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High-Quality Reconstruction of Lambertian Planes with
2D-3D Hybrid Gaussian Splatting (LPGS)
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Abstract To address the problems of geometric discontinuity, structural disorder, and
insufficient depth information in LLambertian planar region reconstruction encountered by existing
3D Gaussian Splatting (3DGS) methods, this paper proposes a Lambertian Plane-Guided 2D-3D
hybrid Gaussian splatting model, termed LPGS, for accurate reconstruction of Lambertian
planes. The proposed method is designed to improve both geometric completeness and rendering
quality in complex scenes by introducing a hybrid primitive representation tailored to the structural
characteristics of different regions. Specifically, the method consists of three closely related
components, including cross-source depth inference with hybrid primitive initialization, dual
regularization constraints for planar geometry, and progressive primitive fusion with hybrid

optimization and rendering. First, a cross-source depth inference strategy and a hybrid primitive
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initialization scheme are developed for Lambertian planar regions. By integrating monocular depth
estimation with projected depths derived from point clouds, the proposed method introduces a
piecewise statistical mapping mechanism to reconstruct the depth field of Lambertian planar areas
more accurately. This design helps alleviate the depth ambiguity and incompleteness that
commonly appear when relying on a single depth source alone. Based on the reconstructed depth
information, the scene is divided into Lambertian planar regions and non-Lambertian regions
according to their geometric characteristics. These two types of regions are then initialized with
different primitives, namely plane-aligned 2D disk primitives for Lambertian planes and 3D
ellipsoidal primitives for structurally complex non-planar regions. Such an initialization strategy
allows the representation to better match the underlying scene geometry, thereby providing a more
suitable basis for subsequent optimization and rendering. Second, dual regularization constraints
are introduced to strengthen planar geometric consistency during optimization. To alleviate the
structural disorder that commonly occurs in Lambertian planar reconstruction, a normal
consistency regularization is designed by minimizing the angular error between each disk normal
and the corresponding plane normal. This regularization encourages the 2D disk primitives to
maintain correct orientation with respect to the target plane and thus improves the local structural
coherence of reconstructed planar regions. In addition, a distance-to-plane regularization is
imposed to constrain the centers of the disk primitives to remain close to the target plane. This
positional constraint further improves the geometric accuracy of planar reconstruction by reducing
deviations of disk primitives from the expected planar structure. Through the joint action of these
two regularization terms, the proposed method effectively enhances the structural integrity and
geometric reliability of Lambertian plane reconstruction. Third, a progressive primitive fusion
strategy together with a hybrid optimization and rendering scheme is proposed to improve
geometric continuity while maintaining rendering efficiency. Specifically, a dynamic matching
cost function is constructed to progressively assimilate neighboring qualified 3D ellipsoidal
primitives into 2D disk primitives during the optimization process. This strategy effectively
maintains the number of primitives and enhances geometric continuity in Lambertian planar
regions throughout optimization. Meanwhile, built upon the efficient rasterization framework of
3DGS, the proposed method jointly optimizes the parameters of the hybrid primitives, enabling
high-precision planar reconstruction and high-quality rendering in non-planar regions within a
unified representation. Experimental results on Mip-NeRF360, Tanks & Temples, Replica, and
DTU demonstrate the effectiveness of LPGS. While maintaining high-fidelity rendering quality,
LPGS achieves a PSNR of 31. 30 on indoor scenes of Mip-NeRF360 and significantly improves
the geometric reconstruction quality of Lambertian planes. In particular, the Integrity Score (IS)
is improved by 19.7% compared with 3DGS, and the plane-fitting distance error D_RMSE is
markedly reduced. These results confirm that LPGS effectively improves both geometric

reconstruction completeness and rendering quality in complex scenes.

Keywords lLambertian plane reconstruction; cross-source depth inference; 3D Gaussian

Splatting; normal consistency regularization; distance-to-plane regularization
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Algorithm: Mapping algorithm for the initialisation of hollow’point clouds

I, L_masks: The original images, Lambertian pixel masks
1_P, I._maskes<-Plane RecNet(])
G_I<—greyscale(I_P)

o Positions
> Grayscale processing
Gard _Images<—calculate_gradient(G _T)
for all L. maskes in I_P do

if Gard_Images. vaule=>¢ then © Rejection of noise
Remove _masks()
end if
slices, nums<-Find connected area (I._maskes)
© Two-Pass Algorithm
if slices. size <<= 100*100 then
Remove_masks()
end if
if nums <<= 1 then

