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Fig. 1 Schematic of optically based reproduction of color
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scene into three regions: dynamic region, static region, and deformable region
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Fig. 4 Overview of the general framework

2.3.1 #ERXK
A DI AE TR 37 35 v 5 1 L] 435 4 A [
FEMIALE BIAE I o A A SO B AS X B R 28
S WRAS 23 bifi 5 B ] 79 4 B 10 20 A2 Ak, BYAE B[] | 2
AT 5 o X IR P SR W5 2] (%) LA &0 A% b J2: 1 Ol IR
FAFDER R, IF B RN BE B AR A o R Ry
B B 3R g it G2 1 23 [A) A 56 2 1 o A 23 [a) JL
AH R ST e

FNz, d)= o(x)€R (11)

Nz, d)ER’

K :x e R NS H AR d € R AT 1 o
2.3.2 EHR B,

AT X 2 HAT AR T R X & i an 15 2 i
e o AR DX ) DLy Sy W iz gl DS A AR W i Bl
X, EWHEEs S 2/ 2. ZIRXE D,
(I, Vs 2, Z)—’(AI, Ay, Az)%%ﬁ%)ﬁ,?ﬁ}ﬁ%/}f
Wi (o4 Ar, y+ Ay, =+ Az)ME 2 5 & 3% B

TE X BTS2 A 50 v

2.3.3 FHAER K

XFF A A SR B B 5 — A A B AL B AT A
B ) s TR 37 5 b i T R S O b ] X RS B 3
b KR, SR ELA B R S AL A (o, s 2, 2)
(A REAE DX 35 7 (+) 2K 6 7R 2 X gk B

"z, T,))ER

Fx,d, T,)= (12)

N, d, T,)ER‘E,
K. T, € R B3 WA ] 75 6 2 15
24 BEBHRESHE

AR LRt B 5 NeRF 91 2k 72 )L — 3%,
T 5 DAL I K 45 4 e B ATL R A — HEAH LG £k £, 2R 5 XF
X 2R 7 B s FR ML S 40 MR B DL AT 28 R 4%
MY G o 78 52 BR I E R AR Vi Y AT 55 v, AR 4R A5 4
i 37 BOKE B W B S AR IR M . PR, AR SCHR i T — 4]
ENA, DL A R W Y 7 SR 2 3 o 4
241 HERFAHSIAT

O3 AR BE L AE R — 2 [l 0 Y X 42, A B
1) fiff R T 28 2 i s () R BLAT P S 3 e sl B AR A 5

0733001-5



a4 ETHI/2024 £ 4 B/HEER

o BT AT L & R BERI B th 3 54 . A T SEEaX

By 2 AR SOK B SRR S R A IR R 1 25 )

LR R N

od"(x, T))
, T,)=

w(a ) "z, T,)+ o 2)

EFHAR B 425 {0, 1), ookt kR
Lo(4, T,):J” Hw[i(0), 7]} de,

Hb:*[\rlogszr(l*x)logz(l*x)}, (14)
R, o] ML LB IEE .

SR, Tl S M4 [ 20(12) 5 KRB T7,
AEFARGEE2DITSWEETHSM, I H K
(K14 PSR G R @S5, b Tk
XA TA] A8, AR SCHE T — AN B 4 %, DA 46 2 7
R 1) 6T 5 AT i s 2 50 b 09 37 5 1 R S R RE L AR
8T s ik

L1, TI):J“HI){w[z(z),szk}dz, (15)

€lo,1], (13)

scene 1

input

without L,s

6(5)[I’<[>:|

scene 2

iﬁﬂlﬂ:Hb:*[rlogﬂcﬁL(l*.7f)log2(lfjcﬂo
242 #AEwENN

MR8 28 56, A 43 it ) g 2 JERH WL AL S 0 T
VI I ] T ) 4 s JF R sh A B A X M
N C AP U= R A NSNS NI S U 8 S
FT 3 RO 0, BP AT (8 T 0 2 B B N7 AR N BB L TR
T4 0 B L AHBL LT DA 9 YR 5 0] 52 4 AH W] 79 57
B oo R UL, A AL A 2 ) [R] AR 2 (A A R — X
— [ B S 3 BT O I AR 2 B R O3 A e o 5
R filp e 3k AN R] A 50} 25 3 B R D 52 Y % RE ) A
ik

