Modeling and Simulation E#L5{}j &, 2026, 15(9), 75-88 Hans X
Published Online September 2026 in Hans. https://www.hanspub.org/journal/mos
https://doi.org/10.12677/mo0s.2026.159135

=N BiHRR 4B IR A E RS A

¥ &, B
EEACA B R SR TR B, L5 MR

Wk HiA: 202648 H18H; A HM: 20264F9H11H; &4 HiH: 20264F9H 18H

B OE

=N BERGIE B RIREE S, RIS B UAEEWNGR M WS, ASCHRE MR
EMRE . HEUNT RREAHHARR SRR, R Wcss RIS XI5 P 1 o A B0 A 4 i 2=
fEHHRE, HHER. REEHEAERE MRS R 2 EXAN—BARFHIIT—
T ERE, XTEFASARUE VM AL . B B4 A ROS 235 SRR A4 60K L. 15K ] FREURM
IOAIASRANFEIERISELS, BRI 240D N TR 220, HFeWERLRE, BEEEMATHELSA
Bo Xt S46 A% 2 B R R RMSE . MAEATPOS; & Rk th F ZEMoM B SRR NEEABSE ELES
PR, {ENEESHI95.45%8 SR BME IS HiR. 30N ZHEEXTH, FASREAUEFHNEESE I T
M. 95.45% B H X LR, MERMSEE29MEN T, HH3)(moderate) M5EIRF) (difficult)
TEALE H/5. MahalanobistEXtEuclidean?t 184N AL & AR AR AL iR & 3F LI, BIRFZE254
BoXt o R FL, HFE2 RT3 NID switchAT g B3 r B BT RERT . 45 RS R A S R )
FEEESHEM TREL; S IRER ST 2 RE &AM A HBRE . SRR T 48048 8N
W R 2%,

XK ia
HAAGIEXEE, TR i, IRk, MXUNFER, ROS 2

Uncertainty-Aware Fusion Method for Indoor
Object-Level 3D Semantic Landmarks

Xin Tong, Haifei Si*

College of Intelligent Science and Control Engineering, Jinling Institute of Technology, Nanjing Jiangsu

Received: August 18, 2026; accepted: September 11, 2026; published: September 18, 2026

Abstract

Indoor object-level semantic mapping is affected by depth contamination, ambiguous associations
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among same-class instances, and correlated errors across consecutive frames. This paper proposes
an uncertainty-aware fusion method. Landmarks are represented by visible-surface statistical rep-
resentative points. Depth is estimated using the median and median absolute deviation within a con-
tracted region of interest, and an anisotropic observation covariance is constructed from range, depth
dispersion, and valid-depth ratio. One-to-one gated association is performed under class-consistency
constraints, while observations close in time and viewpoint are downweighted. The fixed-anchor ROS
2 node-level experiments included 60 main runs, 15 gate-sensitivity runs, and 45 supplementary ab-
lation runs. Each run received 240 frames, with 220 frames evaluated after warm-up. Supplementary
ablations showed that robust depth estimation consistently reduced depth RMSE, MAE, and P95 across
15 paired experiments. Anisotropic covariance yielded limited improvements in the sample means
of some position and association metrics, whereas NEES and 95.45% coverage remained clearly incon-
sistent with their theoretical targets. Across 30 strictly paired comparisons, correlation discounting
reduced mean NEES and increased 95.45% coverage in every pair, and reduced position RMSE in 29
pairs; however, overconfidence remained under moderate and difficult disturbances. Relative to Eu-
clidean association, Mahalanobis association reduced the landmark-level false-merge proportion in
18 pairs, but reduced F1 in 25 pairs and increased ID switches and per-frame mapper update time
in all pairs. The results support correlation discounting as an engineering approximation for suppress-
ing repeated counting of information; statistical gating still needs to be jointly designed with covar-
iance scale and landmark lifecycle. The conclusions are limited to the present node-level controlled
setting with synthetic observations.
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Figure 1. Overall process of uncertainty-aware fusion for object-level 3D semantic landmarks
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Table 1. Design and evaluation metrics of the ROS 2 node-level controlled experiments
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Figure 2. Controlled synthetic scene with six semantic anchors and the camera viewpoint trajectory
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Table 2. Association results of the main experiment (Mean + sample SD, n = 5)