© Rejection of noise

Points<-Find_sample _in_slices (slices)
© Internal Point Sampling Algorithm
else © Finding the largest connected area
L _slices<Finding _ largest_connected _area(slices)
Points<-Find _sample _in_slices (L _slices)
end if

end for
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SEPR R THT L] ARG v AR (EEG I R 145 T o T
T [ (PSNR 25.10) . Deep Blending 1 4y J Ab 38 45
R 38 5 G i - 2 9 2% B R & 20 SO8L
PO R 22 S5 5P D2 IR, PSNR 161 26. 40,

£ Mip-NeRF360 ¥iE&K FMEEBER (HP“BE"RTRUER , AXAEZEENGRPIEHERHORERELER)

Indoor scenes

Outdoor scenes

PSNR* SSIMA LPIPSYy IS4 D RMSEy PSNR4A SSIM4A LPIPSy IS* D RMSEy
NeRF 26.84 0.790 0. 370 21.46 0.458 0.515
INGP 29.15 0. 880 0.216 22.90 0. 566 0.371
NeRF-based
Neus 25.10 0.789 0.319 21.93 0.629 0. 600
Deep Blending  26. 40 0. 844 0. 261 21.54 0.524 0. 364
3DGS 30.99 0.926 0.199  0.647 0.0388 24.24 0.705 0.283  0.770 0. 0327
. 2DGS 30. 39 0.923 0.183  0.745 0.0631 24.33 0.709 0.284  0.750 0. 0537
(5 based PGSR 30.41 0. 930 0.161  0.822 0. 0296 24.45 0. 730 0.224  0.791 0.0244
Ours 31.30 0. 930 0.160 0. 844 0. 0212 24.17 0.701 0.285 0.7% 0. 0229

Fe 1 AR T 1 L 3DGS 51 AL 1] 50 3D =
T A 3R VR by JE 25 44 fL 58 5 % 3% 35, i 1 Splatting
TE G TR WA ORI 1 G AT G ) ORI, 7R
Mip-NeRF 360 HEAEM X 1 Hitis PSNR 30. 99 (151
PERGAR o SR TTIZA 70 E L An] 2 8 ol o T A7 I
B JU OGS T X e TR R AN A IS e
PEFE BRI 0. 647 , 5 5% 45 1) 50 8 B o3 A 58 1
JUAR] 2 565 B DG i 2 224 [R) R, B %o X — S el Bl s
2DGS 4 4% 1) [A) Pk v 30 2 o, 3 B 3D i e i
3| 2D MGV T Az B LT Se 5 st il v i ek B 4k
(B 3 A5 o A 11T e T e 5 g 1B 5 L T o 7
SERCPE (IS HE T2 0. 745) . PGSRABLAIHE— 5] A
S LA G A BB Ak A S80S B =0
AT 7 2 1 22 40 A JUART — S50H: 51 2% 24 B0 1 X35,
(Y 5 1) 1 6 5 . S 2 R AL 152 22 (D_RMSE M
3DGS 147 0. 0388 [ 2 0. 0296) , 7] if 44 5 785 17 Y i
H(PSNR 30. 41), H T AR 7 T 17 J LA 29 X 3
T o o A OCSEVE L M R e s AR T A B
JH7R o

T 25 A R ) 55 e RS T A 1 B N B
W AR ST YRR A TS A 1 3405 At 2 T R A A

AL, AP AN s WA R RN T e g
(O S LA h e/ i W PR 1T 3 I A X oy
T A3 X 38k R B K2 Gzt S 8544 S5O 475 vk 3D R
TG RO S R TR 56 10 S s 2 T it
RIFEFER PSNR/SSIM |15 3DGS JE 4 423 2 1%
FHPE(24. 17 vs 24.24/0. 701 vs 0. 705) , {H 33K ()
J& BB T 58 B PE 5 JLARTRS B2 (0. 794 vs. 0. 770/
0.0229 vs. 0.0327).

