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Implicit function-based 3D surface reconstruction and optimized volume
calculation for irregular objects from laser point cloud

Chen Bo, Wang Jianjun, Wang Wenxin, Fu Guangyang, Yin Jiancheng
(School of Mechanical Engineering, Shandong University of Technology ,Zibo 255049, China)

Abstract: The three-dimensional surface reconstruction and high-precision volume calculation of spatially irregular objects, such as
above-ground buildings, slopes, and underground goafs, hold significant application value in modern logistics, warehousing, and mine
surveying. To address the problems of noise interference, non-uniform density distribution, and inaccurate normal vector estimation in
complex curved regions of laser point clouds acquired under real-world conditions, a series of optimization strategies are proposed to
improve three-dimensional modeling quality and volume calculation accuracy. First, an adaptive feature-preserving filtering algorithm is
proposed by introducing local density and curvature features into the conventional statistical filtering framework, which effectively
suppresses outlier noise while significantly reducing the misclassification and removal of feature points in sparse regions and high-
curvature areas. Second, to overcome the degradation of normal vector estimation accuracy caused by non-uniform point cloud density, a
curvature-adaptive hybrid normal estimation strategy is developed. Principal component analysis (PCA) is employed for rapid normal
estimation in relatively flat regions, whereas quadratic surface fitting is introduced for local refinement in regions with significant
curvature variation, thereby improving the stability and accuracy of normal estimation in complex surface regions while maintaining
computational efficiency. Finally, watertight surface reconstruction is achieved using a smooth signed distance implicit function, and
volume calculation is performed via a projection-tetrahedral decomposition method. The proposed method is validated through multi-

scenario experiments involving a bucket model, a laboratory space, and a laboratory-corridor combined structure. The resulting relative
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volume errors are reduced to 1. 63% , 0.32% , and 0.25% , respectively. Experimental results demonstrate that the proposed method

achieves improved surface reconstruction continuity and volume calculation accuracy, providing a stable and reliable technical solution for

the high-precision three-dimensional surface reconstruction and volume measurement of complex spatial objects.

Keywords : laser point cloud; adaptive feature preservation filtering; normal vector estimation ; surface reconstruction; volume calculation
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SOR 15 620 91.2 82. 4 0.39
TKAH
AFF 15 980 95.1 92.6 0.31
SOR 87 895 88.5 79.1 0.44
AFF 90 430 91.1 89.3 0.36
SOR 238 020 86.9 76.8 0. 50
ERRERN
AFF 244 800 90.4 87.5 0.41

Horr NRR Sz W 550 32 6 85 JHE 2 75 1) 90 441 BE ) ; FRR
PR B0 S LR AE B AR P BE 5 UT sl i Bl =
HRAS TR SR AR PN AR S R0 Y A S R A (B 22/
() SNy 2 ) 43 A3 A 25 50 M UT (BB 26 BA 35 &) 4
ARAT A AR pR e T R AR B

KA S 56 5 DL R B A AR R bR A s B0 A o
17 079 .97 877 F1259 336,

noise noise , remain

NRR = x 100% (18)
FRR = feature, retain % 100% ( 19)
feature  orig
g,
Ul = (20)

M,
St N T I A 2 o RS G M B
N enan TALTRIF 3% B8 M7 BNV, IS
R A BORE N, UL L5 5 59 1
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W P 1 T 5 AR DR e 22 ] B T S G (] il 3 ek
SN WS B i TR el

ZAE UL (G5 SOR 165 B AN ok il R A8 T Ry
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HGAR B (edge preservation rate, EPR) F T 34/ 2= Mg
Ja U IER ORAFBE J) o 5 2 Jmy BB LA o T 3 i 48
SCE 5 R R MR TR R N TR R A p,, ek AP S
P BB 5 25 B R R AT K (4) R (S) #EAToR
W M SR AR T BOE BE T(T =p + 20 ) B, 2058

FIE MBS, GOt IE TR W & SR e, 1S
NGB R,
EPR = £ | (21)
|E, |

Syt — SIS R, AR SC 5 SOk [ 22 ] B Al
A UE U G DBSCAN 3575 A 485 4 1 05 5 L e
B, SCHR[ 23 182 3 T 5 2 % LG N S G T B
R IR A, 6 1) MR VAR L 2 AR B 2 (EPR) (MRS
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Table 2 Quantitative evaluation results of three

algorithms on the bucket point cloud

Unih%  uE s BT
SCHR[ 228k 4.83 3.52 72.9  90.2 538
CHR[23]5005  4.83 4.02 83.2 93.5 702
ES'@ 37N 4.83 4.31 89.2 95. 1 826

