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Abstract

The non-destructive measurement of plant structural parameters is of great
importance in fields such as growth monitoring, scientific modelling and quality control.
This research utilizes a Microsoft Kinect sensor to acquire color and 3D position data
and combines multiple point cloud processing techniques to reconstruct the full 3D
point clouds of the plants. It also extracts several plant structural parameters based on
the clouds, so as to achieve the goal of non-destructive measurement. The whole
process is divided into six steps including acquisition, adjustment, pre-processing,
registration, post-processing and measurement. The basic principles, implementations
and improvements of each step are demonstrated in detail. The non-destructive
measurement process proposed by this research has relatively low hardware and
software requirements, convenient steps and easy implementations; the measurement
error is reasonable, and some parameters that can hardly be achieved by physical
measurements can be measured. Thus, this non-destructive measurement process has

some practical significances.

Keywords Kinect, Plant, Non-destructive Measurement, Structural Parameter,

Point Cloud
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T, 23 S AL BER o MG B AN = 4 iR = 8l . ) TR e R E U, R iE
BB, AP, TR e HTan th— A7 hg AR BRI A LR/, 5 I B i
NER, RARAERR N EIE R R R AT B SO, JE B LB 0T
=M ZHERE, SATE A B, NEAR AL e R AR S, RIS
FAIEIGE A NPT L AT — AN 5G] , 105 82 4] OpenNIGrabber % 42
R . ALK 2.2.4,

_______________________

| sremEnh o |

T e | memew |
TP MR i v :
. el | mHwmeRes |
L ——H X e | v :
e . Col e |
BUE LT DEMEEW
<R = MR S i
% SR D
fREga T x s |
| wmemms |
S T gy :
g
BT 8
)
RFE N
XS

] 2.2.4. 152K R
2.2.3 BERENHEFEIRE

FH T A =24 55 2= 3R 41 55252 B HH Kinect A% 28 A1 FL B 3% 6 M B HA 811
st NN, T oRMEY R s e P E T L, Kinect {% /45 E
FERRR & e B A BAL, JFH%E Kinect &AL & KA T
PH 0. Kinect 2R E 56 Z MR A —EHZK: H)E Kinect 1% A5
FIALEE N 0.8~4.0 2K, "B 55 G 2 18] (PR R N 24 47 )48 BLIX I N RVEE A, 4
1.0~3.0 Ky A s[RI A IR 558 6 N2 e BB S E Kinect 1% /8% (141
A, R AT RE R SRR S o W ARAF I ALK, XS Kinect 1% /&% (17
B A A — R Kinect %8G IR AT BEHUE AE PR K o sy BE AL,
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WL EY R G TS B R A AR E Bk il S H£ T Kinect I 215 B A BN &

DA T RE S8 (115 SRR 1) BRI s s, kD RS (R 52 Kinect 4% /2%
ek G P IR A BRI, B R RS T, CRIERESE SR ENH: & °F
TR 43 s (0 O8O, T T PR IE 4R 1 . ARAE B3R LRI, AT DR 52
Kinect 1% a5 & HREUALE, Wk 2.2.1 B,

2.2.5. L E R ERE

ARG, EHRREAEE 16 DNAEA MR sz, B G Ky
R 22 5T IE—k, AT, A TRRBIX—HE, FEARS EHSN
fig—Lebric, DMEERESTICRITRE. Aad, S0 FEBSM T 8
SR bR, Wi 2.2.2 RO R AT . b = AN AR TN
ZRIEMSHE bR, BAERSCRVER . TAES, (28 & R B i — A e A
10, BB HE ) EARC R AR I S L E bR id i, BT G it 1 R4 2259
Wb A BAASE 15 & AT 4

2.2.6. bricidHIE G
RIE L7k, Ehinm— ke T BN MRS s, BT ASKRIE; Bk
MR B G b, S G, BRY 22595 —K. XT3RS 17
A S S S R B EME 530 i 44 4 cloud[0-16].ped 1 image[0-16].pcd,
He a8 —475 R0,
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WL KA ARG TR S B B2 2B AR Bk ST H£ T Kinect I 215 B A BN &

2.3 R 5I®
231 ERER

X =AM MR S5 7 BFER & 283 5/ 16 A NI 5 17 A
GRS = TR T 75 B 2~3 Fhdt AT WIdh b, (76 R B UG RN = 4 55 2= FE T
DT 1R RN AT, A ISRERER 5 B BAN . B R K] 2.3.1-
12 fioRo

Kl 23.1. fHtk A THEOER K232 fHHkATH 4N

2.3.3. Kk A IEREEE K234 Mtk A EH =487

Kl 2.3.5. fHtk B TEEOEIKZ Kl 23.6. fHtk B TH =M A=
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WL KA ARG TR S B B2 2B AR Bk ST H£ T Kinect I 215 B A BN &

2.3.7. Mtk B IEHEOEE K 2.3.8. tHFk B 1B =4 f =

2.3.9. itk C BB O EEG K 2.3.10. itk C HH =45~

K 2.3.11. fEkk C IEmmEAEE K 2.3.12. Mtk C IEH=4t5 =
2.3.2 R4
H EEWTDUEH, S 2R RE A & 2K . HIR N AFEE — L W EH 1S
Gl R
Kinect 1% B#% 3R B IR LBt i AR BE RO AN 52 Xt 5% . IR BN ATE = 4

R, MR R Z BT FIEe OKAt), maEH R L g
(5D,
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WL KA R G RS R AR R Bl il S BT Kinect LS B KM C I &

Kinect f& /& RIUN s 2 BAEEV L ZAAEAE KE L . W AR HE=
Yo, FERILGAATER BN B AN, i HIC R U S o XS
IR RALE T, EVIRIAZRAE Kinect K5 IO BT RN 52 %, AheiaH
IERIRER BER o IX R R 2 S B0 T BOM BRI R, — S8 7E BRI I B
SRFTLALEE R, RITVELS 2A RS B AR £, WK B.

BT AR, fbk BT e R 2 . BT 5 Kinect £&IEA8 b4 I A
R, B Z, M IERREE, HMLSARE. XS TRANED N A
EITEONRRE .

PRES U EY Kinect /& EHO0HN 55 & T R AU, HERHTRREZ .
AT ANt IR B I8 = F BRI R R, 20 5
MRz IE L AR

2.3.3 TERE

FRE M et T RAHE AR JLAN U7 T

AT G s 5iF 1k, MBS THEZ M, WHE R RES
wil, BEEE—EMEELE, T ARG AERE B s, v LR
A HLECL A O HL g i s SR .

B B i G # o SRR RS, 72— I A AR i kA AT A
0%, W25 SO B E HR T 556 TR B 3)) Kinect /%48 . XFEL TR E— AT
BUERSCIL, RN R MR T LB 2 & Kinect % /& 38 K M43 [ 47
R AE RS

BEX TR B 8, W] 25 R AEARAT — 1 5 2 N S Bron) 22 M ol 2= B k4T
Al . WS, Kinect M2 AEIREN = 4k i = L FEHA R AEH RE 1), AL
SR BeT bR A AL, AEAT B AR TR RO s RN Kinect A% I SRR UK mUEL
PEEAFAE—E RIS o X 28 S EAT RS, AT LR F SR S8 A 5 A v
P RIS E AT PLOR OR8> TR R

TR ET7 RBONMER, P LGB I — ML B Y 5 = R AR B vk . 1X TR
MBS A Kinect A& A8 B T HMEIIE 175 .
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WL KA R G RS R AR R Bl il S BT Kinect LS B KM C I &

%3 E EY=4RSHRIE

3.1 FEAFEH
3.1.1 FET/EEE

T =4 i = BORLIE L SRR R G RIAR 2, 18I THE Kinect /2888 5 ¥
BB AL E IR R, RIIE =4 5= MRS L. X B0 M EZE TARET
B HE R G T O A R R, BET TSR A [ MR B LAA AR 2R A R
BURE G A bR R IR HIE R X T3 G P AR S BN E 75 2 2O A, A
TIF 7T m R P e ] B0 (8 AN IR = i 12 1 1 ) S B BEAT A 50 AT

3.1.2 FHERE

=#Ela, CPEE R EREE T TN =M E. TIrEREANRA
ME— 1k 2 AT T SR, 35 1] ~F T 799 32 1) T L [ B 28 /g~ Y TR RV [ s ORISR
A n ONFEP IR R, WA kn WA PFERIE R R, BRI, N
B E S QE N Wik i a e R i Ch W Ei =R = 1 1B i = M D SR VA - 8

FECFIP I B = R pIIE 00T, P ik e & n] DL Il = s B
AR XK RS . B= 55508 O(Xo, Yo, 20)~ A(Xy, Y1, z1) 1 B(xz, Y2, z2), W
R AL RSP ] B«

OA = (X1 —Xo) i + (y1—Yo) j + (21 — z0) K = xoa i + yoa j + Zoa k (3.1.1)

OB = (X2 —Xo) i + (y2—Yo) j + (z2— 20) k = XoB i + yos ] + Zos K (3.1.2)

DUAZE - TR ) — ANV A BN

n=0A X OB

= (Yoa ZoB — YoB ZoA) i - (Xoa Zos — XoB Zoa) ] + (Xoa YoB — XoB Yoa) K (3.1.3)