ARICITIEAE 3DGS #ERL LAtk 5] A BIA - i
2D-3D IR AR A . 38 B 3 55 v AP 1 Can 4%
BE? CRACH) 1 =4k = W7 sl 25 e A —4E
A7 SEI T -1 LA -V S e T i P
Rk . 2 1EHE A 5ok a0 (& ml Ak 70 25 1R B
T AT B Sl AL . 7E 2 N s R
Hh Cf 5 R B bR 1 A P DD, 4 J7 15 PSNR 34 )
31.30 19 4 i & I K °F 5 1S 48 #r ¢ 3DGS 2 7t
19. 7% . {EAF I E RS, 7E Mip-NeRF 360 2 /M7 5t
DA CnE 12D (D FTaR ) R bR e I S 1
i1 PG S BRI AR O AT DR LA i RS L
Bl 12 19 X5 L T A 8RR = B T T
(F12C) () FIZE HMERRHE B (B 12(b)  (d)
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“HLT) PR BRI SUT ARy i e B SRS A Y
JUfr s AR . IEAh . BT Mip-NeRF 360 il 45 1
UL T 20 RGB EUG AL 2 FF R 54
SCYE G B ) 8 | [R)A0 A % S 1 2 T 3k )

(a)

(b)

(d)

3DGS

AL

U] S A R 724 3 SC LA B . e, AR
SCY A S0 E S BT 4 R R e R
e B SBE LA DI SO — B0 o X R
ARG RGB BIRYE N GT 2%,

GT

K112 Mip-NeRF 360 £dE 4R % 47 51 1) W K AT AL AL

4.2 T&THIEESLL LI

FF TET £ 4 4 19 3% ) W &1 o] #4643 B
(FE13) 5 il 25 1 (36 2) I [FHE 7R T A [l R
M P BB AR AE o 7F B A Py 37 5 (B 13 ) (b))
3DGS Ji& B H X i S0 B IX S8 (e BE R 2 R B 1 )
%) i i A 8 ) o (H LA ) S v T 0 A1 R AR SO R Y
“Oh AR T T CUn SR A8 AR 7= A L A] 3 R 52 2 ()
FR——MW 3K TG 1 3 A1 S BOF- T U] 7™ 8 2% = CF- 1
X 18 D_RMSE i 0.0377) . % Heifii 5 » 2DGS il
PGSR £ A i 98 X 1 1 (1) 35 #0847 (0
IR T SO IXCEL, R T KEA T RE. WnTE
Yt (e)(d), 2DGS F1 PGSR 8 4R X T B 41 - T8 1)
JUAry F R0 5 A L o o AR Bl T TR A 1A
RN R IE J LR 98 4 K PSNR AU 29. 03 I
29.29, TMAS SCBE AL % FHYE & v 3 0 7 =X 78 ff

TR 2 U A T Xl 5 SO Vi G g [ e A it i
T Yy A DX J LA AR B . PSNR A2 [F]
KRR A (29, 45) IS CF I 52 B RO AT
3DGS#&F+19. 0% , I H. v Hribfi 2k 21 - 1r ) BB 25 1
FiRZE(EW /> 1. 54 cm.
4.3 DTUZEEITLL LI

B DTU $dh 8 R 53 5 5 A A7 A A - T
(AR 5 DAL I AR R 5 35 IO % 1 1T 45 44 1 3 5 11
CRLIBARD 24 (L1 1) A0(BEBS) (A7 (BB R A= 88
AT R IPEAL 2 P b 5 7k ) I 1 T 1R Ak 235 5
WA R 3 SE 14, ([EEFEENE . 2DGS #
PGSR £ 5 AT() BIEAE 11 (O WIE R AE AR R
T L Anf i A v R B 2 A L e AR AN 1A 14 (b) i
T & A 2% T AR B S L 1R 14 (o) H E R AR 35 T “DC
POWER SUPPLY " 4278 3C 7 (1) 7™ 5 AU iy 7,

Y >N
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€3 |

GT

- F - =
2DGS PGSR

KIS T&T Bl 4 5 1 MU R SOl Hi 8 IO A A A ) ok e 0 P ok T R A ) ) B AR ik . e SDGS B0k AR S B X 3 3
IS, JUAAT RS AR WA (L7 T DX e A B i e 22 o [R) R 91 3 i o AR 2DGS F PGSR Y H A5 W ik TF
M BR T RESOEE . ASCNESS G W P e R B SO DX I B0 200755 [+ B i 5 T 1 1 DX T AR AR

x2 ET&THREELHWEESER

PSNRA SSIMA LPIPSy IS4 D_RMSEY
NeRF 25.78 0. 864 0.198
INGP 24.96 0.817 0.390
NeuS 24.11 0.832 0.179
3DGS 29.41 0.903 0.242  0.644 0.0377
2DGS 29.03 0.914 0.233  0.811 0.0276
PGSR 29.29 0.922 0.237  0.817 0.0269
Ours 29.45 0. 904 0.238  0.834 0. 0223

