547 55 6
2019 4E 6 A

[ BF K 2 2 MCH BB # O
JOURNAL OF TONGJI UNIVERSITY(NATURAL SCIENCE)

Vol. 47 No. 6
Jun. 2019

NEHE. 0253-374X(2019)06-0870-08

e

E# 30 RGB-D £ a7 %

AT, B2, ABOK

T %, X

DOI:10.11908/j. issn. 0253-374x. 2019. 06. 018

EME5ZKREEMR

(RIFF R M5 IRME B2 Be, B 200092)

= L RGB-DCGR 6-TR BE) 12 148 i AR MUK Kinect 2. 0
FABL A, 55 AT I TRI U BE k: (ToF) BRER IR BE A5 8 Y J 2
X ERIE R AN [R5 AN TR B0 7 O T R B30 TR B 30 ) G
BEATERR S ST AT 45 H R BE U R 22 15 TR B 2k BE R 0
I RN R » LUK R B b 5T TR B U 1R 2 110 e i
HURR. R Bsk PR BT A 47 i R 3R T R AIE S 8808 s 1) 4 X 43R
ZEFNHARFER2E , Xk BE I £ R B g 1k 47 Bl ok, S 23 B A
RO IE ; LU = 4EBOLH A (LIDAR) A LR A
PR, X RGB-D {2 B AR 45 SR G BE HEAT R4 » 1E L
FAli b oA #E X RGB-D 76 I A 1 ik 2 i) SEBRors
JE 45 Hh HCAE SE BT R i | 3 A AR A 5 T 0

X Kinect; XEEIPML; SXHRE; HXHRE; LR

g

hE 4 &S, TP391. 41 XEfFRERS. A

and 3D
Reconstruction Accuracy Based on Portable
RGB-D Sensor

Study on Depth Measurement

YE Qin, LIU Hang, YAO Yahwi, GUI Popo
(College of Surveying and Geo-informatics,
Shanghai 200092, China)

Tongji University,

Abstract: In this paper, we use Microsoft’s Kinect camera as
an RGB-D sensor example, analyze the depth error source
based on the time of flight (ToF) principle and the obtained
depth data accuracy of different colors and materials. We
conclude that the depth measurement error is linear with the
square of the distance, as well as the quantitative rule of
depth measurement accuracy under different color materials.
Besides, we use high-precision light detection and ranging
(LiDAR) data as reference to evaluate Kinect modeling
accuracy through comparing absolute error and relative error
of parameters between these two models, and improve the
Hausdorff distance method to analyze the overall modeling
accuracy. Finally, we show both qualitative and quantitative
results relating to the actual accuracy of Kinect depth
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measurement and modeling and its application scope in close

range photogrammetry and indoor modeling.

Key words: Kinect sensor; accuracy evaluation; absolute

error; relative error; Hausdorff distance
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M. AR A IR 22 R TR R R d =R, B
B E R AR A EE BRI,

1.1 ToF REMEREHIRENRIR

Kinect 2. 0 WREEM &R ToF iy il L2
¥ (continuous wave modulation, CWM) [ 51, H %
ST ANERE K R 830~950 nm, JEIANE 1 fik. &
o REGIR  Ap AR IRES.

NN

1 ToF RENEFRIE(CWM)™
Fig.1 ToF depth sensing (CWM) 2]
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KD ¢y RS H R, R ToF £RHRIH

FIRE A S LT IRRE ). X m, f KA 64 R/
KB > m A KBS W) £ 5 308G B2 FRAIG (HL IR B8 Rt
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XA L A WIME CCH AR R R s L)
PR B s L A S % B,