1S BT —AME R B A — S BT A B R & BRI ek E. B
Je Xk R AT A4, RV ) AR SR DA ) & RS BT R B 2
J& XA R R T AT R, T ERRAAAAR R T, BE W BRI MZ0N y
G771, PRIV A B j I RBON A, WIJE R R, 5 0 = A RES U e
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3.1.3 Rz KL #

5z R AT AR 0 S — S A s 23 TR AT LR AR e (R R o R = 4% ] o
() R ARAR (X, y, ) REE— U4k R x y z 11T B FIH—A 4X4 7R S H &
FHAFRARIE A T LA A2 e, B

x' Qoo Qo1 Qo2 Qo371 [X

y' _ [am a1 Q12 alsl ly‘ (3.1.4)
V4 Qzo0 Q1 Qz2 Q3| |Z o
1 azp az; asy aszlll

XA AXA HPARHFERERT LA i 4 B, B — By R AR AN R A LA A ek
R,

FBUONTT R B 3 X3 AERE, AENS AR LB REARAT e R SRR . o b
B AR GO AL BRI A e A e, A2 AT T AANR 28T IERE i BE IV IE B DLAT Tk
WIHhRE . #5758 x FhiEEs 0 f, TR

Q10 Q411 Qg2
Ao A1 Ay

Aoy fhhese 0 f, WIBLAERE D

Qoo Qo1 Qg2 1 0 0
= 1|0 cosf —sind (3.1.5)
0 siné@ cosf@

Qoo Qo1 Qo2 cosd 0 sind
Ao Q11 Q12| = 0 1 0 (3.1.6)
Ao A1 QG2 —sinf 0 cos@

P58 7 Wil 0/, WHHERENY:
Qoo Qo1 Qo2 cosd —sinf O
Q190 A1 Q12| = [sinf@ cosf O (3.12.7)
Ao Q1 QA 0 0 1

B THONTT A B 3X LR, RERE AR =AM R P RS AR e, D

Qo3 dx
[%3] = [dy] (3.1.8)

as dz

H=HONTT R NN 1X3 GERE, RENS T AEIEMAR . AERIRAR R AN
TAEE A, IR % e s v 0, Bl

[az0 a31 az2]=[0 0 O] (3.1.9)
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WL KA ARG TR S B B2 2B AR Bk ST H£ T Kinect I 215 B A BN &

SEVUHONTT A N AR 1X 1 AERE, RENS AL LG A TsAe . AENIAAR K]
AL A5 e, IR R TR o 1, B

[ass] = [1] (3.1.10)
3.2 ST
3.2.1 FEFFRIE A

AREFF ATHAT A4 N calib.exe, 1 2 MIEITSH: A SCIE4, WESHL,
Hi “*.ped” $873E, fRERHHET IR R =X, I TRIERN S = 8dE;
b EARER, LEBHE, W “-cXo, Yo fRIE, FRIER G L SN N A
B LSS, RE TIPSR AR s S5 8 A 2% 5 B by, 1bE
24, W “-aXa, YA” A “-bXe, Y8” $RE, $55E IR RAERT VRS
GG ERAsts, HF SR GFEIERE; Wt scrrda, Es8, il “-o
*7 AR, ROER AR BRSP4, BRIAN “calib”. SEEERIIZAT AR AT

calib.exe *.pcd -c Xo,¥0 —a Xa,¥a b Xz,¥s [-0 *]

BT RE, SR iTa . nE3.2.1. EhER VAR s X
%y AR FH 45 58 1 o0 s 225 0 RS E MR AR B 4 Y ) = 48 5 25 T 0 7 1
ARKR, JETHE VRGP RA R R A XSRS HIE R, IR R 1 iedk
FEREANP AL [ &, DR AR o B ot I 228 s AR KR o i i S s g 28 R o 2
PEORAEE] 73

= CAWINDOWS\system32\cmd.exe -5
calib clowd®@.pcd —c 322.389 —a 321.412 -b 3938

Point Gloud Galibration ooecoocooooen:

< 8.6059, ©.4388. 1.5468>
< 0.8025, 8.

< B8.2120, 8.

! 08114, B8.9994,
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3.2.2 KA

AFEFIE AT 444 calib.cpps

FEJFE S M Console #2073 H i AT HAT S 4L, MRS EAHFANZRE, W
R E SRR N R H . R 10 BN PCD flz SUF . 0 Tl S 2
% 55, P H R BG AR R S = 4 S = 6 R, T RGN E R S,
LB X + Y X Width BFF SRR BXS e 2 JE R =AU = 4EARFRoR
B GFTENE R, PR TEWRTETR . TSR 0k R OB R, ATDVR
(R R SR HAVE ) B 5 = AN A BRI (R I A, J0E T R 328 TR A R o g 328 T e R T DAy
AT Jele X e, AR B E X-Y Pl by FSe Z Wik, vk
AR Y BT PN AR R AR o v] AR B R A N e R R R . DU A
JE B RARER, XA ARAR IS B AT S B PR R s i LA AR e n] BLid i
Registration #2H [1) transformPointCloud H%(TERR. i Ja¥ HERE RN 9 Mn R
P [ B 3 STk A #E ks A A . BN LK 3.2.2.

SR AT B4

WAEE
v
TEHL = = HEALFR
I
R AR
I
TEFE R FEAL TR ]

v
et

K 3.22. HaRIEREFRER
3.2.3 RIEES%iRiC

KR AR IR IESERC K 2.2.6 Fs. L AR R ER: & R
W) 3em X 3em KNI TTTEARIE . Hertp — ARG RS & DAL E, 5
SR PRE S E G L 90° REAER GIZAL, H A bric 2o EE R R
23 20cm. Z i LMERBCRHIPRIC, T Kinect 1% & SRIUIR (- % 7
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AR, HARREShh 55 & P I RAAZIRK, fridid bl e S EE RO
&P LA 7 o

FEFRIRIT, F5 BRI 6 2B A s AR N GBI, TR IEERE,
PRI 2 R =AM RUE S H bl M AL B AR R s A 20 . ik, B
&, WA GILGARC s AL T 5T Kinect (47 B . TEARRFFIH, fi—NhLkhn
1R T Kinect 5% & HLIEL B (X AFR S50 0Fsid A, 57— a4
PRl RALTE G L S A (Z bR b bl A, Wil 3.2.3 Fas.

N—

Kinect{& BL2S 5 )

K 3.2.3. ¥ GBI SRR i IR

FERLIEIS, oG N TR b Aric AN A S bric e R B B 1Y
AAER, HAENBITSEE ANIEREFF . I TAR I AR, ER GG B —
AR X, B I A A DX Pl . R B B AR B RS B
calib.dat 3C1F, HIF a1 1 s = AL 2E .

3.3 ERHthr 5T
3.3.1 LA R

St = AMEAR I 6 B IRIUE EE B RIERFRHATH DT 1 8.

XPTHERR A G T ERROEER, IO C (322, 389), Zm AN
(321, 412), 4% ki B J9(393,390), il 3.3.1 o (Jm#B, JHK 6 i),

FEJE A e TRl 5 C ABAR4(0.0059, 0.4388, 1.5460), 344 £ A 24(0.0025,
0.4311, 1.3160), 4% A B J9(0.2120, 0.4357, 1.5250); %% & F iz [ & 4[0.0114
0.9994 -0.0333].
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H£ T Kinect I 215 B A BN &

WL K2 ) B 50 TR 5 B R S B AR A B
FERSIE fzs T Aot £ C AL KR 5(0.0000, 0.0000, 0.0000), 38 4% 55 A 25(-0.0033,
0.0000, -0.2301), L% & B 24(0.2062, 0.0000, -0.0210); % & ~F1fi 2 [t & 24[0.0000

1.0000 0.0000].

[ 3.3.1. kR A5G HR O EIGREOR
ARG, EEPO A C (320, 399), WL AN

X FAERE B 562
(321, 412), K% s B (370, 398), &l 3.3.2 fras (Jml, JHOK 6 fi5).
FEJR UG r e Aol f C ARBRA(0.0021, 0.6541, 2.1530), 1144 55 A “4(0.0057,

0.6545, 1.9920), 4% 5 B 9(0.2071, 0.6500, 2.1530); #% & ~F-1Hi % [ & 4[0.0200

0.9998 0.0030].
TERIE S = s £ C ABKR4(0.0000, 0.0000, 0.0000), 11%% £ A 9(0.0036,

-0.0000, -0.1610), 141%% 1 B 24(0.2051, 0.0000, 0.0000); #% & ~F-[Hiv2: 7] & [0.0000

1.0000 0.0000].