SUHLAN Y PR B RE A B B . Ay vkt
4/ =Yk R A AR w752 2 AE WA st b o2
W7 E g e LR B R P R e . B R 3 AT
AT, TEYEFF ) 2R 50 A58 A v 8 L B 5 5T i (PSNR
22. 55 WATHE T , °F 1H B 2R JE B LT 3DGS 3
2R ISCREBEPEPESMO R TF 10. 2%, s bk 26 i R ke
SRS TR B A 2 5 R 22 BRI 10. 58 em. 1] 14(¢)
O H R AR BE B R 00 W B SC S (i “DC
POWER SUPPLY”#5H) , B IE T A J7 e fe 4i
TR AL

R3 EDTUHEELNEESER

PSNRA SSIM4 LPIPSyY ISK) D_RMSE y
3DGS 21.66 0.773 0.379 0.757 0. 1451
2DGS 21.78 0.783 0. 367 0.813 0. 0667
PGSR 22.10 0.784 0.371 0. 855 0. 0219
Ours 22.55 0.774 0.371 0. 859 0.0393

4.4 ReplicaZENH=HEEXT L LG

SR AR Ty 0 7 % 4 s A B R AOR L AR Sl
FH Replica % P 37 5 B0Hs 48 9047 2 o 3, 45 21 4n
Fe A Frow 2w G E T AL a1 15 IR

SEES TR (] 15,38 4) , Replica i £ 5 N
Y5t AR ST T 25 46 o 2 HLAR 2 S0 H X el g /D A
SR e T T A VA KA W . S Ik
3DGS Z FRF e )7 Mk FRAE  H L] 8 d E 5 1K
63 Gl o7 it 7 1 2 B AT 7 IR B R 22 0K B
11.07 em. 2DGS 3 28 ~F- 1 29 ek ik 42 T+ PSNR
% 36. 09, {H F T H: L] &7 4k BT 5 35009 240 750 51 2% )
R, S50 fof i Y T A ) A 7R 1 o A op e Y
A, PGSRl i Z2 401 JLAM— SCrE 0 28 29 307 i
DX 380 14 92 1o 0T 55 A R fofE P TG O R 32 oA AR B 2 15
% i HAED_RMSE0. 0341) FARFRILH . A SC
D7 % Al 2 vk ) 29 R R B 49 R #E D_RMSE
(0.0370) L g Jm 8.5% WAL M T, B T PSNR
(+0. 155 IS(+0. 006) Yy S M . (HAFFE =
B 7E WA R I X, A5 1k 5 PGSR 1S 25 5 /)
T 1%0.676 vs. 0.670),D_RMSE fli 2217 8. 5%,
FEW LYk R T 3% 10 o R HE AR 1 J LT R EL R . X
i -6 T A SR e A S B 1 FH AR AL T TR AR
4.5 HBEFHEEREREHREEN RIS

Shy 585 VI B A1 1 5 R L P ) R A T T
WERRME RIS FE M, DL TR T HdidEh B e g 5
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GT

3DGS &

2DGS

PGSR

(a)

(b) (¢c)

14 DTU B S P H ORI 7R 2 05 1 il R A 2 S 137 55 g o s B, AR SO0 98 70 DX ) 200 7 R O B 8CR

WAL T H AR

*4 7TEReplicafiiBELHEELR

PSNR#A SSIMA LPIPSY IS* D_RMSEvy
3DGS 35.51 0.963 0.069  0.587 0.1107
2DGS 36. 09 0. 969 0.073  0.664 0. 0930
PGSR 36.41 0. 970 0.070  0.670 0. 0341
Ours 36. 56 0. 970 0.058  0.676 0. 0370

“PlayRoom” 4 ] (% N 3 5t RIS AR (R 2= S
SRIZD T HA TR R . 16 25 Hh T AT
DI BEAG VT2 23 B A 1 Fi S AR 28 70 A i 00, L
] 16 Ca) Ry 75 ] — R A1 R AT 5 DR 2 P )
LS 3 R 5 0 AR B B A TR 9 LU {H Ratio
I3 o 16 Ca) 26 3 R R s 6 I B L R T RAL

DN AL R Ry X6 107 R /DN o I A AR i s 4 L ST
FE MG TR BE HUAB 22 36530 5 288 €5, Forh e o
WAl s CELE 2276 0. 05 Z 18], B3 (8 LK (0 A Aty
T CEUE2E7E 0. 2 2200 2T 5 B 8 A 25 A1 ol
(FLfE2ZRT0.2). 16Ca) A7 MHRIE 55 H (22
Gt ] 6 A A o R AE B A AR EAE X TR]
53 10 B, B 16(h) Ay B TR R FE HE B 2 B A
W SBAEREE R LLE KN