2. ELWRBEERVE = HEAREE, n=5)

3 XEE RE F1 MR EHR B HB ID switch BB FTHER /ms

clean E I 1.000 + 0.000 0.000 = 0.000 24.6 £9.6 0.88 +0.01

clean E C 1.000 £+ 0.000 0.000 £+ 0.000 24.6 £9.6 0.91 +0.02

clean M I 0.997 + 0.006 0.000 = 0.000 50.2+13.2 1.57+0.14

clean M C 0.961 +0.043 0.000 = 0.000 60.6 =18.1 1.63+0.11
moderate E I 0.900 £+ 0.056 0.040 +£0.023 101.4+13.9 0.88 +£0.02
moderate E C 0.900 + 0.056 0.040 +£0.023 101.4+13.9 0.94 +0.03
moderate M I 0.652 +£0.054 0.010 +0.006 292.8 £25.6 2.80+0.13
moderate M C 0.645 +0.053 0.010 +0.005 305.4+28.2 2.82+0.09
difficult E I 0.719+0.019 0.108 £0.072 201.6 +15.8 0.89 +0.03
difficult E C 0.716 £0.023 0.114 +0.058 203.0+19.9 0.93 +0.02
difficult M I 0.420 £ 0.031 0.038 £0.013 466.2 £ 18.5 3.49 £0.06
difficult M C 0.431 £0.027 0.035+0.014 462.2+£20.4 3.45+0.07

vE: # 2. %37, E: Euclidean; M: Mahalanobis; 1: independent; C: correlated.
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mm; P4 NEES 7E 30/30 /MECXTH PR, 95.45%78 56 5 7E 30/30 AMRCH R, P32 1H 7 71 28-20.09
1 0.224. F 3 G SR BMESEARVRHEZE . . SRPLSI R NEES Vi@ T 3, BT 0.9545,
MO BRI NI B B A TR, AR R ERHE. SAA MM BERE 5SS — 84 R 3.

Table 3. Position accuracy and statistical consistency results (Mean + sample SD, n =5)

=3 NERESHIT—HMESRIE + HEAWREE, n=5)

w3 ESi S iy £z & RMSE/mm F-#5 NEES 95.45% B H K
clean E 1 19.87 £ 1.75 14.52 £2.63 0.424 £0.036
clean E C 14.60 £ 1.55 4.75+0.62 0.834 £0.037
clean M I 18.81 £ 1.67 12.96 £2.35 0.435 +£0.047
clean M C 1426 £ 1.68 443 +£0.80 0.860 £ 0.050
moderate E I 32.70 £2.56 38.57 £ 6.61 0.103 +£0.043
moderate E C 27.84+2.47 18.34 £2.50 0.338 £0.030
moderate M I 29.59 +£2.52 30.18£4.48 0.113 £0.041
moderate M C 26.35+1.93 15.10 £ 1.04 0.333+£0.107
difficult E I 53.94+3.92 85.56 +7.41 0.041 £0.020
difficult E C 49.69 +£3.53 4732 +3.38 0.067 £ 0.040
difficult M | 57.05+£11.42 68.21 £30.09 0.049 +0.053
difficult M C 5547 £11.08 39.54 £16.20 0.080 +£0.079

e =4 N NEES #1350 3, B HARN 0.9545; [HE B mUONE A E L 2%, AREWET L.
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Figure 3. Position accuracy and fusion consistency across different disturbance profiles

3. FEMEER TR ERESHMa— Bt

6.3. Mahalanobis | JPREEE

SEOFTIRR H 7.815 58 & 16.000 FF, P15 F1 H 0.5542 352 0.7839, 1D switch H1 353.2 YK %% 229.6
W, MR ARG IR B H 0.0020 394 0.0148. = ANTBR N HArg ER @ ELLFII A 1.0, B 6 NESE
X RIS RGN RS S DA B IDo [IBRSEERAE A 5 — H A AEC 7, T AW AR X
ANJFSFJ7 Mahalanobis [1FE T FRUE M 45 5 L% 4.