3.3.2. fHIk B ¥ & H B OB/ ICR

IR C I 6B O EIR, 1EIhO R C (317, 313), AN
(317, 348), 4% xi B JH(406, 313), 4l 3.3.3 frax (JRifEh, K 6 %),

TEJR AR 55 2= s vt £ C Ak B3 A (-0.0058, 0.1700, 1.2140), 12125 55 A 4(-0.0048,
0.2102, 1.0170), 4% £ B J9(0.2000,0.1700, 1.2140); %% 4 ~F- 1% [f] & Y[-0.0000

0.9798 0.2000].
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TERSIE #2515 C A 454(0.0000, 0.0000, 0.0000), 1124 5 A 4(0.0009,
0.0000, -0.2011), 1% B 4(0.2058, 0.0000, 0.0000): %% &P [fii2: [ & 4[0.0000
1.0000 0.0000].

i 3.3.3. fifk C # & # e EG REmR
3.3.2 &R

ZIR IR, 2 KRIERME, SRS ST Ik R Y 5 E 7R TAT,
FEAIL B T FE RIRLIERCR o AR [FI R I T — 16 )

Kinect A% g xR F5E Kt 10 I B v M 2 R ORI R i R L IR HERR T o AEAS T
FeH, BIETE MM T 1B B = MR IEARIE Ao A12R Kinect 1% B ER XX =4 1iH
TR B D B AFAE ORI IR 22, AR 72 il 4 B R N AE AR IE IR AR SR FA I £
HERRZ o Wik B IR G 8z, SR T GHE Kinect 1%
REBOL, ¥ ERMmMKAREAKRE, HESNRZ .. MRIESRBERD T
—E, AR5 C RREIEE A 20cm a4, (BAE fl= R 16ecm 72
A BT A Kinect 3R15 (B da Bl A7 £ 1R 22, 1X B 2 UM Jim S I S R A HE R
PEo AN, HALIREK AC. BC rilalBEE#ANTHIFE, M Kinect /&% 433k 45
(KR SEAFAE € IREH L IR Z2 B I AL

FER O R T IS hR il AR T N AW FEARBT T, S5 hRiC R
MBS FEAR o A 0 R R B IE G e 6 A hn SRR, 5 ZEAHNS VR, O
RS2 1A 5 20 AR & R B AR Z SR BT AT (BN TR 225
ARE HBLRR, WIS GAER G R L, maRe a0, W& olEmR
KHJRZE .
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3.3.3 TERHE

A RE At Ty SRALHE AR J LA

TR O E R E RSB RL GARERE, TUE A R ER A 358 .
A BE 0 SEILTVEAARAE — E B R K HE A RE AR C s DX, IR 4 B 31 %
ANEE B = AN DX, AR 3R B =l DX ot m RTAT

XTI MR =A S R, AT LA A A 65 R R i A A R R Al
AL . FTRERISEBILT 202 B Sa A UE B B o 1 107 0 1 B R i i,
XK g EAT T AU S R B2

XS Kinect I 5 80 (1 1R 22 BUC RS B2 1 1Rl AL, W DR B — B ik K —
IR 2 15, 2 BEAT J0H0s R (K R AT 40

N T AERLIE /25 () R I U A Sk i A, 3w IR AR A b s R A 9 AR IE 2
FE%.
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B4 B EY=4RSHPbE

4.1 FAJFH
411 XET/EERE

XM EETAEE T NEE 2 MEEY A s R 5 R st — 5
TRACFRERAE, Ay Ja T (TG 1 AR A0 2% o LA AT 25 0458 R FH i T4 81 70 AR i
BEEAR N R TR IE: R R s NEGLIRR (BT R, XY FHRE, ZH
TEJ7 R 1A 48D A e B B R RFG AT I Bt A A bR &R CHF &R, X-Y PRSP,
Z BhIET7 1A dE ) D, ik 4.1.1; BRI BB IR AN TS SR S
LBy LB — L8 el T 7S AR PR U B R A RS TR 2 A s
A s BT RS HED CHIFCHE) . DIRERE A M55 8 s (WIS Z)
N, X R AR AT 4.1.2.

é@@

vy o ERRARR LR Y

K411 FGH bR S AR R E E

AR R ELEE) Git
l.:'[é* 7 7, - X . 4.-5" ] R .\‘\ [[ﬁ‘,] 2#,%‘: 2 l;,//ﬁ

K 4.1.2. =45 = bR

4.1.2 EBIEK

ELEDEBE — M ] BT IE R AR o B FOVFIEA - BAE — 2 BR 1 i [l A 1 i
B, MR R ERR . RIS, BIERE LB s BT RO A
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FEAWT T, (8 BB PEPEOR 2 KR 5t O ) B 8 TR Al i ad
WSRO, AR & A DA AR i, DRI T U] — 46 3 R A Pk
B S ok, BV D@ E BN = MR AT IR . XRONEE A ARBR R R, A
JE RN G, Z BRIV REAR B R, AT DAORHAR IR E XY AR AR IE
Vo, P ERIE Z ARpR s e, A 4.1.3 FroR.

Kl 4.1.3. {5 ARFR R T BB IEPOEE Y R =

4.1.3 Gttt B R R =R

GeiH PR AR BRI ] S L ARG THRF I R IE B B o e 0 A
o B RN BT K ARSI RS . R e BT
AT, Fe A RBOIR e EARR 22 D, AT AN P S A v Y [
RO B R DRI T I Se P B g (B AR HE 22, T T e BE B B ——1Y
B+ PRAEZERAEE X drEZE. (RS UG P, PRI AR P B R R i 1%
SR BB A O B R s HERR e AR Rl

FEARBLTCH, Iy 1 B A2 25 B a0 R 25 K B s, 38 R b
ZERHBME BB 3.0, X RLIEZS A Y 99.87% M2 {7 B

4.1.4 LFHEN CHEHE

HI e G R AEMRIA I 2 M i, B MR S R AR R 2 PR AE [F]
—LE, KT ECHERS SN DT R ACHE R B . A, N RS
BEAT A (RIS SN, Bl R B ME IR R S AR E N S AR AL E NI,
BEAT AR ARBCHE I ROR 2 T4

> T

VY

|
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FEARTTH, BT HEA AR TR R T, AR R Z BRI S T4
PRI, 2 SHED At A 7 A S IME R R w58 Z e — € A BERD AT . AR 4G
AR R = SR BGRAE R, B —MEVR R S AT EAT e, 2R MR MERR R
LT B E R, 22,59 T )R IC R AT ARBCAE TAF, 2N A 4
AT AAS DS R HERA, RIAHAT TP i 2 (0 B B i Z 18] e VA AE — E i A%, BRI
X ARt s O BCTE -

4.2 LRI
4.2.1 FRFFE FHNE

ARy Al AT SO 44 0 preproc.exe, H 2 MEAT S AR B FE ST 4
WEZH, W rdat” FBE, 18E R R A R FRAE R A R S 3
r4, WEZH, W “*ped” $65E, T8E fa BERAT AL I 56 55 = 30, ml
MANZAATHACEE; EIEIERSH, WIEZH, B “-p Rx, Ry, Rz” f&5€, fi

o SRR R R ERR RN, BRI 1.0; Giit Rt kRS, ol
WSHL s K Mul” $85E, $8E THEIL A0 1A B R A R AR R AR o
SR S TR L N RO s v 22 SR A AL, BRI 709300 30 AT 1,05 ZEASHEMID HEAT, Wik
24, 1 “-rDeg” fR3E, T NMBCHENTBEAT 10IE I e 2B ML, BRI
0.0; itk SCHFRTSE, FIESH, | “-o*” $RE, gkt AR S A AT
Chti 0 SO0 TSRO0 P S A4 RO » BRI “proc_cloud”. SE 3 IS AT A 1R

€

preproc.exe *.dat *.pcd [*.pcd ..]
[-P Rx,Ry,Rz] [-s K,Mul] [-r Deg] [-0 *]

IR, ST E 0, k421, HEER TSRS X
Y, BN TR EERATH DB LR R S, SRR R AT 7
Al FLEEPCEE VG etk B S 5 RS BN RCHE e e bt iy . ILJR T
w7 AL B RE— A RS B, IR B R 5 R AF 2SO
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= CAWINDOWS\system32\cmd.exe - o

3.ped cloudd.ped cloudS.ped clow
ldiﬂpdldiipdldlip clow

-0.4000 - 0_4088
-8.4000 - 0.4008
9.9180 — B.6008

4.2.2 R RS

AFEFVR A 444 preproc.cpps

FEFFE Je M H] Console BEAH 73 W dir AT HATSHL, UM RSEAFNZE, W
RULBESHERRNARFAIR o SR IE B FEEE, R 10 B4 A
AN PCD s, SRIERAIEA 5B A S = . B %6HIH Registration
BLZH i) transformPointCloud B8 HUKs 1l = MFHARHLARAR 2R AR R B G ARBR R, #5E
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x' =xcosf —ysinf (7.1.2)
y' =xsinf + ycos6 (7.1.3)
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1
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1
= 52ﬁ=1(xk}’k+1 — Xk+1Yk) (7.1.4)
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measure.exe *.pcd
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= CAWINDOWS\system32\cmd. exe -0
- neasure cloud 0062 _nBBZ . pcd
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n
eter: B.
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AFEFFIESCAE 4408 measure.cpp.
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#*7.3.1 fHkk AL B, C &4iMMES BRI LIRS IR
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P FEFPIRAES

grab.cpp

#include
#include
#include
#include
#include

<pcl/io/openni grabber.h>
<pcl/visualization/pcl visualizer.h>
<pcl/visualization/image viewer.h>
<pcl/io/pcd io.h>

<pcl/io/png_io.h>

boost::mutex cld mutex, img mutex;

pcl::PointCloud<pcl::PointXYZRGBA>: :ConstPtr g cloud;
boost: :shared ptr<openni wrapper::Image> g image;

int frames saved;
bool save cloud;
bool save image;

struct EventHelper

{

// R ARERIEL

void

}

cloud cb (const pcl::PointCloud<pcl::PointXYZRGBA>::ConstPtr & cloud)

cld mutex.lock ();

g_cIoud = cloud;

cld mutex.unlock ();

