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USRI 45 T (T S8, IR T SRR (5 B A e ek, X RS 18 BB 2N 7.5 m B IEITE BE M AT T,
SRR S WA G (E A 22 ( BIAS) K375 MR 2% (RMSE ) 235124 0. 36 0. 69 cm, SEXIM A5 THE B BIAS K&
RMSE 23514 0. 06 0. 63 m, & &5 HHE G BIAS & RMSE 43 %24 8.595 9 .25. 735 8 m®/hm? , 43 t7 i R A HHE (10
BIAS J RMSE 43147 0. 949 7 1. 987 3 m’/hm® , MRAR 25 FEA 1B ) BIAS K2 RMSE 4331128 -3 (13 #k/hm® , 3 B Al 11
{E /¥ BIAS & RMSE 4311} 0. 30° 0. 88° , 4[4t 1 BIAS &% RMSE 435 — 0. 44° 7. 61°, Jirh et BAg
K RMSE , 2 F1 T 23 B 5N, Bl SLAM RGAN T A B/NERS A& S BORME 7 R B K M 22 , (AR A 1T
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Research on Forest Plot Survey System Based on RGB — D SLAM Mobile Phone

FAN Yongxiang' FENG Zhongke' CHEN Panpan' GAO Xiang® SHEN Chaoyong'
(1. Precision Forestry Key Laboratory of Beijing, Beijing Forestry University, Beijing 100083, China
2. College of Science, Anhui Agricultural University, Hefei 230036, China)

Abstract; Forest resources have their own importance in human survival and development. Forest plot
survey is used to obtain forest information and analyze the status of forest resources. With the
advancement in sensor technology, remote sensing, especially LIDAR, is used to obtain point cloud data
by scanning plots which can be used to extract forest-based factors. The improvement of SLAM algorithm
enables the positioning without GPS signal coverage. So that, the combination of LiDAR and SLAM
system can be used to get a globally consistent point cloud of a plot under the canopy which can ensure
the integrity and accuracy of the extracted plot properties. However, the estimations can not be checked
and the omissions or errors can not be corrected. A plot survey system based on RGB —D SLAM mobile
phone was developed, which constructed the process of plot survey, the estimation of tree-based
properties and forest-based properties. Augmented reality technology was used to show the observer
estimation results and the way of re-estimation, which ensured the reliability and integrity of the acquired
plot information through human intervention. The system was tested in 18 circular plots with radius of
7.5 m. The average DBH estimations showed 0. 36 cm BIAS and 0. 69 cm RMSE; the average tree height
estimations showed 0. 06 m BIAS and 0. 63 m RMSE; the volume estimations showed 8.595 9 m’/hm’
BIAS and 25. 735 8 m’/hm® RMSE; the cross-sectional area estimations showed 0. 949 7 m>/hm* BIAS
and 1.987 3 m*/hm”> RMSE; the stem density estimations showed —3 stems/hm’ BIAS and 13 stems/hm’
RMSE ; the slope estimations showed 0. 30° BIAS and 0. 88° RMSE; and the aspect estimations showed
—0. 44° BIAS and 7. 61° RMSE. The aspect estimations had a large RMSE due to the estimated pose
errors of the SLAM system, but the aspect measurements were still unbiased as a whole.

Key words: forest; plot survey; ToF camera; SLAM; augmented reality
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HJE % va Il W 35 30 B R B T #. Laser-
relascope'”) | HL T IR A 2535 45 4436 T () Aot 00 4
LSRN TEE P I VA e S & N A 137 i S ZR I E P o
VSO IR S A WLIME | FULPE R TS Il

#t 7 15 (Light detection and ranging, LiDAR)
R BT SEALIE FERE 1 3 i A b A
BT ey Z2 Y R O R R R i
TR AR = 4R S = RN s
N B2 R b Jm M M L PO 3 4 ( Terrestrial laser
scanning, TLS) /b —Fp I B O B i8 , D& ir £
S T AR A O 30 A 55 X AR AR T T 4
HCRIPEAR 120 TLS 38 % LA R o7 2 i A . Bk
G IF 20T . SR BITEAE O
SO X REB AT % AR A H R
BAER S B AR e el T I 1 SR 22 e A T
AR e g ST 2 AR i R R R
B 2R A SR AT A oy R
SR T 35t )R (H G I F B B RO MR AR
WA, TLS NS FERR M P i, B shifot
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Z AT E LA G I 04 1R, DT AT LAAE SR Y
FEs AT AR AR TS A 0 B ahOk TR A E
WO AT 2Bk TR F MR 4t (Global navigation
satellite system, GNSS ) | 1t 14 W] & . JC ( Inertial
measurement unit, IMU) JEHEHGHBFEE,

