE 5 73 RS BE. SR A 4 A8 OB IE 77 iR VR Al
UVM-UNet B4 #IPERE, 8 H KRR 3511
ZFf L (mean intersection over union, mIoU). Dice
FRAL R 20 HERAE (accuracy, Acc)s F5 5% (specifi-
city, Spe) & REE (sensitivity, Sen). APFAl 1% M
2L SIS MERE, (RIS & O BB R A R ) 40
JEIR B E]. J5GIE UVM-UNet 1976 20t 5 52 o,
W HAEIERE S UNet HEATXILL, S5 R unk 2 K& 5
Fr7s.

3% 2RI AN, 72 AR SC R SR ) 2% 04 4 R
PP FE AR b, UNet (RIS T UVM-UNet. {H
PRI R SRR T e B AR M e, IX BRI
IR BB R AR B TR) — AL, B 70 A AH 0 — 3
SR, UVM-UNet ESER 5 TR A 22205, H
HAL K EE 43 ESEIR N 9.09 4 0.30 ms, B UNet
(K] 43.04 £ 0.19 ms fF7E R ZF T, X0 RIEHE E
B IR RGO e P EA B . UVM-UNet
(1R v S IR P IR T HL B B R X IR 5 25 4, S AR
T UNet B3d I T 755 51U 52 BR 1 SE R 5 28 1 5.

difr I 5 BE kel BUR H, UVM-UNet
(SR X ) 5 UNet (M XIR) BrA= i 7 F1 A
B Re B G & BLSERR A (AL X)), RE UVM-
UNet 7E#87 HEE X 300 7 5140715 5 UNet f#14E
A S, AH AR FIRE 2 O R A S H A A
HEESH TR K.

g5 b, BT AE 5 BORE BN B T TSP
25 B8, AN SR 2% UVM-UNet /£ A~ E
G orb IR S5 0 B RFAE SR IS, AT ZE AT AT BR 23 1]

PEBEFIRTSE N, A7 2 DR 2R e i R S A
ET enBIP R E M BB ERELR

3.3.1 A{THESHT

£ S2 BrBt, FGu4% i SR g A% O AE TR HE 24
AT RGUIRAS, TR LT — B 200 H AR %, J74%
HlIZE ) &z 4. I B B R PAT IR SR HE
HRE, RERASERIFIEN A AR ETS.

NIGAE enBIP J5iETE LI BERI T AT 1, AT FF
J& 7T enBIP [ H FHELK. 236 Fahik e
B AT, KR BONMAL ¢ > 0.98, FRTEF T Ok
B[] S R AR 1 T A 75 MG B FL T R 7 B A, &5
R 6 fn. NE 6 iTULEY, fEH EHEMTS
JR BT, A F 43 I R 2 P 65 A B R 7
PLET . BEAE A FE IR, I 20 o 4 R R
MAET, IR e B B, thah, HEAT5% 8 5h1]
W RGHALN ¢ = 0.026, Z1EH H enBIP IR
BHAE S LET LR RGURES A B FEAH, KRG
ROt N S2 My By, AR () 4 B B A7 B R
FERUE T ¢ = 0. X —IM R LFF T AR CMIES 7
A N(ptpo, o) P REELHIEWIBELES Xo H 5
J 3 (R AR S 43 62 ) 0 LA

FRATATPEIG RS, A3 — 290K T enBIP £E
AN [EVFAASE A AR 0 (4 3k 2 FhAL BRI, A T 4%
TR L 2 (8] K H 5 R E MR D AR R, 45
R 7 Fos. B, SRR IRE T RE
VBT EAS B B B2 3836 B 52 X 3800 R 7= IR
i+ 3 REFREZE IR BN AR Ve ) SR 2N
enBIP 7£ ¢ = 0.20 I X} J5 S T AT i 20 03 3k = i
BRI RTINS R KRR L. BN Rk 5
O SZLR Ay I Y. ¢ = 0.40+ ¢ = 0.60 J2 ¢ = 0.80 I
Z SR 32T

M 7 BT LAE W, enBIP BN (B E TR A
SR AL, B EE S VR AR R B
oy AR Va N, BRI T 84 A Jfi—en-
BIP 8 i & 37~ 280 A A 26 2 4 A 3h &SRR AE
KA R BRIE ST SR, AN [R)AE AL A fr SR
B2 BAFE— B ER. EAEVHENE, BT RS
SRECH LIS BB R, enBIP B Fiil ) 528 B oA 5
mAE RN, XARIERE 7 R AR A BE

3.3

® 2 IREMLE S FITERETRIR
Table 2 Segmentation performance metrics of deep networks
FiAY mloU Dice Acc Spe Sen Sy BILEIR (ms)
UVM-UNet 0.9529 + 0.0041 0.9759 4 0.0022 0.9935 4 0.0008 0.9963 £ 0.0004 0.9755 £+ 0.0027 9.09 £ 0.30
UNet 0.9674 + 0.0056 0.9834 £+ 0.0029 0.9955 £+ 0.0007 0.9973 £+ 0.0007 0.9846 + 0.0014 43.04 £ 0.19
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Fig.5 Segmentation results of UVM-UNet and UNet
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Fig.6  Snapshots of the scanning process during
the S2 stage
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Fig.7 Comparison of enBIP-predicted probe z-axis
position trajectories at different phases
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BREAL TR IES A8 p Mg, MEL
PEIRZE ep 5 eq MITHR AU

L 2

=\ 77 Z Ip; — pII* (21)
j=1
L U

a =\ 77 4 (Yq(q;))? (22)

Bl >—{2ﬂ’ g+q=[-100 0"
TG o) Logy (g, Ht

(23)

B BT IR J — 10, DU IS T & ¥
AR B A 3 R,

different scanning strategies

gl ep (m) eq (rad) R HE R
A 0.0024 0.0153 244 £ 12 10/10
B 0.0012 0.0091 303 £ 6 10/10
C 0.0046 0.0295 170 + 13 10/10
D* 0.0041 0.0255 175 + 26 8/10

T P RORZHNE FEIPEN TEER UL 8 IMEATHEE.