// FEUGSRERIAL

void

}i

image cb (const boost::shared ptr<openni wrapper::Image>& image)

img mutex.lock ();

g_image = image;

img mutex.unlock ();

// BERESAL

void

keyboardEventOccurred (const pcl::visualization: :KeyboardEvent& event,

void* nothing)

/] EE TR, MR SRR

if (
{

}

int

main

event.getKeySym() == "space" && event.keyDown ())
cout << "Save Frame " << frames saved + 1 << "\n";
frames saved++;

save cloud = true;
save image = true;

(int argc, char** argv)
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// R BB G R

pcl::Grabber* interface = new pcl::0penNIGrabber ();

EventHelper event helper;

boost::function<void (const pcl::PointCloud<pcl::PointXYZRGBA>::ConstPtré&)>
cloud cb = boost::bind (&EventHelper::cloud cb, &event helper, 1);

interface->registerCallback (cloud cb);

boost: :function<void (const boost::shared ptr<openni wrapper::Image>&)>
image cb = boost::bind (&EventHelper::image cb, &event helper, 1);

interface->registerCallback (image cb);

/] R AR g et

boost: :shared ptr<pcl::visualization::PCLVisualizer> cld;

cld.reset (new pcl::visualization::PCLVisualizer ("Cloud Viewer"));
cld->registerKeyboardCallback (keyboardEventOccurred) ;
cld->setCameraPosition (0.0, 0.0, -2.0, 0.0, 0.0, 1.0, 0.0, -1.0, 0.0);

/7 EEFTAERT BTG

boost: :shared ptr<pcl::visualization::ImageViewer> img;

img.reset (new pcl::visualization::ImageViewer ("Image Viewer"));
img->registerKeyboardCallback (keyboardEventOccurred) ;

/] SRR IR
frames saved = -1;
save cloud = false;

prlntf ("\n*************** POlnt Cloud Acquisition ***************\n");
printf ("\n");

/7 PTG

interface->start ();

/] EAEA
bool cld init = false;
bool img init = false;
unsigned char* rgb data = 0;
unsigned rgb data size = 0;
while (!cld->wasStopped () && !img->wasStopped ())
{
/] WIRRE
if (g _cloud && cld mutex.try lock ())
{
// WGt
if (!cld init)
{
cld->getRenderWindow ()->SetSize (g cloud->width,
g_cloud->height) ;
cld->getRenderWindow ()->SetPosition (g _cloud->width, O0);
cld init = true;

}

/] R
cld->removePointCloud ("Cloud");
cld->addPointCloud (g _cloud, "Cloud");

/] FR L

if (save cloud)

{
std::stringstream out;
out << frames saved;
std::string cloud name = "cloud" + out.str() + ".pcd";
pcl::io::savePCDFile ( cloud name, *g cloud, true );
save cloud = false;
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}

}

// FERREFREI

cld mutex.unlock ();

// S
if (g_image && img mutex.try lock ())

{

}

/7 Whate

if (!img init)

{
rgb data size = g _image->getWidth () * g _image->getHeight ();
rgb data = new unsigned char [rgb data size * 3];
img->setSize (g _image->getWidth (), g image->getHeight ());
img init = true;

}

// SR

g_image->fillRGB (g_image->getWidth (), g _image->getHeight (),
rgb data);

img->showRGBImage (rgb data, g image->getWidth (),
g_image->getHeight ());

/] RAFEHG

if (save image)

{
std::stringstream out;
out << frames saved;
std::string image name = "image" + out.str() + ".png";
pcl::io::saveCharPNGFile (image name, rgb data,

g_image->getWidth (), g image->getHeight (), 3);

save image = false;

}

// SRR

img mutex.unlock ();

// R E
cld->spinOnce ();
img->spinOnce () ;

// FREELL

interface->stop ();

printf ("\n***********************~k*******************************\n") ;

printf ("\n");
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calib.cpp

#include <pcl/io/pcd io.h>
#include <pcl/registration/transforms.h>
#include <pcl/console/parse.h>

int
main (int argc, char** argv)

// PCD3:
pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr source cloud (new
pcl::PointCloud<pcl: :PointXYZRGBA> ());
std: :vector<int> pcd indices = pcl::console::parse file extension argument (argc,

argv, "pcd");
bool loadfail = true;
if (pcd indices.size () = 1)
{
if (pcl::io::loadPCDFile (argv[pcd indices[0]], *source cloud) = 0)

loadfail = false;
}
if (loadfail)
{
printf ("Need one PCD File \"*.pcd\" as an input argument!\n");

return -1;
}
// DRI
std::string dat filename = "calib";
pcl::console: :parse argument (argc, argv, "-o", dat filename);

// HoPHEKSE
int width = source cloud->width;
int height = source cloud->height;

// HC,

int centerX = -1;

int centerY = -1;

pcl::console: :parse 2x arguments (argc, argv, "-c", centerX, centerY);

if (centerX < 0 || centerX >= width || centerY < 0 || centerY >= height) {
printf ("Need valid Center Coordinate \"-c X,Y\" as an input argument!\n");
return -1;

}
pcl: :PointXYZRGBA center = source cloud->points[centerX + centerY * width];

E =N

int pointAX = -1;

int pointAY = -1;

pcl::console: :parse 2x arguments (argc, argv, "-a", pointAX, pointAY);

if (pointAX < 0 || pointAX >= width || pointAY < O || pointAY >= height) {
printf ("Need valid Reference Point A Coordinate \"-a X,Y\" as an input

argument!\n") ;

return -1;

}

pcl: :PointXYZRGBA pointA = source cloud->points[pointAX + pointAY * width];

E ==
int pointBX = -1;
int pointBY = -1;

pcl::console: :parse 2x arguments (argc, argv, "-b", pointBX, pointBY);
if (pointBX < 0 || pointBX >= width || pointBY < O || pointBY >= height) {
printf ("Need valid Reference Point B Coordinate \"-b X,Y\" as an input
argument ! \n") ;
return -1;
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}
pcl: :PointXYZRGBA pointB = source cloud->points[pointBX + pointBY * width];

printf ("\n*************** POlnt Cloud Calibration ***************\n");
printf ("\n");

printf ("Input Point Cloud: %s\n", argv[pcd indices[0]]);
printf (M\n");

// R

float vectorAX = pointA.x - center.x;

float vectorAY = pointA.y - center.y;

float vectorAZ = pointA.z - center.z;

float vectorBX = pointB.x - center.x;

float vectorBY = pointB.y - center.y;

float vectorBZ = pointB.z - center.z;

float normalX = vectorAY * vectorBZ - vectorAZ * vectorBY;
float normalY = vectorAZ * vectorBX - vectorAX * vectorBZ;
float normalZ = vectorAX * vectorBY - vectorAY * vectorBX;
float normalMod = sgrt (normalX * normalX + normalY * normalY + normalZ * normalZ);
normalX = normalX / normalMod;

normalY = normalY / normalMod;

normalZ = normalZ / normalMod;

if (normalY < 0) {

normalX = -normalX;
normalY = -normalY¥;
normalZ = -normalZ;
}
printf ("Center: (%7.4f,%7.4f,%7.4f)\n", center.x, center.y, center.z);
printf ("Reference Point A: (%7.4f,%7.4£,%7.4f)\n", pointA.x, pointA.y,
pointA.z) ;
printf ("Reference Point B: (%7.4f,%7.4f,%7.4f) \n", pointB.x, pointB.y,
pointB.z);
printf ("Normal Vector: %$7.4f,%7.4f,%7.4f | \n", normalX, normalY, normalZ);
printf ("\n");
1/ e

Eigen::Matrix4f rotX = Eigen::Matrix4f::Identity();
float sqrt¥2Z2 = sqgrt(normalZ * normalZ + normalY * normalY);

rotX (1, 1) = normalY / sqrtY272;
rotX (1, 2) = normalZ / sqrtY272;
rotX (2, 1) = -normalZ / sqrtY27Z2;
rotX (2, 2) = normalY / sqrtY272;

Eigen::Matrix4f rotZ = Eigen::Matrix4f::Identity();
float sqrtX2Y2 = sqgrt (normalX * normalX + normalY * normalY);

rotZ (0, 0) = normalY / sqrtX2Y2;
rotZ (0, 1) = —normalX / sqrtX2Y2;
rotZ (1, 0) = normalX / sqrtX2Y2;
rotZz (1, 1) = normalY / sqrtX2Y2;

Eigen::Matrix4f rotmat = rotX * rotZ;

// Tids
pcl: :PointCloud<pcl::PointXYZRGBA>: :Ptr rotated cloud (new
pcl: :PointCloud<pcl: : POintXYZRGBA> ());
pcl: :transformPointCloud (*source cloud, *rotated cloud, rotmat);