Horr GNSS + IMU 41L& R AERL SO T ik R4
B BRI LiDAR Y07 25470 & , ) T I 45
(RS 28 R A4 B 20 R il s oA 75 0, (A7
AR B B GNSS 78 35 1 X 3%, MLS 58 Ge R M Ay
EJR—EW E =, BVEF 2 A7 K K (Simultaneous
localization and mapping, SLAM) $% A % H B 15 7
T TG GNSS 55 19 X380 1 B AT e, SLAM &
Giteiz shad FE b, A SR HARAL OB E AHALEE RGB —
D ARBLXE & FEIPREELEA 700, DA T R EOULI e 371 , 4%
Je et FE AL XL e 5] o) R L B 05 A L O A
SLAM Z 45 i &0 Hai ik 55 o, 8 0%
SLAM FIXLH SLAM 1Ek MLS 2 55 i B AH %5 7
240, NI fili MLS REETETC GNSS {5 5 i 414
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BiRTE S A Ui R Ak B B U TR R
Gk i BLACUF AR T TAE A

ToF (Time of flight) AHAL> > £ Ky — Fh ] &
TREERIH 290 o, B RBUIN A8 (8 H D 241K
G, RBOLHFESEN —MEBERNS, HE® R
RGB — D SLAM Wi A, FifiE & BE T-HLiz 568 1 1Y
HA5R S SLAM Bk iy ,RGB — D SLAM ZR 4 7] LA
FEFHL G217, I FHLEA S e 7 54 - Y
ThHE> > TOMASTIK 45" fft F 3k Fh T HLA H B
i, FFAELZE S MR o5 25 BRI T R AR B
Jg#z , FAN 4508 fift B 3 Rl T HLSC BT SR FREURE
Hi Y BRR SR M ——7 B MR AR |, (E IR PPAL AR
HiJE A

ASCH A RGB — D SLAM Z 40 1Y F-HLK 2
ARMEE R A R G0, B SR A A IR
MRIr/ AR TR T IS s IS FOR FEA T 45 2R
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1.1 SLAM #ig

SLAM i LAF ] S WL ki A 6 R 1 BR 85 v
NS, ) g ] ] = A b P 1) [R] B S B A 12 i
SPEAMEN R, BIFE SLAM i fErp iz 8 5
7 8 ST AT B s R 67 B A A AR AT e B B i A
P NI T, AR A (4 A BE D 0, il
AT LA AR iz sh A P (x, 1 x,_,,u,), Hp,
X, X, Nk -1 kBN u, REGIRIA

XI5 A BT DA Sl Sy LY P(z, |x, ,m)
oz, Sk BEZI I m Sk BT A R A5

SLAM K fiff 12 75 380 8 4 0y B By JR W] Rk
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AL BAT K FR |, DT 328 Sl 5% 70 55 YO0 0 A5 750 W] L3
1 DU 31 € ( Bayes filter) 2R 3R i 24 /i 7 B 1 J5 5
G3AR SR A TR A A SR R

P(x,,m \Zy, 1, U, X)) =
J'P<xk lx, ,u)P(x,_,,mlZ,, U,  ,x,)dx,

(1)
K Z,,—0 B k-1 B 2 g L
U,,—0 2| k B 203l A
x,——HIUR B 20 2
FIFH S5 56 53 A0 S WIS AR SR At 5 90 057 A T gk
Shy L0 B

P(x,,m\Z,,.U0,,,x,) =
P(z,\x,,m)P(x, ,m\Z,, Uy, ,x,) (2)
P(z, [ Zo.4 1 ’UO;k)