M 2 AT Y AR SO R J5 15 A T S A B R M g P
RBRAWIT7 0T 30k [ 22 ] 75 15 ASCHR[ 23 ] Tr ik,
SCHR[22] P 07 1 R A GE T B e 5 bt 4 18 SRR I &
FMGE XoF S AR P LA B iR RE T (R R AE

JE 2ok Y DX Sl o i G RN, 3 % O BB A X AR . S
K[ 23 ] H A D7 R AR AR J 8 2 2 B 3 O R R g 2
B, WD TR DB 2 R RN G T DR R e R
ZERAMF I SETE TGO R A AR SO B AR AT T
o A G5 I B AR S M PR R R A B T 2 LU ) 5
NG IR, Ffl it KD-tree 48— 4RI Z 5 MR T 418K
E I E T RN E A TSN YA IR

2.4 ZHEMEERSGRRITERESR

FEML = TR RS, SR F A T8 43 g e/ MK Y s
2 T VR T S AR 1 T o R - T A
5P B P A {1 T S R ol i A, ELA X MR
M T E S LA C T N TR A 1R T
H,

RARGEIE 1) Ak T o E A R R, 4 R
FHAS TR 1) Akt S mg 247 SSD il vl 8 2 5 AR PG
HRSBURFF—BARUESS HE AT ek

1) ANIR] 35 o) g A 37515 R 1 SSD HE AR S5 SR X 1L

F R 2L VAR AR SCIR A 125 1) A T SRS A XS T B —
PR B A 350, A e i 3T H AR 2% Happy Buddha %03
BEATEES . XHE T 4l PCA 4l =k i T 8L B AR SCR
B ) T RS B (3£ T Hausdorff B #5) |, Hausdorff
FEESIE 1k MeshLab HPFIFE, S AEZ5RANIET 8 PR, 45
Rk 3 PR,

(a) PCAJT¥:

(b) K il T LA () A&3LT7 ¥k
(a)PCAmethod (b) Quadratic surface (¢) Proposed
fitting method method
'8  Happy Buddha AN [y ) s 1177k
THY SSD H 45 R

Fig. 8 SSD reconstruction results of the Happy Buddha

using different normal vector estimation methods
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Table 3 Comparison of reconstruction accuracy for

different normal estimation methods

Tk $e K Hausdorff BiBS/mm 14 Hausdorff #i %5/ mm
PCA 5.096 0.106
Z ki 3.807 0. 101
ATy 2.082 0.092

PCA ByRafaPE , il 28 X 3R 45— il o #0045 R0 ORG B2 400
RIS T R 1R K Hausdorff #5525 ( 2. 082 mm ) il
SF-14 Hausdorff FEES (0. 092 mm) , %45 RIIE T IR A
T2 7 - SR o) ot T R G SR A R

IKAT R, 2553 BSR FH Ry 32 14343 1 (PCA) 325 1) i
flTE I S A SCE A il 2R FE RIR A A T O kAR 2Ry
SSD FH#ZE RN 9 Fis

(a) PCAJF H: AL (b) B A T AR
(a) Modeling using the (b) Polynomial fitting
PCA method method modeling

K19 KA ] 32 o) A 47 %
T SSD TS
Fig. 9  SSD reconstruction results of the bucket model

using different normal vector estimation methods
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T35 RIS H BRI S0 14 Jg 30 S 5 T A, 5 ) HG A
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(a) M= B AR
(a) Laboratory point cloud modeling

(b) G m =B
(b) Integrated point cloud modeling
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Fig. 10  Laboratory and combined body point

cloud modeling diagram
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Table 4 Volume calculation results of different method

combinations for the bucket model

SN Eiﬁ?ﬂ ﬁ“gﬁifﬂ 2@Xﬁ%§ AHX 522
/dm /dm’ /dm /%
SOR+PCA 17.533 18.3912 0.858 2 4.89
AFF+PCA 17.533 18.078 3 0.5453 3.11
AFF+PCA il & 17.533 17.819 3 0.286 3 1.63

SR ARALE “ SOR+PCA fil A" 44, /& H T SOR 7¢
EBI5) S R G R = il R DX 45 4 A T
IXELZER S A PCA flG Al b il i 400 & il 19
ARG B . R A AT B8 LT HE R e, Xt
b CAHBR, KA SOR WikbHEIf45 4 PCA w510 HAl T
i BT IR 22 0L 2% , S5 H(H (17. 533 dm’) 25
MR, JRUH S SOR 75 8 M i i 3 S0 B T 4R AiF i, ] Hif
PCA %5 i) fa 76 R AR A X SR A7 A A T 22, 5 80 gl
T ZEAT B — 0 14 H Ak s B0 sy 35 ke s, 32 7 28 Bk A
R,