(2) FXFiRZE (relative error)e $8 & )48 XHR
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(2) ZBPNLIr i SR S EFE R 22, 1 A
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IUCHER) H-D. i EBOR , RAE PR 2 [ i 22 57
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RS H-D J5 %, X R B 5 255 17
= HIAR LR BEREA T BV, TRAR AN & 2 B,
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SR 5% 15 2 MR NE
v
R RE s R | [ Zten
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B2 EHFidt Hausdorff 55 38 Fs B iR R E
Fig.2 Flowchart of accuracy evaluation based on the

improved Hausdorff distance
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TFEFEI A L BEHEAR 1. 0~4. 0 m (W] &3FRZY 0. 5 m i E
FEBLIU St SR SRR 5T B (5 B 52 ) 7 — 0
VPR — A BT (RO 4L 5% PR 5 Rh BRI Y
BUBRHEAT B R 4R 5 ST R R RO Wi B 6 R

DLERE T (AR B L Bt L AR Sk A L BERD Y A
FTSEEe, BRAR Sk N MEDE B B S AL 5, BB i W 4
HAt B B . B AT 3 A R FE 2 A ) S I K.

3 REHE(EE.OIMNRERR)
Fig.3 Obtained data (color, infrared, depth image)
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R4 /N 3 S R P B AR A 53 = BE -5 38
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FRPHRBEL Va0 =1 i E R AT B &
ROXGLY L ZOBa PEMEEER e
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€d
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L=t
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Fig.4 Errors of different colors varies with distance

K459 6, 5d WRLMERPKXADKZ
URRE BOW A X A D BEATHLE.

Oz = ki o d* +k; an

TRE Ry oo (L AUE BB E PR R B R, HOIR BE A2 00

{ELH R 22 7E PO A% TR 22 B0 AR X H) P (B AR IR 22 10

—
S

FRUEZE/mm

SO N A~ N ®
| —

FE 1~4 m 9 7 FEEESAL SR EE R R W eu EP
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P G A 3% 38 T0 A R BRAD)

FAFRUEZS 0 KT EFS MR EE R 2. HSL
B EART S Kinect AHMLEL M A 8238 47, A F
A a,b~~0,c~1, ]I\ e, FEH ZGEMHE WE
WiR2E o, 51E. HIREEHFEER, 0, H oo ZHHE
EHEAERAOFIRKIELR:

04 = @0z

EIEFTINA 62220..
2.3 RENEBESW

FIA 2. 2 35 BN R 36 b B A B 7E B
fERREF RIS d AR B ER) 62. LA 62 R A
iH,d LR,/ E 6, 54 MR R, B 4
R TRl A4 AN () B30 £ B P AR AL SR 265 8] 5 A R #
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Fig.5 Error of different material varies with distance
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RN 6,00d? , TRIEEMH -5 TR B B 7 R ek
IEHRAR, XS 11 WS b RO ST m S5
B d FFfE mocl/d? SRR —BL, BAME b BN T
JEE A5 S A AR RO WL B - R RS
22 5k o S EG BB 5, il B 0 R 22 49 O
RTHAMB @, KE T BEREZL 4 m BBk 27
mm, LR FARFRRG BE X 2 B o JR G R AR B
B SSH FRARMR , SR 5555 ELBERE B 43 0 S DA P 5

OS5 Hh A BT €0 TR 2 00 FROOHS B 22 S /S R AL
TR EARTEARFRE B AL M BEE . O Ak,
S (ED B ki ke (HIRT, IREFEE N 3~12
mm, Ak R R © B CEREVD 5 &1 Bk
BEZ Kk (EREO A B 2 A, B B 3 s 2
TR AR AR R, AP RLE ko (B RO, BT B
P TR B I A BE o A R BRI R o PR R S P K
SR AL AR T BN A R R AR B