Table 4. Sensitivity to the squared Mahalanobis gate (Mean + sample SD, n = 5)
%% 4. Mahalanobis 75 IR IEME + HAFREE, n=5)

FHTIR 7, F1 AR RAIFG] AR RERRZEME  IDswitch  FRBEFHFER/ms
7.815 0.554+0.011 0.0020 + 0.0045 1.000 + 0.000 353.2+24.5 2.96+0.14
11.345 0.686 + 0.027 0.0104 +0.0108 1.000 + 0.000 294.4+21.7 2.68 +0.13
16.000 0.784 + 0.066 0.0148 +0.0143 1.000 + 0.000 229.6 +23.4 2.44+0.12

6.4. {EHERIEGR
%% 5 Y0 % moderate. Mahalanobis 1 correlated 1% & F ) 45 YRANTRVH RS . = FPfc & #-1F FAH
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[F] 1) 15 41 paired seeds, REEZ 240 Wi, FRAETHFA 20 WUF VPAN 220 M. EFEERFEHROCKE Mean %
N median + MAD rejection; 1l 77 Z V4 @l # trace-matched isotropic # 4 anisotropic, FRSE[E E .

Table 5. Paired ablation results from the 240-frame supplementary experiments (Mean = sample SD, n = 15)

= 5. 240 AP FESRIGMOECITHRGS RADME = HAREE, n=15)
(a) BHEEREMTTHR

1B Baseline Proposed A (95% CI)
Depth RMSE/mm 12.80 £ 0.34 5.58+£0.12 —7.22 [-7.41,-7.03]
Depth MAE/mm 9.81 £0.25 4.36+0.10 —5.45 [-5.60,-5.31]
Depth P95/mm 2591 £0.80 11.21 £0.28 —14.69 [-15.17,—14.21]
Position RMSE/mm 26.65 +4.28 26.30 £4.33 —0.34 [-0.80, 0.11]
(b) P EHREE R
B Baseline Proposed A (95% CI)
Position RMSE/mm 27.01 £3.79 26.30£4.33 -0.71 [-1.76, 0.34]
Association F1 0.6355 +0.0336 0.6547 +0.0471 +0.0192 [-0.0002, 0.0386]
Mean NEES 15.58 £3.70 1521 £2.89 -0.36 [-1.72, 0.99]
95.45% Coverage 32.10% £ 11.75% 32.32% £ 10.37% +0.22 [-5.63, 6.06] pp

e iR 15 AAHFEBEHLAEFRIBCN SE58, 3R A moderate. Mahalanobis Fll correlated & . % [] [F] A% Y 5% A 728
VLARFEZR X iso = trace(Z_aniso)/3 x I. A 5 XN Proposed-Baseline; XTiRZEIEHr A < 0 Ronil3%, X F1 Ml Coverage
M A>0 RAREGE. F5 AT IR seed X2 FIUM t B 95% CI (df = 14), Coverage Z{H A 73 MR

HIXF Mean, EH:IR % Depth RMSE M 12.80 + 0.34 mm F& % 5.58 £ 0.12 mm, A =-7.22 mm (95%
CI [-7.41, =7.03]); Depth MAE M 9.81 + 0.25 mm [£% 4.36 = 0.10 mm, A = —5.45 mm (95% CI [-5.60,
—5.31]); Depth P95 M 25.91 + 0.80 mm F4Z 11.21 £ 0.28 mm, A =-14.69 mm (95% CI [-15.17, —14.21]).
IR LR ZEI N 15/15 seed 2435 . Position RMSE {{ HH 26.65+4.28 mm [£% 26.30+4.33 mm, A=-0.34
mm (95% CI [-0.80, 0.11]; 10/15 2&3%); %X [AIESHL 0, PR AT b 75 AR AR e B A7 RS B e Tt -

AN ZE DG BC & 1) [FIPERE AL, &% ) P B 07 22 Position RMSE A = —0.71 mm (95% CI [—1.76, 0.34];
11/15 243%). Association F1 A = +0.0192 (95% CI [-0.0002, 0.0386]; 12/15 {3%). mean NEES A = —0.36
(95% CI[-1.72,0.99]; 8/15 B{#)F1 95.45% Coverage A =+0.22 N 43 1.(95% CI [-5.63, 6.06]; 7/15 E3)
Bk 0. PRk, HEEARMELE S BRI KB AR AR L 2GR E, MES seed IEHEH59; mean NEES
Coverage 1759 0 B FEAE H FR(Z 3%H1 95.45%), AEEINAG T — Bk B 4158578 5 Bk .