F P16 W] 1 BT P T DX 3 Fr AR R B A 3
5 R W0 B SR B AR 3 RO I 22 (I
Bl 16a) , Horp o ol (i 5= A 4 &, R o H IR
Al P 28 B AR AL T B TR BE AR /N s B 2 3
IR AR IR 2 300 25 1 ) A AL T 1 AR RS 5 10 IE 5 I R
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3DGS

A3 GT

115 Replica $¥la4E 1 M b i

PGSR 2DGS
0 e Ratio>1.2 e (. 8<Ratio<=095 10.7557
o 1.05<Ratio<==12 - Ratio<=0.8 108168

06 io<= J
200l | * 095<Ratio<=1.05 0.8779
£0.9389
= v L - L 1.0000
0T N 1,061
T N 111221

-

L

600 - | 11,1832

Sl R ﬁ& -1.2443

Bt LI ST -1.3053

1l S ) e Y | e |
0 200 400 600 800 1000 1200 0 80 160

Width

Ratio Distribution

Ot & Ratio>1.2 o 0.8<Ratio<=0.95 107557
o 1.05<Ratio<=12 - Ratio<=0.8 -0.8168
+ 0.95<Ratio<=105 10,8779

2001 :
20,9389
= v LR = L 1.0000

L]

-5"400-},, e Fe 1.0611
= e, \ -1.1221
600 - “' ‘ | 11.1832
B ., B
8o VR I SR 413053
800 sve+ o, 113664

0 200 400 600 800 1000 1200 0

Width

160 320
Ratio Distribution

Ca) Feifl Al ARAIE £ HL e 43 A

(b)) Felk /5 RIRFAE 22 LA 23 A

16 FYIFF 1A 25 DA% 4 LR o

JE it 22 75 20 A 0 i CULIEL 16 (b)), BT A R B LU (B
H Ay E e oy (o R R AR, BDTR BE AL T MER , S
S 15 f HL T IR A SRR A
4.6 SHEERETHKEEZES T

Sy it — 254381 2D-3D IR A i T 3R R 1 S HOR
PSRBT R A SCHE Tanks® Temples #4548
MNE-Vip-x Ao el E Siw e (&l 2 e
Bf o A AR B e A TR C I S« TR 2 ) IR Oy
PyTorch 1. 12. 0+cull3, f# {4 > NVIDIA RTX 4080
Laptop GPU, &I Z5 %0k 30 k. IF4% 0~5 k. 5 k~
10 k.10 k~15 k.15 k~20 k. 20 k~25 k. 25 k~30 k
AP B TIC SR .

17 () 7R T A SO VR AE AR [R] i B i) 2D 2
JG 3D FE T L B B TR AR AR AR e T A AL, AT
PLFE#  AE 0-5 kBB, ~F- I X3 2D Lo sl 81
FNAAXI0N  ZJFTEA B B4R 4. 0X 10 4 47
Tt B A7 a0 P T ARG 5 2D 3 T A AL R BE 8 7
IR E AR F BT JR i@ [R5 AR R

W hE e 2D JEOT R M A K . 5 R A, 3D S
JUECER IR B BB 249 9. 3 X 107 I 24 74 ¥ 185 o
16 10 k-15 k By BE ik 21 24 1. 86 X 10° H: Fe A 5 A
AR X R IE TR S R 1. 94X 10°, (HAFEE
& 2D TR S A W B o B TR 2 206 . 3R W]
ARSI IEAE SRS BORAL 475 3D Lotk 3= L i
2D 43 S VAN M b 2 5 T T 1T DX
JUfar—FhE