DU S ik B8 A HE 2 A B2 i DR T SLAM. [1)
TE 52 BRASE T 5 245 13 2B A K LI AR A ) HL A4
X, H AT 3589 e 07 SRR TR AR R 2 R i
( Extended Kalman filter, EKF) & HAS AP R4k v
Ak (Sparse non-linear optimization method ) ™) i
T (Particle filter) ',
1.2 RGB - D H#HEAR

RGB HHHILIE — Fft ] T2 1 J] [ 0 58 SO AR S
AT H, % T SLAM RGEAYULINA A, (H i AL
FLATI o A B R R I A S RE, BT LTS N
SLAM ZGE it i fr 242 J R S 1 RUBE TR B2 AH
ML EAAMPEDIRE, VR4h T RGB AHMLASBE AR HOAR
AylEL, RGB — D AHHLYE N RGB AHLS TR AR AL
Rl e 422 2H JSC A, T LA ] g BB R B 5 ) 80 B A L
FBREE L

FURT, SR ARBLIEA T TR B A T 2 2T AT i
[&] (Time of flight) JRH XFHAHLBEFR A ToF AHAL,
QAT I ] PR A AT Pk e A 5 e a3 2 R AR
i (N S eI s )22 B o Rl i | U e = A (U E - NS S |
FeAR 38 1 & 6 WA ( Light-emitting diodes,
LED) [ H ¥r & &1 i 21 5 5% ( Near-infrared light,
NIR) , 4Gk S 5 1A ) A1) A e 2 WO 0 24
BUAROL 28 S5 5 0m B2, T T 315 i E AR TR S
AIFEPE, ToF AHAILIN R 3 LA 5 30 77 ik — 3K,
EIBOG TR I8 R HTIZ s 434 09 7 200k Jo] B H AR 3 i
ARt RIZEI 5 % B N 5 280 5% A J3E A R AR U
KA R ARAR 5 TT ToF AR FHE B ARBL OB |
AR ZR AR Yy 2 A B

B ToF AHLS RGB AHALAE E 122 )5 19 2 (A
& NI TCR SARXS A7 (i Je R 5 T LA B
IER LR RGB — D ARHIL, 98 J5 A L4 % B2 AR AL AR X

AR R IR FE WL 1) RGB AHBILAR 265 0 A TR HE

du,=K,([R_,(d,K;'u,) +t_,] (3)
Hrp u,=lu, v, 1] (4)
rf. 0 ¢
K =|0 f ¢ (5)
LO 0 14
0 e
K,=|0 f ¢ (6)
LO 0 1
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LYy
1.3 Google Tango AR
BARITAER SLAM Bk 45 3 eloidk | ot iz 55 hE
ISR B vy GRS Sh s £ RE S S Al T+ 2 AT5 K
HAMEREE . Google Tango i i f FH 4375 B 14t %5 &
FHLHEW 1217 SLAM R4, WE 1 R, Google
Tango LAiz R EEFHHL( RGB A#H#L) & ToF AHAL (IR
FEARBIL) VAL A A, 9 il iy Jonn ekt B A% B2 R )
el % AL AT T R A IR & H RO A
TR EHLA AL B 25 0P 3 Ab BRI FE . Google
Tango T HLffi F 3 F 41 M A9 52 1) 44 [ ( Real-time
appearance-based mapping, RTAB — Map) ">~/ SLAM
245, K 2 ik, RTAB — Map 2 4843 0 il 3 Fl e
Vi PR o i oA A B AR T 1% 40 i RGB
D K IMU 2K 3 B4 22 Ak 1 35 B0 A AR R 07 25
Bl AT R A AT, Al TR 22 RBUE A BRI
R e s A H B IE RO T X R R 22 | e i e
JE A2 F-22 (Local bundle adjustment ) #5355 [a]
IRIMBE A B, SRy P~ 25 A R T 08 d5 30 198 O
WAL S AT 2246 1E 5 [R] 2 4G 00 368 4o A2 00 355 1) 5 )
DX 3l 5 FH A7 22 {14k ( Pose graph optimization ) X 4%
I 2 A 2 AT 2 0E