// PR

center = rotated cloud->points[centerX + centerY * width];
Eigen::Matrix4f transmat = Eigen::Matrix4f::Identity();
transmat (0, 3) = -center.x;

transmat (1, 3) —-center.y;

transmat (2, 3) —-center.z;
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// %
pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr translated cloud (new
pcl: :PointCloud<pcl: : PointXYZRGBA> ());
pcl: :transformPointCloud (*rotated cloud, *translated cloud, transmat);

printf ("Rotation Matrix: |%7.4f %7.4f %7.4f|\n", rotmat (0,0), rotmat (0,1),
rotmat (0,2));

printf (" |%7.4F %7.4f %7.4f|\n", rotmat (1,0), rotmat (1,1), rotmat
(1,2));

printf (" |$7.4f %7.4f $7.4f|\n", rotmat (2,0), rotmat (2,1), rotmat
(2,2));

printf ("Translation Vector: |%7.4f %7.4f %7.4f|\n", transmat (0,3), transmat

(1,3), transmat (2,3));
printf ("\n");

/B PRIN IR

center = translated cloud—>points[centerX + centerY * width];
pointA = translated cloud—>points[pointAX + pointAY * width];
pointB = translated cloud->points[pointBX + pointBY * width];

printf ("New Center: (%7.4f,%7.4f,%7.4f)\n", center.x, center.y,
center.z);

printf ("New PointA: (%7.4f,%7.4£,%7.4f)\n", pointA.x, pointA.y,
pointA.z) ;

printf ("New PointB: (%7.4£,%7.4£,%7.4f)\n", pointB.x, pointB.y,
pointB.z) ;

printf ("\n");
printf ("Save Calibration Data to %$s.dat", dat filename.c str ());

/] BHEEN: calib. dat
std: :ofstream fout;
fout.open(dat filename + ".dat", std::ios::binary);
for (int 1 = 0; 1 < 3; ++i)

for (int 37 = 0; 3 < 3; ++3)

fout.write ((char*)& rotmat (i, Jj), sizeof(float));

for (int i = 0; 1 < 3; ++i)

fout.write ((char*)é& transmat (i, 3), sizeof (float));
fout.close() ;

printf (" ... Done");
printf ("\n");

prlntf ("\n*******************************************************\n") ;

printf ("\n");
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preproc.cpp

#include <pcl/console/parse.h>

#include <pcl/io/pcd io.h>

#include <pcl/registration/transforms.h>

#include <pcl/filters/passthrough.h>

#include <pcl/filters/statistical outlier removal.h>

int

main (int argc, char** argv)

/1 R
std::ifstream fin;
std: :vector<int> dat indices = pcl::console::parse file extension argument (argc,

argv’ "dat") H
bool loadfail = true;
if (dat indices.size () = 1)

{
fin.open(argv[dat indices[0]], std::ios::binary);
if (fin.is open ())
loadfail = false;
}
if (loadfail)
{
printf ("Need one DAT File \"*.dat\" as an input argument!\n");
return -1;
}
Eigen::Matrix4f rotmat = Eigen::Matrix4f::Identity();
for (int 1 = 0; 1 < 3; ++i)
for (int j = 0; j < 3; ++J)
fin.read ((char*)& rotmat (i, j), sizeof (float));
Eigen::Matrix4f transmat = Eigen::Matrix4f::Identity();
for (int i = 0; 1 < 3; ++i)
fin.read ((char*)& transmat (i, 3), sizeof (float));
fin.close();

/] NS
std: :vector<std: :pair<std::string, pcl::PointCloud<pcl::PointXYZRGBA>: :Ptr>>
clouds;
std: :vector<int> pcd indices = pcl::console::parse file extension argument (argc,
argv, "pcd");
for (int i = 0; 1 < pcd indices.size (); ++i)
{
pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr pc (new
pcl: :PointCloud<pcl: : PointXYZRGBA>) ;
if (pcl::io::loadPCDFile (argv[pcd indices[i]], *pc) < 0) {
printf ("Failed to load PCD File %s!\n", argv[pcd indices[i]]);
continue;
}
clouds.push back (std::pair<std::string,
pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr> (argv[pcd indices[i]], pc));
}
if (clouds.size () < 1)
{
printf ("Need at least one PCD File \"*.pcd\" as an input argument!\n");
return -1;

}

// St sHER

std::string out prefix = "proc cloud";
pcl::console: :parse argument (argc, argv, "-o", out prefix);

// EIBIEEZE
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float rangeX = 1.0f;
float rangeY = 1.0f;
float rangeZ = 1.0f;
pcl::console: :parse 3x arguments (argc, argv, "-p", rangeX, rangeY, rangeZz);

/] G IEEERSHE

float tempK = 30.0f;

float stddevMulThresh = 1.0f;

pcl::console: :parse 2x arguments (argc, argv, "-s", tempK, stddevMulThresh);
int meanK = (int) tempK;

// et

float currDeg = 0.0f;

float deltaDeg = 0.0f;

pcl::console: :parse argument (argc, argv, "-r", deltaDeqg);

printf ("\n*************** POlnt Cloud Pre_processing ***************\n");
printf ("\n");

printf ("Input Point Clouds:");

for (int 1 = 0; i < clouds.size (); ++i)
printf (" %s", clouds[i].first.c str ());

printf ("\n\n");

printf ("1 - Transformation\n");

printf ("Rotation Matrix: |%7.4f %7.4f %7.4f|\n", rotmat (0,0), rotmat (0,1),
rotmat (0,2));

printf (" |%7.4f %7.4f $7.4f|\n", rotmat (1,0), rotmat (1,1), rotmat
(1,2));

printf (" |$7.4f %7.4F %7.4f|\n", rotmat (2,0), rotmat (2,1), rotmat
(2,2));

printf ("Translation Vector: [|%7.4f %7.4f $7.4f|\n", transmat (0,3), transmat

(1,3), transmat (2,3));
printf ("\n");

printf ("2 - Axes Exchange\n");
printf ("-Z -> X'; X => Y'; =Y => Z2'\n");
printf ("\n");

printf ("3 - Pass Through Filter\n");

printf ("Range X: %.4f - %.4f\n", -rangeX / 2, rangeX / 2);
printf ("Range Y: %$.4f - %.4f\n", -rangeY / 2, rangeY / 2);
printf ("Range Z: %.4f - %.4f\n", 0.01, rangeZ);

printf ("\n");

printf ("4 - Statistical Outlier Removal\n");

printf ("Mean K: %d\n", meanK) ;

printf ("Stddev Mul Threshold: %.4f\n", stddevMulThresh);

printf ("\n");

printf ("5 - Incremental Rotation\n");
printf ("Stepping Angle: %.4f deg\n", deltaDeq);
printf ("\n");

/] A S
for (int i = 0; 1 < clouds.size (); ++i)
{
std: :stringstream out filename;
out filename << out prefix << i + 1 << ".pcd";
printf ("Pre-process Point Cloud %s —> %s", clouds[i].first.c str (),
out filename.str ().c str ());

// PSS
pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr source cloud (new
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pcl::PointCloud<pcl: :PointXYZRGRA> ());
source cloud = clouds[i].second;

// G

pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr rotated cloud (new
pcl::PointCloud<pcl: : POintXYZRGRA> ());

pcl: :transformPointCloud (*source cloud, *rotated cloud, rotmat);

pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr translated cloud (new
pcl::PointCloud<pcl: :PointXYZRGRA> ());

pcl::transformPointCloud (*rotated cloud, *translated cloud, transmat);

// EIBREEERK (-2)

pcl: :PassThrough<pcl: : PointXYZRGBA> passX;

passX.setInputCloud (translated cloud);

passX.setFilterFieldName ("z");

passX.setFilterLimits (-rangeX / 2, rangeX / 2);

pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr passX cloud (new
pcl: :PointCloud<pcl: : POintXYZRGBA> () ) ;

passX.filter (*passX cloud);

// EIEEEERY (%)

pcl: :PassThrough<pcl: : PointXYZRGBA> passY;

passY.setInputCloud (passX cloud);

passY.setFilterFieldName ("x");

passY.setFilterLimits (-rangeY / 2, rangeY / 2);

pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr passY cloud (new
pcl::PointCloud<pcl: :PointXYZRGBA> () ) ;

passY.filter (*passY cloud);

// EIEERERZ (-Y)

pcl: :PassThrough<pcl: : PointXYZRGBA> passZ;

passZz.setInputCloud (passY cloud);

passZ.setFilterFieldName ("y");

passZ.setFilterLimits (-rangeZ, -0.01);

pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr passZz cloud (new
pcl: :PointCloud<pcl: : POintXYZRGBA> () ) ;

passZ.filter (*passZ cloud);

/| GuHIERES

pcl::StatisticalOutlierRemoval<pcl: :PointXYZRGBA> sor;

sor.setInputCloud (passz cloud) ;

sor. setMeanK (meankK) ;

sor.setStddevMulThresh (stddevMulThresh) ;

pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr inlier cloud (new
pcl: :PointCloud<pcl: : PoIintXYZRGBA> () ) ;

sor.filter (*inlier cloud);

/] 7RG
for (size t i = 0; 1 < inlier cloud->points.size(); ++i)
{
pcl: :PointXYZRGBA &pt = inlier cloud->points[i];
float x = —pt.z;
float y = pt.x;
float z = —pt.y;

pt.x = x;
pt.y =vy;
pt.z = z;
}
// Lt

Eigen::Matrix4f incrotmat = Eigen::Matrix4f::Identity();
float currRad = M PI / 180 * currDeg;
incrotmat (0, 0) = cos(currRad);