B 17 (b) XF L T A& S 5 3DGS. 2DGS.
PGSR 7845 Ul 2k B B i . 36 0 500 (O R 2500 8
i, BERCA 5 k-30 kK I ZRAE 50 . AT OISR 3],
PRI 5 kA, AR SOy A ) BT R 9. 8X
10°, B i@ /b F 3DGS F PGSR (F7E 1. 3X 10° 5 4%)
W& =5 TAV SR 2D 2R 19 2DGS . Bl 25 12 48 vk Bt
. 3DGS By = 3 B 7E 30 k A A R 7E A
2.36X10°, MAR L B AR e L LY 1. 94X 10°, 15
B AE XTI D 2 18 %6, e B 5| AT 1T JE 38 ATl &
SR AT LAAE LR E 2 o o 149 [ B A 250 4 3D Sk T
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¥ e0s siu 2 3D T HL B i 3DGS DGSW PGSR
@\ T2 AT H
ot 2, - - 300w -
= f g
\[46 25 Y A 56 2358045 2358045 2358045 2358045
jo3ssor_ 02900 S o S - 2003 060 5 s ‘ '
B ¥ 5746003 1 606614 = T 1935801 1935801 1935801 19351801
w ———— = ;‘z 200w - z 1 : 1
|| — = - — = H F F F
L 1895511 ———¢ 1529 462 F
# = 402907 & —te53517 150 1317389 =" B 1319900 8 1319900 1 | 319000 (81319900
=1 T 020 / VW 285 753 ga 12@& 1 ?1§3‘ Il 2151581 I2|_>§Sl
\ A 4059y | G : 1031127 £3 e 2
& : brscid W 1053817
A =) -_ 100w 5 2 L
y 9, B 1895511 653 196
1935801 &/ =W ¥ 4 y L
- s . T
nl5. z - (5 g
W Ho, T i
- ~ N =
= 50k 10w 1.5w 20w 25w 30w

Ca) As[A] B Be iy e i B o B AR A bR G i S5

(b) 2 UNZRRT B i) e R e B i

K17 BSR4 B Be AT Bt o Le 1

FRL . AL Z T 2DGS A1 PGSR 7 J5 31 B B 1) 6
BT IR EAE Y 1. 22X 10°F 1. 32X 10°, e {4
FURLEAIS T A SC 73  AELAE A SC 0 5 5 0 T 4G
b B AR P Y- T LARDRS B RN 235 4 5 3 v T B
300 T AR S XU AR SRR D3 1S i o A e
M HRIRCT B g () J LA e A BE

K18 M 54¢ it 1 PURN 5 ¥ATE Tanks®. Temples
a4 LRI 225 508 A iy Bt ZRes 8] (AN
38R BN 5 k~30 kK IO . Rk E bR
PGSR #b  HAy = B J5 1k i B 1] i 42 347 30 D) e v 1
oo UL FE I 2ok 72 v BB AR AR E .
PGSR M R85 B g » 76 5 k10 ko 15 k. 20 k. 25 ko
30 k25 B 1) B FAERT 4300 9. 3.20. 3.40. 9.61. 9.
79.7FN 111. 6 min; 7 A SCJ7 A6 AH ] B B A FE B
4. 3.13.2.29. 2.40. 0.48. 7 Fl155. 3 min, 2 )l
2Bt ] 29 PGSR A9 49. 5% (55. 3 vs. 111. 6 min),
HH 24 F e AH R 25 50T IR A3 24 2. 01 5 I 2R 380%
IR 3DGS 1 2DGS M HE » A SCHT ¥ AE 0-5 k By
Bl T B8 8 2D SEoT ) in Ak S LT L/ R Ak
Pl 3D BE50 , FERT IS = F 3 (5 kKB 4351 0 4. 34
4. 1.3. 7 min) s {HFERASS B2 BB RSN 5 kAP py G i
MHEfEEAE 4. 4~16. 0 min, 5 3DGS(9. 0~14. 5 min)
FI2DGS (7. 1~14. 6 min) &b F Al — ¥ 7E 1.5 w
H2Z e AT BT 3T Z [ )k =Rl A
SOOI 2D FoT i R 3D T, I ZRAK
R B, B T 3DGSHIAL, HZ&TE 30 kAT,
A ST i B U SR TE] L 3DGS AR 29 16. 5%
(55.3 vs. 66.2min). H 2DGS HE AN 3. 5% (55. 3 vs.
53.4min). ZEA ST SN ZRET [ AR R, 1]
PLE HFES A 2D-3D IR A 30 R it a5 L s

ARSCTTIEANA R 6] JEAR b e 73 = 3 ey S0 o
SRV T AR S v 2 B SE R A LAy R A
AT EEs e e Bk

110m

70m
60m
50m
40m
30m
20m

10m

. 10.
41m37m L L L L
5.0k 10w 15w 20w 25w 30w

K18 WA ZRas B Be il i [E] 250 LE K]

x5 AET&THEELHWEESER
Time v

Total-nums ¥~ 3D-nums 2D-nums  Device

3DGS  66.2m 2 358 045 2 358 045 -- 4080
2DGS  53.4m 1215581 - 1215581 4080
PGSR 111.6m 1319 900 1319 900 - 4080
Ours  55.3m 1935801 1895511 40290 4080