2 FiAERSRITSRE
PR A R G EARIE T SLAM R G, W
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Fig. 1 Structure of Google Tango phone (ILenovo Phab 2 Pro)
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Fig.2 Process of estimating pose and mapping in
RTAB — Map system
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AR R ZR G0N 55 DA T 3 3 AL 45 o0 1 FH 2 4 b i
AL (Augmented reality, AR) 3755, I FH - g i
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Fig.3  Structure of forest inventory system
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Fig.4 Workflow of forest inventory system
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Fig.5 Chessboard used for building plot coordinate system

NE

SLAM ZR 51 1o [l BRAG I K o7 28 1 L A vl LA
S AR T A T AR RS, A e LN
RTARI T Rt 4 Jm) — S s I8, DU A oA A RO
WU 2SR R 8 o I S A5 2L AL, P LA SCHE B R
R RO HITBEAT 1Al 4140 DA TR A A M i 3 P 1)
PR, AR — B B TR P S R LA
DR AR, 310 o 25 % RO P [ B RG000 0] ] 2 BB ofi
B HB IR A SOR IR B A2 2R AT 3148 LR Al fig
ZRFGEE IR ([ 7) , B a6 = B s ke
Mot R AR 2L T T N AR IR
AR TR S O T B IR BERS RIS BE AR
Pl ELAN 22 IR B 5 TB] 1 o ) e o, o 7
A RO JHE B 2R SR A b AR A 19 15 8, 0 A

(d) Hr T2 (o) Fi A L AMARAL— M HRHE R () A RANIE oL R
BEEUES) =
I woas () i wes () = g D
S N | yax '\\ o w )
N em o [/ — @ - oz [ . : H 905/ha
\\\ b /// \\‘ i // ) &m ( 107.1935me/ha )
IR ( 20.4615m%/ha )
(g) VAR (h) SEALEE. (i) FRAP B REHLES B

K6 FEHUULIN R e A R GRS

Fig.6 Different statuses of plot survey system during observation
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Fig.7 Scanning trajectory for building plot map
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Tab.1 Summary statistics of plot attributes
*%iiﬁ TL* SR ﬂ@’?ﬁﬁ/?ﬁr‘l ‘ WE/T
RS YiE b B ARdEE
1 17 Ay 18.66 1.72  10.76  0.72
2 20 EHG 21.57 418 20.81  3.07
3 21 EHY 15. 11 1.27  14.08  2.96
4 12 /N 15.74  1.73 6.97 1.43
5 17 SE 18.76  2.22  13.91 0.76
6 16 it 17.02  1.44 13.85  0.66
7 14 FME M 1957 8.50  13.78 3.3l
8 16 S 16.23  2.97 13.76  1.00
9 12 5L 21.12  4.10 13.50 1.20
10 16 A ks 17.21 2.86 19.75  2.39
11 16 iRt 14.83  2.46  10.16  1.04
12 14 EOH 21.38  4.01 14.67 1.81
13 18 sk 17.18  3.09  9.42 1.37
14 16 Z5R 16.02 2.66  9.81 1.29
15 20 A 16.15 6.06 11.23  3.37
16 20 AT 17.02  1.50 11.24  0.85
17 19 EHH 24.80 2.32  24.72  4.68
18 17 EHH 27.46  2.38  26.48 2.70
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N T AR R G A R A b ROR R
JH WA RO - Jig A28 4 kg Bl A 2 254, A1 ] 4e i AX
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{8, i P Al ASO 12 57 AR 8 AE S ST R B 2%
B, R AT ARER X AR > S 5 S % (H 1 5 T
7 W ML AR E S B EHTIE, AT A
BT RGERY A TR B, A SO I 22 ( BIAS) (3177
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Fig. 8 Scatter plot of estimated DBH values
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Tab.2 Estimations of tree-based properties

R F Bjys/cm B,/ % Ry5p/ cm R,/ %
Ja#z 0.32 1. 85 1.27 6.77
Lior=a 8.0 0. 66 95 5.52

x 3.0 1. 46 3.8
gy -1.7 2.28 3.0
0.4 0. 46 1.1
35
30 -
25+
\E
E 20
o
15+
10
5" 10 15 20 25 30 35