6.5. RFM=E TR

Bl 4 AR B E Fp T R AR AR, HTHBEE RS eI S, AEREM T4

4 | #5%} He Euclidean/Mahalanobis 5 independent/correlated [ 2 CAfiiA AR 736, Fifitt—F Ee
B2 R — EL S0 RAE AL A S A PRSI R 95% XY 8y ZEMEIRITHIAR « TR AR AN s B i B AN
WEMERE, #5408 RMSE. NEES HIE 55 R I G ffRe s AHOCRERUAE 4 AT S 1) & B4 BH NEES #1178
AR O S L (R SRR, ASREHE G BB AR R S8 A
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Figure 4. Representative spatial results for moderate, seed 20261717: final landmark estimates and paired 95%

XY marginal covariance ellipse areas

[E 4. FHED. seed20261717 TR ETMRELER: FEMAREITS 95% XY 18577 2 B @ iR xt
7. Wig
7.1. EXUAERFIERASRATIERRE

AHSEPEALE 30/30 DNECHT T4 NEES R, 95.45%78 o R4k, 47 B RMSE 7£ 29/30 MR
R (14) BRI 25 0 Ul i 5 B 0Tk, X —SLIl 515 B EE B2 2H0H s —2. KB4 T
(1) 95% XY 1412577 2215 T AREC 0T B 53X — AL AR A, AEAN A B 5 26 AH DG e P A5 R FR 36 00E A7 RMSE
MIECAT 7 a1 B, — B GE H AR OGR BN G 30 P J7 ZE 36K, 20 BRe 0t v i) s 4 35 8 1 22t A BT BRI

REBEAHREVE 5 WU OGRS s B A AR i R i A, DA i g3 47347

£ NEES AURAL o5 3 5 A0S FEBUR BERLA 2 BTS2 F 56 A0 1 B0 DAREIE AL, AN A SR A DB I8 1) 58 A Y
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7.2. G HESE AR E

Mahalanobis ££ &7 Boxt o FEARMAR R G IFLLB, IR FEAR FL, JRAE 2 EEC 380 ID switch
AN S 5 BEERTRER o X — B GOAT 4 19 S bR 2R i TS SRR, . A% B ] PR AT RESE 26 0
Iy FSEVLES, R UCECHLIBE o AT A AR bR s G Sh bR SO I SCRT RS K e AR AR . T PRBUE
A, SEAATTER$2 F1. F#AIK 1D switch, [RII S IIAR AT R & F LB iZa%h 5 Ll AU ke — 2
T =ATTRT BARR E R L1409 1.0, B 45 R BEHRER [ € 28 d 4 AN kb S0 B J
HEIHURIIFENT . EIRAERE S AT SCOLE A — B, EARSZIRORM TR IRLE B AR g 46 AL A QA AR R
FUASTHEAT A ST PR SR VR R

7.3. BRIBASERY

R K [ 58 B A BN K ROS 2 47 s S0, A 45 S8 AL 2 LUK B P4 AR R b (1 ANl
EVERRAE RIS Rl A AT 9, AL B SAS I 25 B SE RGB-D #udfa » A3 s X 2wy L2 o i A= 42 4 o o0
W77 Z AR A AR ER B AL MINLNS . AR S SOMRIRIR 22, TTRR < AR A FE A A= i JA ST R0 R
FE W E. KBl Ptsh SaRish BN H GG, KRR ARIFRE T AR AR,

8. &t

ARSCHEH T i ) 2 N E PR = G SCHAR AR MRS T 45 IRANARTE AR, BRI
FETHLE 15 4B 9256 A% 58 P Depth RMSE MAE 1 P95; #:4% Position RMSE {U/NIEAE AL, BLXT 95%
CIL #5800 £ 10 L J7 ZEAE 7 r B AN SCERFR AR IFEA I E 2 A PR %%, {H Position RMSE. Associ-
ation F1. mean NEES #l Coverage (B X [H] 558 0, H NEES 1 Coverage /5] i 2 ¥ i Hbx. &
Sk — B KW, correlated fusion 7E 30/30 MECXS H F#MX mean NEES. 7E 30/30 MECX H 2 95.45%
Coverage, F£1E 29/30 MECKT H1 P Position RMSE; Mahalanobis GBI T 482 & 40 5 oG BE 2L 14
Z IR . FOREE RR T, BT o 7 VAR A0 [ B s A IR 4 e 6 1 2 4 H bR s S
SR, RHEREE LI B bR A A R OCIAT A B AHRLEF

EHEWmHE

A “FE R RO R TR AR S ) T LS N 2 AR R AR R A BE 5 SIS SRR
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