4.7 HEEHBRSNIG

R RAIE S A S SRS T BT T R o e ) B
ik , A 15 7 Tanks@. Temples ZCHE 4 () #7825 N 3 5
Playroom F#E4T T R GE I RS2 50 . R 4 ol 156 1
Ah YIZRBC E SRR S 58 2 — B ZRAPBCh 30 k,
Ak 2% 58 S H R R A2, 48 7l — & NVIDIA
RTX 4080 Laptop GPU. PyTorch 1.12.0+cull3
IR T 58 1 BT 7 i B “ IRt () " et S AN &%
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SIM/COLMAP DL K I Ji 19 45 25 5 22 Ak B4 14 76
Ao AU EE T DU LR &

(1) Ours (full) : 58 % ) 2D-3D IR A e B L
A1 T S g A gk R T Rl G/ AR DL 2D
Feou R Ry 5k ) a T 25

(2)w/o Plane Prior: #8511 5 e kI, 2D J
TCAX FEHLA] i A A7 5 9k ) o

(3)w/o Progressive Fusion: {4 £ F [ &6 il , {H
AN T P ik Rl 5 A B SR L 2D FE ot 5 3D
St TR LAk 5

(4)w/o Dist. +Normal Loss: HUjH 2D 3508 H
T T THT 1) 5 249 B A i) — S0P 2 5, (SRt o 4%
S IR — Bk

(5)3DGS: A 1 3D 7 7 4 70 (9 45 1 3DGS
VER JUART FE LR AL

® 64T A ITIAAE LY S R PSNR.
SSIM. IntegrityScore (IS) 5 D RMSE 45 . %7
ST & TIEAEIZY R LA S R R TR
e

®6 ETTHREELHWREHRTEESER

PSNR A SSIM 4 ISK) D_RMSE y
3DGS 29.93 0.904  0.644 0.0377
Ours(full) 30.29 0.911  0.824 0. 0234
w/o Plane Prior 29.87 0.903  0.789 0.0311
w/oPF 29.28 0.895  0.677 0.0378
w/o Dist. +Normal  30. 10 0.905  0.738 0. 0308

W 6 ] LI L AT 3DGS B, A S0
FEAMILFE b5 LS T B8 T 3DGS 9 25 5 (PSNR
T+ 0. 36 dB.SSIM 27+ 0. 007) . 1 7 JL Al #H I 45
b L3RS i P . 1S MN 0. 644 #2751 0. 824, - 1fi

(bJ) w/o Plane Prior

(c) wlo Prog

RT ET&THRELHNETHEETELR

Total(k)  3D(k) 2D(k)  2Dratio( %)
3DGS 2358 2358 - 0.0%
Ours(full) 1929 1889 39.77 2.1%
w/o Plane Prior 972 602k 370.6 38.1%
w/oPF 2193 2192 0.298 0.01%
w/o Dist. +Normal 1843 1816 27.2 1.5%

SERMEFEPRIE T2 18% ., D_RMSE M 0. 0377 [ &
0. 0234, iR =ML 38 Y. Z5EF 7] J, AR
S FETTELZ M 1929 k., Horb 2D BT £ 39. 77 k,
A2y 2. 1% st ul, 75 SRS EUL T 3DGS 1
A T A 2D P R OT O 48 2 LA 2T
T D35 A R T LA e e

%7t w/o Plane Prior i] DA 55 15 28 #h 7 3% 18 45
BRVER . iz E bR T P Tk, 2D Ho
i HBENL O B S R I TR R . KT R
N HOR 2 R Te R 972 kB 2D BT E it )
K b THZ 370. 6 ks (5 Heimiik 38. 1%, K& W AE
7S TR O ES O M S 571 5= W sl = W =
ks 3D FITIRIMEIEAHAE Y 2D 0T, Bl 2D 43 3248
TR T AT Y- 18T T 2 V5 Jed 3 S B R R 3 A £k
PO K. SRR 2D LT TE REB L REhg
P& = X SO B LA RE T PRI PSNR L SSIM A BTG
TR (29. 87 vs. 30. 29 dB,0. 903 vs. 0.911),
AR F 2D BTt = 48— vk 1n) S HE B 29 o, 3
PRI & TR FI AR AR : D_RMSE M 0. 234 1B 16 5]
0.0311.ISHM 0. 824 F% 2 0. 789, ZEA 1k 1] Xt kb
AR AT ASREE S L 19) 3 7 55 1 45 AR 1 - 9 )
X3k 8 B K T AR SR R S5 L X EIE T K
T 2D K& B 1] 3 i 1 5 80 B i = L 5
(ERATTIIVEE