HEE 3 AT, RIS B 256 F RAMEE MR E
BN, HALERESZERZENBE T BN ep =
0.001 2 m Ml eg = 0.009 1 rad. 4RI, i%5KWEHT 7 1)
B R H R %, R I HAE S PR A R AR A K
2T, SCRH GRS E N enBIP WLl & Af
BERTHEEPATEE, LT 170 £ 13 IAEFERD
AISERR . HX RIS I E S IR E RS (ep =
0.004 6 m Ml eq = 0.029 5 rad), A PUFhHEHE o 2.
I8/ T enBIP WL ) EIGOIRAS 45 2 & BT g
s S MR 2, H A2 PR B AT S5 M DD 2R,
DRI TG R AN PTEL. BeAh, Bl Sk AR B 1 T B3 S B 2 i
5, ANGE U T — kAL enBIP $04T H
SHHER T RERT . 5 R EIR, TREE A BIERS D 1
FBFERE 235 1.28 + 0.19 ms. 1.25 + 0.22 ms.
1.24 +0.10 ms M1 1.19+ 0.10 ms. AJAH H, &5
W 2 T) ) 22 S 7 oA, HAA& e 4 1.50 ms PAW.
SHX-URMERET, AHFTRA T WE
2.2.3 5T I A3 gk 18 SR L e S sy 2 i A <P
IR R 4 5 7 1) 5 1 R A T 90 s S8 P PR AR AR B
N ORAF 7 HE B R vk B A ) — Bk, k]
DL, R AT 55 PAAT S 11 22 S = YR T 0 SO 75 1)



6 3 DA BT AR A WU LA ST LS B I S A A 1301

YIHL BB, AR S VR HEEE A S AL 425
F, g A(fFHEHRGREIEN enBIP W &)
TERFFBARE R MR Z W FER, R AR5
PATIREE, 2 S RS T 7 Al e e ik 4.

3.4 =MERBEFHESRE

F TR SO0 R 3 B 25 A enBIP 77 9% 1) 43
B, AT S IR T T e H A AE 4
(% S1 5 S2 BE) Ml ATHE. e M S1 1A S2 Bt
Y1 1 A 269 e = 0.025, X B 5 A B
R Q WO, FER AT EINEE 2.3.2 19T
WA, DA ORIk SR A A
R R R E R ). SIS ERE N M, = 2.5,
D, =500, BBl /1% 9 14 N,

K10 BRn T —IREEHEFEHELE T8
RGN GBI B, B, “S1: A/l
BE AR RE R RGAE T S1 B B HLIR 3k v R e fd

16

AR B
12t i,
; BRI 2 BT
£ TSRETIUET Y mahe e
R 8 :
% — A7y
nl ---## ) (14 N)
0 S J e |
0 20 10 ”
IE] /s

(a) Hefih 7y (FaZSHME: 13.92 + 0.32 N)
(a) Contact force (Steady-state mean: 13.92 + 0.32 N)

LT TS, |

L N

0.360 VA Er |
7 [Tt amE ||

0.336 7/ — SL: #RHE ||

A e S2: S |

0.288 1 0
~0.285 o e
Yip. ~0.2
Lty ., 0190 02 &

o 032 W

(b) PR E
(b) Probe position
K10 seRmdd il g S B AR
Fig.10  Contact force and probe position variations
during the entire scanning process

PRAR: “S1: # R B bR R R R Sk O S5 AR B fi
FEIEW LRI BS R 2R RS540 . 2478 75 R B
JHF I 5 4 HL GRS 2 BB 26 e BF, RGESLED
P& S2 Mr B, 1E enBIP S35 6| T kA HATE
EHERE, ERATS e MWK 10(a) HaT L, 4483k
5 ORI ST AR i, g ) SRE R BOE . 1R
ZEEEGR, PREK S AL 2 8] 4 fi 77 10 S Sk
BB SRR RS E. TRt > 448 s MREKX
(B P, Sl fEfl /79 13.92 + 0.32 N. iX % B G984
] 58 8 A O T R Sk 5 R 2 R) i ) B
B, NmfREF AR EG R ES BE2e.
HARERERE, WG i 71298 9 N, 1
3 0 N. S3UX— w2 M E B JFEAE T M RGB-D
AL A SR B P A 2 T A B A B SE BB 2 [ A7 (E
w2, B 10(b) G bR iR T B R A AL
RGP HAT S B, T AIREE FHA
MEZL, 8 7 PR Sk MR GR s AR AL B, B 6 /E S1 By
BRI %A I S i 55 PR A ST e (55 6 IR
BY), Bl SR R AR R I RS540 (06 (A S 2R R ).
768 7 PR I R AR 6 2 TR BB AR R, R
GV S2 B, R B, &Gt T enBIP Hik
g1 Rk MR AR VI3, 4 e A &5
(A SR B).

B, RTILIAE T 5 2.3.1 TR A hr RAF
TR U, SR 11 foR. SRR E TH
MEBNE A 54078 B, K (UEME A RER
BN FF 40 2 JRy AL bR R { W FEAR AR B 32
HEERT, REMMUEAE A BRINTERKR 7 HE,
TERGREBINHALE B IRGE R IAESS, Bk 7 77
PrE M. B 11 R T IREE RS EG

AL E B

K11 AEABALE N E RS E IR
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