S%ffim
9 Wb HE R

Fig.9  Scatter plot of estimated tree height values
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Fig. 10 Position errors of all trees in plots
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Tab.3 Estimation results of forest-based properties

Fes SEEINGAE/ em SRR /m HRBE/(m'-hm ™) BERIEEY (m? -hm 7)) BRREEE/(BR-hm?)
flitH SZMH AETHE Z%{H flittHE e flitE S%ZMH AETHE Z%{H
1 19. 09 18. 66 10.96 10.76 161.1259 151.1781 27.8813  26.5292 962 962
2 21. 64 21.57 22.13 20. 81 449.7809 426.3379  43.0710  42.8879 1132 1132
3 15.25 15. 11 13.82 14. 08 152.4526 152.9388  21.8036  21.4711 1132 1188
4 17. 10 15.74 7.20 6.97 66.8454  55.2798  15.7443  13.3761 679 679
5 18.92 18.76 13.98 13.91 193.0592 189.4271 27.4033  26.9593 962 962
6 17. 64 17.02 13.85 13.85 156.0418 145.1995  22.3502 20.743 5 905 905
7 20. 65 19.57 13.94 13.78 227.2644 211.6346  30.7202  28.3338 792 792
8 17. 10 16.23 13.78 13.76 151.4326 135.6873 21.4752  19.361 1 905 905
9 20. 87 21. 12 12.95 13. 50 158.3324 168.2545 23.9686  24.6776 679 679
10 17.57 17.21 20. 01 19.75 215.0430 207.0774  22.3627 21.648 1 905 905
11 15.23 14. 83 10. 13 10. 16 92.7838  88.4782  16.8586  16.0736 905 905
12 21.63 21.38 15. 11 14. 67 225.1426 215.8080 30.0763  29.4365 792 792
13 17.43 17.18 9.52 9.42 129.4094 124.8491 25.0619  24.3858 1019 1019
14 16.75 16. 02 9.76 9.81 107.1935  98.1576  20.4615  18.7494 905 905
15 15.21 16. 15 11.23 11.23 155.4744  170.5556  23.9042  26.4517 1132 1132
16 16.31 17.02 11.21 11.24 140.6330 152.9594  23.8635  25.9336 1132 1132
17 26. 13 24. 80 25.77 24.72 699.4703 604.7472  58.0772 52.389 8 1075 1 075
18 27.79 27.46 24.61 26. 48 683.5249 711.713 1 58.8396 57.421 1 962 962
x4 WO/ EMBHEGITENEE x5 HHEMEMGITESR
Tab.4 Accuracies of forest-based and Tab.5 Estimation results of plot-based properties
sample-based properties (°)
/L By B,/ % Rysp R/ % b5 I
J& P fliTHiE Z%1H flittE Sl
V-2 Az 0.36 cm 1.93 0. 69 cm 3.89 1 4.7 4.9 78.5 74.7
YR 0.06 m 0. 50 0.63 m 2.95 2 3.2 3.8 73.4 62. 1
ERUE 8.5059 m’/hm?  4.21  25.7358m’/hm®  8.67 3 6.6 6.0 64.3 63.0
BEWIHIAL  0.9497 m®/hm>  3.81  1.9873 m*/hm> 7.51 4 8.6 8.4 89.7 98. 1
PRIE -3 F/hm® -0.26 13 B/hm® 112 5 7.6 6.5 56.1 37.0
B 0.30° 0. 88° 6 3.5 2.1 12.2 8.2
. 0,440 7 610 7 0.8 0.8 132. 1 135.7
8 8.3 7.5 174.7 178.7
9 5.8 5.5 171. 4 171. 4
\ 10 2.8 0.8 155.8 168. 4
5 #ig 11 4.6 4.7 126.7 138.9
12 4.8 3.4 162.7 162. 4
(1)%T RGB — D SLAM FHpUig M E T 7 13 6.0 5.7 177.1 171.7
MRFEHLI A RS, % RG] SLAM R G T i ;‘5‘ 113' 45 124 91 15360'99 15361' 98
B ARXT A 25, FH ToF FHALAREUE = 4k R 1K 16 14.2 14.1 36.5 37.8
WS T RS AM S i85 e 053 | T A .
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