BT AT il S 96k 1) o T RAE T ]

TE w/o Progressive Fusion 1, BRI 8 T F- 1
Fege A B s 1k TRl A S AR ALE] .
R T R H R BT 2 2193 k., 2D HE ST
ARF] 3004~ di AR 0.02% . H T = il & HL

Xt 2D e HE TR E FE ] 2D 5 3D ST 2 R
REIE B8 -t Ak (0 IE R it R 285 2D ot el
S5 SR S A D SR 2 A BT AR 5 2D 43 3L
oA O S BRGR AR RE 4L SDGS By R R
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XTI, 6 6 FRiZ I E 9 D _RMSE H11S 5 3DGS JL
- F5 O H g 2 (0.0378 vs. 0.0377, 0.677 vs.
0.644) , PSNR/SSIM i B B A% F 58 8 AR, 3 i
B, o SRk g it X L B A P R SR, 2D
Jot Ml DL AR 08 i A B 5 AT T . S AR
Sk FE A W g FE T KRR LA R L A
DUHK o

w/o Dist. +Normal Loss #F— K3 T JLf 2
FAGMEZEM., ZBE . 2D JIeh 8k B4 F1m
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Background

This paper focuses on 3D scene reconstruction and novel
view synthesis, with particular attention to the reconstruction
challenges of LLambertian planar regions using explicit Gaussian
splatting methods. As an ideal diffuse reflection surface, a
Lambertian plane often suffers from insufficient texture
information, leading to holes in the initial point cloud,
geometric discontinuities, and structural disorder. These
issues degrade both reconstruction accuracy and rendering
quality. The root cause lies in the limited capability of existing
methods to uniformly represent complex textures and planar
regions, which poses significant challenges in applications such
as robotic navigation, autonomous driving, and virtual reality.

Globally, research on this problem has evolved from
implicit neural radiance fields (NeRF) to explicit 3D Gaussian
splatting (3DGS). NeRF leverages multilayer perceptrons to
implicitly model volume density and color, achieving high-
fidelity rendering but at the cost of heavy computation and long
training times. Improvements include Mip-NeRF, which
introduces multiscale representations for anti-aliasing, and Ref-
NeRF, which enhances reflection modeling. TensoRF and
Instant-NGP accelerate training via tensor decomposition and
hash encoding. However, these implicit methods remain
limited in geometric accuracy for planar regions. In contrast,
3DGS explicitly represents scenes with anisotropic ellipsoidal
primitives, significantly improving rendering efficiency. Yet,
Lambertian planes are still prone to detail loss and
discontinuities. Recent advances include Mip-Splatting, which
employs progressive multilevel representations to mitigate
artifacts; FreGS, which incorporates frequency regularization
for densification; SuGaR, which binds primitives to mesh
surfaces to enhance accuracy; 2DGS, which compresses
primitives into 2D disks for thin-surface modeling; and PGSR,
which introduces geometric regularization to achieve unbiased
depth estimation. Despite these efforts, existing methods still

face depth deficiencies and primitive collapse during optimization

in planar regions. Consequently, overall geometric completeness
(IS score) typically remains between 0. 6 and 0. 8, while depth
error (D_RMSE) is about 0. 03-0. 06 m, falling short of high-
precision requirements.

To address this, we propose a 2D-3D hybrid Gaussian
splatting framework (LLPGS) tailored for accurate Lambertian
surface reconstruction. LPGS integrates monocular estimation
with point cloud projection through cross-source depth
inference to reconstruct a coherent depth field. The scene is
partitioned into 2D disks (Lambertian planes) and 3D ellipsoids
(complex regions). A dual-plane geometric regularization,
consisting of normal consistency and distance adherence, is
introduced to constrain structural disorder. Furthermore, a
progressive primitive fusion strategy dynamically assimilates
ellipsoids to preserve continuity. Experiments on Mip-
NeRF360, Tanks &. Temples, Replica, and DTU datasets
demonstrate that LPGS maintains high rendering quality
(PSNR of 31.30), improves IS by 19.7% over 3DGS, and
significantly reduces D_RMSE, offering an efficient solution
for planar reconstruction.

The contribution of this work lies in enhancing the
robustness of scene understanding, thereby supporting the
development of digital twins and intelligent perception
technologies within China’s 14th Five-Year Plan.
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