68



WL KA R G RS R AR R Bl il S H£ T Kinect I 215 B A BN &

incrotmat (0, 1) = —-sin(currRad);
incrotmat (1, 0) = sin(currRad);
incrotmat (1, 1) = cos(currRad);
pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr incrrot cloud (new
pcl: :PointCloud<pcl: : POintXYZRGRA> ());
pcl: :transformPointCloud (*inlier cloud, *incrrot cloud, incrotmat);
currDeg += deltaDeg;

// s
pcl::io::savePCDFile (out filename.str (), *incrrot cloud, true);
printf (" ... Done\n");

}

printf ("\n**********************************************************\n"),-

printf ("\n");
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register.cpp

#include <pcl/console/parse.h>

#include <pcl/io/pcd io.h>

#include <pcl/filters/voxel grid.h>

#include <pcl/features/normal 3d.h>

#include <pcl/registration/icp nl.h>

#include <pcl/visualization/pcl visualizer.h>

using pcl::visualization: :PointCloudColorHandlerGenericField;
using pcl::visualization: :PointCloudColorHandlerCustom;

pcl::visualization: :PCLVisualizer *p;
int vp 1, vp 2;

class MyPointRepresentation : public pcl::PointRepresentation <pcl::PointNormal>

{

using pcl::PointRepresentation<pcl::PointNormal>::nr dimensions ;
public:

MyPointRepresentation ()
{
nr dimensions = 4;

}

virtual void copyToFloatArray (const pcl::PointNormal &p, float * out) const
{

}i

/| NS s

void showCloudsLeft (const pcl::PointCloud<pcl::PointXYZRGBA>::Ptr cloud source, const
pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr cloud target)

{
p—>removePointCloud ("vpl target");
p—>removePointCloud ("vpl source");

PointCloudColorHandlerCustom<pcl::PointXYZRGBA> tgt h (cloud target, 0, 255, 0);
PointCloudColorHandlerCustom<pcl: :PointXYZRGBA> src h (cloud source, 255, 0, 0);
p—>addPointCloud (cloud target, tgt h, "vpl target", vp 1);
p—>addPointCloud (cloud source, src h, "vpl source", vp 1);

p—>spin() ;
}

/| AR S

void showCloudsRight (const pcl::PointCloud<pcl::PointXYZRGBA>::Ptr cloud source, const
pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr cloud target)

{
p—>removePointCloud ("target");
p—>removePointCloud ("source");

PointCloudColorHandlerCustom<pcl::PointXYZRGBA> tgt h (cloud target, 0, 255, 0);
PointCloudColorHandlerCustom<pcl: :PointXYZRGBA> src h (cloud source, 255, 0, 0);

p—>addPointCloud (cloud target, tgt h, "target", vp 2);
p—>addPointCloud (cloud source, src h, "source", vp 2);

p—>spin();
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}

void showCloudsRight (const pcl::PointCloud<pcl::PointNormal>::Ptr cloud source, const
pcl: :PointCloud<pcl::PointNormal>::Ptr cloud target)

{
p—>removePointCloud ("source");
p—>removePointCloud ("target");

PointCloudColorHandlerCustom<pcl::PointNormal> tgt color handler (cloud target, O,
255, 0);

PointCloudColorHandlerCustom<pcl: :PointNormal> src color handler (cloud source,
255, 0, 0);

p—>addPointCloud (cloud target, tgt color handler, "target", vp 2);
p—>addPointCloud (cloud source, src color handler, "source", vp 2);

p—>spinOnce () ;

}

/] Pl

float pairAlign (const pcl::PointCloud<pcl::PointXYZRGBA>::Ptr cloud src, const
pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr cloud tgt,
pcl: :PointCloud<pcl: :PointXYZRGBA>: :Ptr output, float leafSize, int searchK, float
correspondenceDistance, int iterationNumber)

// TR

pcl::PointCloud<pcl: :PointXYZRGBA>: :Ptr src (new
pcl::PointCloud<pcl: : PointXYZRGBA>) ;

pcl: :PointCloud<pcl: :PointXYZRGBA>::Ptr tgt (new
pcl: :PointCloud<pcl: : PointXYZRGBA>) ;

pcl: :VoxelGrid<pcl: :PointXYZRGBA> grid;

grid.setleafSize (leafSize, leafSize, leafSize);

grid.setInputCloud (cloud src);

grid.filter (*src);

grid.setInputCloud (cloud tgt);

grid.filter (*tgt);

// VHERFAEE

pcl: :PointCloud<pcl: :PointNormal>: :Ptr points with normals src (new
pcl: :PointCloud<pcl: : PointNormal>) ;

pcl: :PointCloud<pcl::PointNormal>::Ptr points with normals tgt (new
pcl: :PointCloud<pcl: :PointNormal>) ;

pcl: :NormalEstimation<pcl::PointXYZRGBA, pcl::PointNormal> norm est;

pcl::search: :KdTree<pcl::PointXYZRGRA>: :Ptr tree (new
pcl::search: :KdTree<pcl: :POintXYZRGRA> ());

norm est.setSearchMethod (tree);

norm est.setKSearch (searchK);

norm est.setInputCloud (src);

norm est.compute (*points with normals src);

pcl: :copyPointCloud (*src, *points with normals src);

norm est.setInputCloud (tgt);

norm est.compute (*points with normals tgt);

pcl::copyPointCloud (*tgt, *points with normals tgt);

/] FIEE USRI FRGERUE
MyPointRepresentation point representation;
float alphaf4] = {1.0, 1.0, 1.0, 1.0};

point representation.setRescaleValues (alpha);

// B

pcl::TterativeClosestPointNonLinear<pcl: :PointNormal, pcl::PointNormal> reg;

reg.setTransformationEpsilon (le-8);

reg.setPointRepresentation (boost::make shared<const MyPointRepresentation>
(point representation));
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reg. setMaxCorrespondenceDistance (correspondenceDistance); // XiFHEE, HHEHREGFE
reg.setInputCloud (points with normals src);
reg.setInputTarget (points with normals tgt);

// BT EEER

Eigen::Matrix4f Ti = Eigen::Matrix4f::Identity (), prev, targetToSource;
pcl: :PointCloud<pcl::PointNormal>: :Ptr reg result = points with normals src;
reg.setMaximumIterations (1);

for (int i = 0; i1 < iterationNumber; ++i)
{
/[ B AT

points with normals src = reg result;

// Btk
reg.setInputCloud (points with normals src);
reg.align (*reg result);

/1 FRIGE) R GE

Ti = reg.getFinalTransformation () * Ti;

/1 PRI 72 IN T ARG E sl S

if (fabs ((reg.getlLastIncrementalTransformation () - prev).sum ()) <
reg.getTransformationEpsilon ())
reg. setMaxCorrespondenceDistance (reg.getMaxCorrespondenceDistance () /
1.01);

prev = reg.getlastIncrementalTransformation ();

// PRI
showCloudsRight (points with normals src, points with normals tgt);
/7
if (1 % (iterationNumber / 50) = 0)
printf ("|");

}
// WARRRI YRR R

Eigen::Matrix4f final transform = Ti.inverse();
pcl: :transformPointCloud (*cloud tgt, *output, final transform);

return reg.getFitnessScore ();

}

int main (int argc, char** argv)
{
// NS
pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr source cloud (new
pcl: :PointCloud<pcl: :PointXYZRGBA> ());
pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr target cloud (new
pcl: :PointCloud<pcl: : PointXYZRGBA> ());
std: :vector<int> pcd indices = pcl::console::parse file extension argument (argc,

argv, "pcd");
bool loadfail = true;
if (pcd indices.size () = 2)
{
if (pcl::io::loadPCDFile (argv[pcd indices[0]], *source cloud) = 0 &&
pcl::io::loadPCDFile (argv([pcd indices[1]], *target cloud) = 0)

loadfail = false;
}
if (loadfail)
{
printf ("Need two PCD Files \"*.pcd *.pcd\" as an input argument!\n");
return -1;

72



WL EY R G TS B R A AR E Bk il S

FF Kinect I

A B el &

}

V& usvaiic
std::string out prefix = "reg cloud";
pcl::console: :parse argument (argc, argv, "-o",

// SRS
float leafSize = 0.05f;

pcl::console: :parse argument (argc, argv, "-v'",
// CEIESESE

int searchK = 30;

pcl::console: :parse argument (argc, argv, "-n",

// SERICPRHEEEL

float correspondenceDistance = 0.1;

float tempIterationNumber = 30.0f;

pcl::console: :parse 2x arguments (argc, argv,
tempIterationNumber) ;

int iterationNumber = (int) tempIlterationNumber;

out prefix);

leafSize);

searchK) ;

r'", correspondenceDistance,

printf ("M\N*FrFRFRF KKK AR Point Clouds Registration KAFAAFAKFAKFAHFHFN\Y

printf ("\n");

printf ("Source Point Cloud: %s\n", argv[pcd indices[0]]);
printf ("Source Point: %d\n", source cloud->size ());
printf ("Source Point Cloud: %s\n", argv[pcd indices([1]]);
printf ("Source Point: sd\n", target cloud->size ());
printf ("\n");

printf ("Voxelization Leaf Size: %.4f\n", leafSize);

printf ("Normal Est. K Search: %d\n", searchK) ;

printf ("Max Correspondence Distance: %.4f\n", correspondenceDistance);
printf ("Iteration Number: %d\n", iterationNumber) ;
printf ("\n");