*1 REENEMBETLEE
Tab.1 Accuracy of depth measurement
MBS d/m

R Lo 1.5 2.0 2.5 3.0 3.5 4.0 k ke K
a1 +3.2 +3.4 +3.2 +5.4 +5.0 +9.6 +9.6 0.189 1.103 0. 879
51 +3.0 +2.6 +3.2 +4.2 +7.2 +9.2 +9.2 0. 207 0. 932 0. 893
iy B +2.8 +3.0 +3.6 +4.6 +5.6 +9.2 +9.2 0. 206 0. 966 0. 988
iy +4.8 +7.0 +9.2 +12.8  +17.4  +27.2  +£27.2 0.725 1.554 0. 998
B +3.2 +3.6 +3.4 +4.4 +7.0 +8.8 +38.8 0.183 1.217 0.919
i +3.2 +3.0 +4.0 +5.0 +6.8 +7.6 +11.6 0. 262 0. 906 0. 952
¥k} +3.6 +5.8 +8.4 +9.8 +12.6  +15.2  +18.2 0. 450 1. 759 0. 985
Bt +2.8 +2.6 +7.4 +8.4 +8.0 +12.8  £16.4 0. 439 0. 982 0. 932
KAt +2.6 +2.6 +3.2 +3.8 +4.4 +5.6 +6.8 0.143 1. 030 0. 989

g2 b, Bbm 18 B iR B T HRS BE B T H
Xt AR BE A SRR L o S S5 AR ARG B B 22 HL iR
22 W R B 3 0 o 9 B BR 5 s o B T A R
75 B G B2 & T Ik 5 B BT €5 6 T 0 R 8 0 0 2
ARRFENE. S PRUENE B BIAR PR ZOR , SR T &
FIRE/NT 2.5 m; X 3R R TE Be B AR R
i BERN/N T 2 m

3 Kinect 5= EEBE LIS

Kinect SN BE R 52 U~ B S0 HE B2 52 il 8 T
RITE @R A 5%, BT LB N W e R B 5 o R
BEATHE B SEI A0 A, X B VR T BUFR IR M R A
BRZER BERREHZEN S ESWEN—TF
43 (25 4 mX5 m) , Ry 3R T U B T8 A A1 T 35
B LA REM (2 1 mX0.3 m), K5 IS
DB T S A TR A,

3.1 HRAIREIR
3. 1.1 ARUMES B RANEE DRI

FF FARO Focus3d 120 #5637 5
BERV R, FRIBGERG B AU 5 = BUR A okS B 4 i
W2 e, HFEIRZETE 25 m IS £2 mm.

X SLIG R b B AT e R R L 15 B =4
R B A T A8 B3R TR S AR A S 00 3k ) £ =
HERRYE 8 S S e PR RS — AR T R4S
R, G S AEEE S 2 mm, SHEHEE—

B XTPHE A5 R BT R MR AL N S8R DX R ER, M BR
AEREE B EE s £ S i = 5.
3.1.2 FETF Kinect FRER T = HHEHRE

I bR 2 15 B A A AL S 800 3 3R A5 i R B IR
B T #1532 3D N . FETAL BB B , 4351 R FH
XU U R R R P 540 o MR ST LA B PR R i 5
45 1E 5  F (oriented fast and rotated brief,
ORB) FHEA U B A AR BUR (528 L O FRIE . B
3K B Kinect Fusion H A5 21 8 7 ¥ 0 B2 4
22, N M TE R AR E R B, SR I SCHR [ 16 ] A ek 24K
i 4PEE (iterative closest point, ICP)& ¥, 5] A
ZFP A D S = Eo AR 22 1 BRI, 54T 2
EEEE B AR, LR PR A SN EY
FHFAT Kinect BRI RANE 6 Fs.
3.2 Kinect BIEHBEE S
3.2.1 SW=EYR

43 AHE Kinect FIAR 12 % B R 3% 1A ) Wy £ B
17 BREEBSRRAE , E B P BE AU b X 1 9 B B (E 22 57
ZEHR N 2(F B Fp Absolute Error B4 Xf
1B, JFRED.