Ls(ry=—[ p(t)log. p(1)at, (16)
() B A B R A LB p(r)—=

: L (5) A 2 5 0 R BLAE 2 P 5 o
J (f“)[r(s)} ds
L,s N AR

scene 3

PR S ot e B A A AT RIS 2 7 25 o P A v A 5 PR AT (A K B T S T 22 B R O T A AT AR Y Sk

Fig. 5 DBy promoting a more concentrated density distribution along each camera ray in the static component, the recovered background

contains more highlights to enhance the realism of the image
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Fig. 10  Different color difference representations indicate that the color of the reconstructed organ is close to the true color of biological

soft tissue. (a) Photographed original kidney map; (b) 3D scatter plot of positional color difference; (c) contour map of

magnification chromatic aberration; (d) 3D reconstructed kidney map; (e) vector chromatic aberration map in color coded map of

R channel; (f) vector chromatic aberration map in color coded map of G channel
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Fig. 11  Performance of reconstructed biological soft tissue improves over time (represented by increasing number of iterations)
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Abstract

Objective Reconstructing soft tissue structures based on the endoscope position with robotic surgery simulators plays an
important role in robotic surgery simulator training. Traditional soft tissue structure reconstruction is mainly achieved
through surface reconstruction algorithms using medical imaging data sets such as computed tomography and magnetic
resonance imaging. These methods fail to reconstruct the color information of soft tissue models and are not suitable for
complex surgical scenes. Therefore, we proposed a method based on neural radiation fields, combined it with classic
volume rendering to segment robotic surgery simulator scenes from videos with deformable soft tissue captured by a
monocular stereoscopic endoscope, and performed three-dimensional reconstruction of biological soft tissue structures to
restore soft tissue. By using segmented arbitrary scene model (SASM) for segmentation modeling of time-varying objects

and time-invariant objects in videos, specific dynamic occlusions in surgical scenes can be removed.

Methods Inspired by recent advances in neural radiation fields, we first constructed a self-supervision-based framework
that extracted multi-view images from monocular stereoscopic endoscopic videos and used the underlying 3D information in
the images to construct geometric constraints of objects, so as to accurately reconstruct soft tissue structures. Then, the
SASM was used to segment and decouple the dynamic surgical instruments, static abdominal scenes, and deformable soft
tissue structures under the endoscope. In addition, this framework used a simple neural network multilayer perceptron
(MLP) to represent moving surgical instruments and deformed soft tissue structures in dynamic neural radiation fields and
proposed skew entropy loss to correctly predict surgical instruments, cavity scenes, and soft tissue structures in surgical

scenes.

Results and Discussions We employ MLP to represent robotic surgery simulator scenes in the neural radiation field to
accommodate the inherent geometric complexity and deformable soft tissue. Furthermore, we establish a hybrid framework
of the neural radiation field and SASM for efficient characterization and segmentation of endoscopic surgical scenes in an
endoscopic robotic surgery simulator. To address the dynamic nature of scenes and facilitate accurate scene separation, we
propose a self-supervised approach incorporating a novel loss function. For validation, we perform a comprehensive
quantitative and qualitative evaluation of a data set captured using a stereoendoscope, including simulated robotic surgery
scenes [rom different angles and distances. The results show that our method performs well in synthesizing realistic robotic
surgery simulator scenes compared with existing methods, with an average improvement of 12.5% in peak signal-to-noise
ratio (PSNR) and an average improvement of 8.43% in structural similarity (Table 1). It shows excellent results and
performance in simulating scenes and achieving high-fidelity reconstruction of biological soft tissue structures, color,
textures, and other details. Furthermore, our method shows significant efficacy in scene segmentation, enhancing overall

scene understanding and accuracy.

Conclusions We propose a novel NeRF-based framework for self-supervised 3D dynamic surgical scene decoupling and
biological soft tissue reconstruction from arbitrary multi-viewpoint monocular stereoscopic endoscopic videos. Our method
decouples dynamic surgical instrument occlusion and deformable soft tissue structures, recovers a static abdominal volume
background representation, and enables high-quality new view synthesis. The key parts of our framework are the SASM
and the neural radiation field. The highly segmentable module of SASM decomposes the surgical scene into dynamic,
static, and deformable regions. A spatiotemporal hybrid representation is then designed to facilitate and efficiently model
the decomposed neural radiation fields. Our method achieves excellent performance in various simulation scenes of robotic
surgery data, such as large-scale moving surgical instruments and 3D reconstruction of deformable soft tissue structures.
We believe that our method can facilitate robotic surgery simulator scene understanding and hope that emerging NeRF-
based 3D reconstruction technology can provide inspiration for robotic surgery simulator scene understanding and empower

various downstream clinically oriented tasks.

Key words visual optics; neural radiation field; three-dimensional reconstruction of soft tissue; segmented arbitrary scene

model; segmentation decoupling
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