// BT

p = new pcl::visualization::PCLVisualizer ("Pairwise Registration");

p—>createViewbport (0.0, 0, 0.5, 1.0, vp 1);
p—>createViewport (0.5, 0, 1.0, 1.0, vp 2);

// A

showCloudsleft (source cloud, target cloud);

printf ("Register Two Point Clouds\n");

// P THcE

pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr new target cloud (new

pcl: :PointCloud<pcl: : PointXYZRGRA>) ;

float fitness = pairAlign (source cloud, target cloud, new target cloud, leafSize,
searchK, correspondenceDistance, iterationNumber);

printf ("\n");

printf ("... Done\n");

printf ("Fitness Score: %.4f\n", fitness);
printf ("\n");

printf ("Save Registered Point Cloud to %s.pcd", out prefix.c str ());

/] B

pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr full cloud (new

pcl::PointCloud<pcl: : PointXYZRGRA>) ;
*full cloud += *source cloud;
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*full cloud += *new target cloud;

/] PSR S

pcl::io::savePCDFile (out prefix + ".pcd", *full cloud, true);
printf (" ... Done\n");

/ / AN

showCloudsRight (source cloud, new target cloud);

printf ("\n*********************************************************\n") ;

printf ("\n");
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postproc.cpp

#include <pcl/console/parse.h>

#include <pcl/io/pcd io.h>

#include <pcl/filters/radius outlier removal.h>
#include <pcl/surface/mls.h>

#include <pcl/filters/voxel grid.h>

#include <pcl/common/time.h>

int

main (int argc, char** argv)

/BN

pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr source cloud (new
pcl::PointCloud<pcl: : PointXYZRGBA>) ;

std: :vector<int> pcd indices = pcl::console::parse file extension argument (argc,

argv, "pcd");
bool loadfail = true;
if (pcd indices.size () = 1)
{
if (pcl::io::loadPCDFile (argv[pcd indices[0]], *source cloud) = 0)

loadfail = false;
}
if (loadfail)
{
printf ("Need one PCD File \"*.pcd\" as an input argument!\n");
return -1;

}

// RSB
std::string out prefix = "final cloud";
pcl::console: :parse argument (argc, argv, "-o", out prefix);

/AP B

float radius = 0.01f;

float tempNeighbors = 10.0f;

int radius enable = pcl::console::parse 2x arguments (argc, argv, "-r'", radius,
tempNeighbors) ;

int neighbors = (int) tempNeighbors;

/] BEIESEL
float leafsize = 0.01f;
int voxel enable = pcl::console::parse argument (argc, argv, "-v", leafsize);

/] HEl NI RS

float mls radius = 0.01f;

float tempOrder = 3.0f;

int mls enable = pcl::console::parse 2x arguments (argc, argv, "-m", mls radius,
tempOrder) ;

int order = (float) tempOrder;

// WHAHEIER
pcl::StopWatch watch;
double time = 0;
double total time = 0;

prll’ltf ("\n‘k‘k**‘k*‘k******** POlnt Cloud Pre—p]fOceSSll’lg' **‘k********‘k***\n");
printf ("\n");

printf ("Input Point Cloud: %s\n", argv[pcd indices[0]]);
printf ("\n");

/RTINS
75



WL KA R G RS R AR R Bl il S H£ T Kinect I 215 B A BN &

printf ("Radius Outlier Removal);
pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr inlier cloud (new
pcl: :PointCloud<pcl: : PointXYZRGBA>) ;
if (radius enable < 0)
{
inlier cloud = source cloud;
printf (" ... Disabled\n");
printf ("M\n");
}
else
{
watch.reset () ;
pcl: :RadiusOutlierRemoval<pcl: :PointXYZRGBA> outrem;
outrem. setInputCloud (source cloud);
outrem. setRadiusSearch (radius) ;
outrem. setMinNeighborsInRadius (neighbors);
outrem.filter (*inlier cloud);
time = watch.getTimeSeconds () ;
total time += time;

printf (" ... Done\n");
printf ("Radius Search: %.4f m\n", radius);
printf ("Min Neighbors in Radius: %d\n", neighbors);
printf ("Point: %d —> %d\n", source cloud->size (),
inlier cloud->size ());
printf ("Time Used: %.4f s // %.4f s\n", time, total time);
printf ("\n");
}
/7 g

printf ("Point Cloud Voxelization");
pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr sampled cloud (new
pcl: :PointCloud<pcl: : PointXYZRGBA>) ;
if (voxel enable < 0)
{
sampled cloud = inlier cloud;
printf (" ... Disabled\n");
printf ("\n");
}
else
{
watch.reset () ;
pcl: :VoxelGrid<pcl: :PointXYZRGBA> grid;
grid.setleafSize (leafsize, leafsize, leafsize);
grid.setInputCloud (inlier cloud);
grid.filter (*sampled cloud);
time = watch.getTimeSeconds () ;
total time += time;

printf (" ... Done\n");

printf ("Leaf Size: %.4f m\n", leafsize);

printf ("Point: %d —> %d\n", inlier cloud->size (),
sampled cloud->size ());

printf ("Time Used: $.4f s // %.4f s\n", time, total time);

printf ("\n");

}

// BNty

printf ("Moving Least Square Smoothing");

pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr smoothed cloud (new
pcl: :PointCloud<pcl: : POintXYZRGRA>) ;

if (mls enable < 0)

{
smoothed cloud = sampled cloud;
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printf (" ... Disabled\n");
printf ("\n");

}

else

{

watch.reset () ;

pcl:

pcl:
mls.
.setSearchMethod (tree);

.setSearchRadius (mls radius);

.setPolynomialFit (true);

.setPolynomialOrder (order);

.setUpsamplingMethod (pcl::MovingleastSquares<pcl::PointXYZRGBA,

:search: :KdTree<pcl: :PointXYZRGBA>: :Ptr tree (new
pcl::search: :KdTree<pcl: :PointXYZRGRA>) ;
:MovingleastSquares<pcl: :PointXYZRGRA, pcl::PointXYZRGBA> mls;
setComputeNormals (false);

pcl: :PointXYZRGBA>: :UpsamplingMethod: :NONE) ;

.setInputCloud (sampled cloud);
.process (*smoothed cloud);

time = watch.getTimeSeconds () ;
total time += time;

printf (" ... Done\n");
printf ("Search Radius: %.4f m\n", mls radius);
printf ("Polynomial Order: %d\n", order);
printf ("Time Used: %.4f s // %.4f s\n", time, total time);
printf ("M\n");
}
// s

printf ("Save Processed Point Cloud to %s.pcd", out prefix.c str ());

pcl::io::savePCDFile (out prefix + ".pcd", *smoothed cloud, true);

printf (" ... Done\n");

prll’ltf ("\n*******‘k**‘k**‘k********************************************\n") ;
printf ("\n");
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measure.cpp

#include <pcl/console/parse.h>
#include <pcl/io/pcd io.h>

#include <pcl/common/time.h>
#include <pcl/filters/passthrough.h>

// AR S
bool compare (const pcl::PointXY &a, const pcl::PointXY &b)
{

return a.x < b.x || (a.x = b.x && a.y < b.y);
}
/[ PR e R
inline float cross (const pcl::PointXY &o, const pcl::PointXY &a, const pcl::PointXY &b)
{
return (a.x - 0.x) * (b.y —o.y) - (a.y —o.y) * (b.x - 0.%);
}
// HER RS

void convex hull (pcl::PointCloud<pcl::PointXY>& p)
{
// AR
int n = p.size (), k = 0;
std: :vector<pcl::PointXY, Eigen::aligned allocator<pcl::PointXY>> h(2*n);

/] ¥

sort (p.points.begin (), p.points.end(), compare);

/) VR

for (int 1 = 0; 1 < n; ++i) {
while (k >= 2 && cross(h[k-2], h[k-1], p.points[i]) <= 0) k——;
hlk++] = p.points[i];

}

/) WA

for (int 1 = n-2, t = k+1; i >= 0; i—) {
while (k >= t && cross(h[k-2], h[k-1], p.points[i]) <= 0) k—;
hlk++] = p.points[i];

}

/1 NS

h.resize (k);

p.resize (k);

p.points = h;
}

/[ THEPRTRTER
inline float dist (const pcl::PointXY &a, const pcl::PointXY &b)
{
return sqgrt((a.x - b.x) * (a.x - b.x) + (a.y - b.y) * (a.y - b.y));
}

// S
float comp perimeter (const pcl::PointCloud<pcl::PointXY>& p)

{
if (p.size () < 3)
return 0.0f;

float perimeter = dist (p.points[p.size () - 1], p.points[0]);

for (int 1 = 1; i < p.size (); ++i)

{
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perimeter += dist (p.points[i - 1], p.points[i]);
}
return perimeter;

}
/ / PR S = A A

inline float area 2x origin (const pcl::PointXY &a, const pcl::PointXY &b)
{
return a.x * b.y - a.y * b.x;

}
// TR

float comp area (const pcl::PointCloud<pcl::PointXY>& p)
{
if (p.size () < 3)
return 0.0f;

float area 2x = area 2x origin (p.points[p.size () - 1], p.points[0]);
for (int 1 = 1; i < p.size (); ++i)
{
area 2x += area 2x origin (p.points[i - 1], p.points[i]);
}
return abs (area 2x) / 2;