R B G 22 Sl P A0 B R D B U U s L P
TR B BGh %A BB AR F TR E,
B BRI SR /N, FEFRIE s 0 L, I iR 22—
MR 0. 5 1R FR % B R F I 2 Wil i = B O TE HE 5
RATER R S BAHVIMER 27 2 m £,
BEET 0. 5 R WAIBTRZEX N S = B R 2 mm, 5%
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a XWEGR

% R KGR 2 RTA S J5 THDRS BE 2 B AR

M 2: O FMESE LA, Kinect Brgt AU
YEXFERZETE 10 mm FRITE A AN IR 22 FEARTE 206
FITEREIN. @ S5 1.2.3.4 BIZEXFIREFIAHX 1R 22
B LUK PR SUARRAE 5 15 A ) — T, FE S S
AT AR TR A T R BOEAE R R
FIGRBELR B, » SO BE B oAb PR AR AE R BB/
FSER2E TR IRZE R, @ HEBR @ H BT S HH1E,
PERRRE R BER T 1 m B, MHXFIRZEETE 0. 50 7245
TN T 1 m B, MEXHREAE 10~ 1. 502 3 4
P AR AR X B BRI,

£2 WHERSESZRNRANKESETL
Tab.2 Comparison of the length parameters on the

surface of the Kinect and reference models

giE bpiER) SEIE #@afiRE  MHXRE
/m /m /mm /%
N1 0. 202 0. 210 8.10 3. 86
N2 0. 217 0. 210 —6.75 3.21
N3 0. 303 0. 296 —6. 65 2.24
N4 0. 289 0. 298 9.27 3. 11
N5 0.578 0.572 —5.37 0. 94
N6 0. 586 0.578 —7.47 1. 29
N7 0. 588 0.579 —8. 86 1.53
N8 0. 589 0. 589 0. 82 0.14
N9 0. 585 0.591 6. 18 1. 04
N10 0. 605 0.612 7.53 1. 23
Ni11 0. 606 0.612 6. 26 1.02
Ni2 0. 620 0.613 —17.32 1. 20
N13 0. 606 0.613 6. 44 1. 05
N14 0. 605 0.613 7.93 1. 29
N15 0.618 0.613 —5.30 0. 86
N16 0. 622 0.613 —9.61 1. 57
N17 1. 085 1. 080 —4. 89 0. 45

3.2.2 AEER

(1) ETFHEAEIR TSRS

TR R0 22 11, TG A S 50 AIE T S0 b
FHIE. 05X R A Kinect 52 B FIAR S H BRI
Bt B WY R GREEUT 17 B, Fl &/ — 5

b £
6 Kinect I EHRERNRE S ZTEE

Fig.6 Overlay point cloud after Kinect pose estimation

R0 X P B B VTR 6 S B AT B 1R
B E—YI K EAR R Kinect R SinERE IS
HARRAERS AR IR 2, BRI 3.

% 3 Kinect NS ERHMERY FINGEHZRIFTLE
Tab.3 The diameter comparison of vase slice obtained

by the Kinect and reference models

or! 2B SEWEE H5 iR 2= xR
/m /m /mm /%
N1 0.202 0.193 —8.33 4, 31
N2 0. 166 0.176 10. 26 5.83
N3 0.179 0. 169 —9.50 5.62
N4 0. 157 0. 170 13. 34 7.85
N5 0.182 0.171 11. 32 6. 63
N6 0. 164 0.174 10. 13 5.81
N7 0. 200 0.193 —6.85 3.55
N8 0. 303 0. 310 7. 60 2.45
N9 0. 353 0. 360 6.52 1. 81
N10 0. 377 0. 366 —10. 56 2. 88
N11 0.372 0. 363 —9.42 2. 60
N12 0. 339 0. 349 9. 94 2.85
N13 0. 324 0. 331 7.24 2.19
N14 0. 308 0. 316 8. 29 2. 62
N15 0. 286 0.292 6. 34 2.17
N16 0. 259 0. 265 6. 76 2.55
N17 0. 240 0. 245 5. 64 2. 30

3 Kinect iz MSH UGS R L.
xR ER KA 13 mm, H HAZAER IR/ (17 41
A 12 HAEXMRZEFIEE. SSWESG R HIER
LAY () B BRI

(2) F:F ek e £ 5 HE B RS B i

F NS = L AREE bRRR e & B R,
PR AR 1. 2. 2 5 el i B2 22 S BE B R HEA T MG
FEAIHT. XTI 5 SRS B AN R B A s R G5 T K
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