2% AFF FUAbRR )5, BIAEATS R A PCA itk 1) &, i
FUAIXT iR 22 W e SOR+PCA 1A AR 2 N 4 5, il
WA S0 B8 R AE A5 A038 s = o A ¥ 20, B4R T SSD
Bk s R E M S IARBU TSR B, iE— 2Dl AR
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SCH A R 11 35 N TR 0 ) A T, AR X R 22 e
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TP 0 g o 25 DX IR AT Jey A ik B AE, 5 a0 1
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Table 5 The calculation results of the volume of laboratory point clouds and combined point clouds

SR rikdlE HIAB/m’® TR m? YR IE/ m? MR 22/ %
SOR+PCA 92.082 93. 983 1.901 2.06
T E AFF+PCA 92. 082 93.243 1.161 1.26
AFF+PCA il & 92. 082 92. 380 0.298 0.32
SOR+PCA 226. 309 229. 092 2.783 1.23
EARERTN AFF+PCA 226. 309 227.129 0. 820 0.36
AFF+PCA fl & 226. 309 226. 881 0.572 0.25

TESLE e SR ] SOR FilAbFRH- 5L T PCA Jyik
fl T Ty B, PR BUA G 52 25 R 2. 06% 156 B B 7E B
ML, 45 G A BRATE 1T BB PR )= 38 i = 2 B ik 3
TS e B Se B M, B AFF BiAkb B S, iR 22 &
1.26% ; i — L EE ARG L m AL T R 2E AT — 2P
0. 32% , g ity i 7 °F 1 3 M 5 A SE A 1 2 A5 2 B
BT,

X 45 ke B Ry B 2% 1) S B = - G R 45 A 1R, SOR +
PCA AU A X% 22 0 1.23% ; K F AFF il &b 2 )5 B &
0.36% ;1M AFF Skt s G )a , kit — 4k
20.25% , EREW AR SOT R RA 2 s 25 )
1 A B AR NS A 1 s AT R R o - R 1
ek,

25 b, i Al A X 3T SSD A IR R AR 4
HA W, ARSCGET A SN R R T S s
W, T4 A MR IS R TR Ak A TR A R
v 1 e e R A 8 LA T SRR S R AR R, DA S
T O SR R S AR B FE KA S0 A A
W3 BARNESEEN b, I kR R
G AR S — 20, 50 T HAE TR AL AR AT 55
H ST
2.5 HERELSH

SIPEAG A SOy e e 52 B TR P R A A AT i Ak
XA AT TR RCR AT B, SE B0 R AR R B R
Intel Core i7 16 # CPU, NVIDIA GeForce RTX 1050TI
GPU,16GB W 17, Fr A B (8] B4 ¥ o0 3 iz 17 1 °F
BiE.

FEAKAR LI E R A AR 3 Ky, 4%t T
SOR J7ik ASC AFF J5 ik LA SO R38R (AFF+HIR A
P Al T +SSD B YIS E] , 45 6 iR,

*6 ARIREH= THIEITH EXTEE
Table 6 Comparison of running time under

different scale scenarios

SR ,giz:— S(n)R % AnFF % PCAl %%12!&51
Hik M/ ms M/ ms A/ ms [&]/s
TKAT 17 079 150 826 1 240 2.4
SHE 97 877 520 2 620 6 852 14.8
itk 259 336 1150 5 810 18 200 38.5

H 2R 6 AIHN, ASC AFF M5 i 51 AT Jmy i % B
D SRR AR AR ML TR A S T SOR 5 ik,
APAE R —H 9, HS o B 2 R e, R
H RUFRnT Y etk vk m IR A A T B AE = iR Xk
Jet F kil T 8L A, #E B B 3 R T4l PCA il (% 0y
P 2R A R AL i S R R LG
FECRIENRG BE A AT R T RS

3 & i

FIERSROCTE IR R W UL AW BN B A ) B
PR HE RS, A SCHR  — A2 R w5 =4
FRVRR , LASR T AN KLU P O PR BT 3 A RS 2 5 mT
A G LA T LA AT P B IR Tk, 40 o) g A MR P )
e f A8 e AR DX Sl gl 3 AT A % M 3%, 4
MBS AT AP, R AL b SR T AR
TV B3 1) A TSR Bl PCA AR AR A 0K i 1 L
EIRORTEE BT 2 il T i 1 ) — B SRR E A, MR
S 1A S R e o T E R A T T SR LA Yy
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