}
// HEIEAPRELR

void comp diameter (const pcl::PointCloud<pcl::PointXY>& p, floaté& max length, floaté&
breadth, floaté& average diameter, floaté& feret diameter)
{
if (p.size () < 3)
{
max length = 0;
breadth = 0;
average diameter = 0;
feret diameter = 0;
}

max length = 0;

breadth = 0;

average diameter = 0;

feret diameter = 0;

float min length = FLT MAX;

for (int deg = 0; deg < 90; deg += 1)

{
float x left = FLT MAX;
float x right = FLT MIN;
float y bottom = FLT MAX;
float y top = FLT MIN;

float theta = deg * M PI / 180;
float cost = cos(theta);
float sint = sin(theta);

for (int i

{

0; 1 < p.size (); ++i)

const pcl::PointXY &pt = p.points([i];
float xt = pt.x * cost - pt.y * sint;
float yt = pt.x * sint + pt.y * cost;

if (xt < x left) x left = xt;

if (xt > x right) x right = xt;
if (yt < y bottom) y bottom = yt;
if (yt >y top) y top = yt;
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}

float x range = x right - x left;
float y range = y top - y bottom;

feret diameter += X range + y range;
if (x range > max length)
{
max length = x range;
breadth = y range;
}
if (y range > max length)
{
max length = y range;
breadth = x range;
}
if (x range < min length)
min length = x range;
if (y range < min length)
min length = y range;
}
average diameter = (max length + min length) / 2;
feret diameter /= 180;

int main (int argc, char** argv)

{

// BCDXff

pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr source cloud (new
pcl::PointCloud<pcl: : PointXYZRGBA> ());

std: :vector<int> pcd indices = pcl::console::parse file extension argument (argc,

argv, "pcd");
bool loadfail = true;
if (pcd indices.size () = 1)
{
if (pcl::io::loadPCDFile (argv[pcd indices[0]], *source cloud) = 0)

loadfail = false;
}
if (loadfail)
{
printf ("Need one PCD File \"*.pcd\" as an input argument!\n");
return -1;

}

/] IR

pcl: :StopWatch watch;
double time = 0;
double total time = 0;

// St

std::cout.setf (std::ios::fixed);
std::cout.setf (std::ios::showpoint) ;
std: :cout.precision (3);

std: :cout << std::endl << "krxxkkkkxxkkkkrkrkk Point Cloud Measurement ***kkxkkkkkkk sk
<< std::endl << std::endl;

std::cout << "Input Point Cloud: " << argv[pcd indices[0]] << std::endl
<< "Input Point: " << source cloud->points.size () << std::endl
<< std::endl;

// TR

std::cout << "Compute Base Parameters";
watch.reset () ;
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pcl: :PassThrough<pcl: :PointXYZRGBA> pass base;

pass base.setInputCloud (source cloud);

pass base.setFilterFieldName ("z");

pass base.setFilterLimits (0.005f, 0.015f);

pcl: :PointCloud<pcl: : PointXYZRGBA>: :Ptr base cloud (new
pcl: :PointCloud<pcl: : PointXYZRGRA>) ;

pass base.filter (*base cloud);

pcl: :PointCloud<pcl: :PointXY>::Ptr base points (new pcl::PointCloud<pcl::PointXY>);

pcl: :copyPointCloud (*base cloud, *base points);

convex hull (*base points);

float base max length;

float base breadth;

float base average diameter;

float base feret diameter;

comp diameter (*base points, base max length, base breadth, base average diameter,
base feret diameter);

float base perimeter = comp perimeter (*base points);

float base area = comp area (*base points);

time = watch.getTimeSeconds () ;

total time += time;

std::cout << " ... Done" << std::endl
<< "Max Length: " << base max length << " m" << std::endl
<< "Breadth: " << base breadth << " m" << std::endl
<< "Average Diameter: " << base average diameter << " m" << std::endl
<< "Average Feret Diameter: " << base feret diameter << " m" << std::endl
<< "Perimeter: " << base perimeter << " m" << std::endl
<< "Area: " << base area << " m2" << std::endl
<< "Time Used: " << time << " s // " << total time << " s" << std::endl
<< std::endl;

// M=
std: :cout << "Compute Crown Parameters';
watch.reset () ;

pcl: :PointCloud<pcl: :PointXY>::Ptr crown points (new
pcl: :PointCloud<pcl: :PointXY>) ;

pcl: :copyPointCloud (*source cloud, *crown points);

convex hull (*crown points);

float crown max length;

float crown breadth;

float crown average diameter;

float crown feret diameter;

comp diameter (*crown points, crown max length, crown breadth,
crown average diameter, crown feret diameter);

float crown perimeter = comp perimeter (*crown points);

float crown area = comp area (*crown points);

time = watch.getTimeSeconds () ;

total time += time;

std::cout << " ... Done" << std::endl
<< "Max Length: " << crown max length << " m" << std::endl
<< "Breadth: " << crown breadth << " m" << std::endl

<< "Average Diameter: "< crown average diameter << " m" << std::endl
<< "Average Feret Diameter: " << crown feret diameter << " m" << std::endl
<< "Perimeter: " << crown perimeter << " m" << std::endl

<< "Area: " << crown area << " m2" << std::endl
<< "Time Used: " << time << " s // " << total time << " s" << std::endl
<< std::endl;

// A
std::cout << "Compute Plant Parameters";
watch.reset () ;
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float z max = 0;
for (size t i = 0; 1 < source cloud->points.size(); ++i)
{
pcl: :PointXYZRGBA &pt = source cloud->points[i];
if (pt.z > z max)
z max = pt.z;
}
float volume = 0;
for (float zt = 0.005; zt <= z max - 0.005; zt += 0.01)
{
pcl: :PassThrough<pcl: : PointXYZRGBA> pass;
pass.setInputCloud (source cloud);
pass.setFilterFieldName ("z");
pass.setFilterLimits (zt - 0.005, zt + 0.005);
pcl: :PointCloud<pcl: : POintXYZRGBA>: :Ptr plane cloud (new
pcl: :PointCloud<pcl: : PointXYZRGBA>) ;
pass.filter (*plane cloud);
pcl: :PointCloud<pcl: :PointXY>::Ptr plane points (new
pcl: :PointCloud<pcl: :PointXY>) ;
pcl: :copyPointCloud (*plane cloud, *plane points);
convex hull (*plane points);
float area = comp area (*plane points);
volume += area * 0.01;

}

time = watch.getTimeSeconds () ;
total time += time;
std::cout << " ... Done" << std::endl
<< "Height: " << z max << " m" << std::endl
<< "Volume: " << volume << " m3" << std::endl
<< "Time Used: " << time << " s // " << total time << " s" << std::endl;

std: :cout << std::endl << "hkkkkkkkkkkokkokokkkk ok ko kokkokokkk ok k kR ko kokk ok kkk ok koo ok ok ok ok ok k1T

<< std::endl << std::endl;
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Abstract: The importance of vegetation structure and biomass in controlling
land-atmosphere exchange is widely recognized, but measurements of canopy structure are
challenging, time consuming, and often rely on destructive methods. The Microsoft Kinect
is an infrared sensor designed for video gaming that outputs synchronized color and depth
images and that has the potential to allow rapid characterization of vegetation structure.
We compared depth images from a Kinect sensor with manual measurements of plant
structure and size for two species growing in a California grassland. The depth images
agreed well with the horizontal and vertical measurements of plant size made manually.
Similarly, the plant volumes calculated with a three-dimensional convex hulls approach
was well related to plant biomass. The Kinect showed some limitations for ecological
observation associated with a short measurement range and daytime light contamination.
Nonetheless, the Kinect’s light weight, fast acquisition time, low power requirement, and
cost make it a promising tool for rapid field surveys of canopy structure, especially in
small-statured vegetation.

Keywords: terrestrial ecology; field measurements; canopy structure; biomass; LIDAR;
Microsoft Kinect; point clouds; depth images; convex hulls; concave hulls
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1. Introduction

The importance of vegetation structure and biomass in controlling terrestrial ecosystem function
and land-atmosphere exchange is widely recognized. Canopy architecture affects the interception of
light by leaves, which is a dominant factor controlling primary production, evapotranspiration, and
plant competition [1]. Vegetation structure influences ecosystem-atmosphere mass and energy exchange
through variation in albedo, emissivity, latent heat flux, and sensible heat flux; these properties ultimately
affect climate on local and regional scales [2-5]. The accumulation of biomass plays a major role in
the local and global carbon cycle, while also determining fuel accumulation and contributing to soil
nutrient balance [6].

Canopy light transfer models, which are basic components of land surface models, often rely on
simplified canopies that represent plants as solid shapes such as boxes, spheres, cylinders, or cones ([1],
and references therein). Biomass is often estimated using allometric relations based on similar simplified
assumptions about plant shape and volume. Realistic information on stand structure, especially if
extended in space and time, could improve biophysical canopy models and biomass estimations, while
contributing to our understanding of ecosystem function.

Measurements of canopy structure are challenging [6]. Remotely sensed measurements from satellites
can provide large scale data with good spatial and temporal resolution [6-8], but they require validation
on the ground. Ground-based measurements are costly and time consuming, and often rely on
destructive methods. Field data are usually collected over small areas; it is difficult to scale up these
observations to longer time periods or larger spatial scales. Laser scanning systems such as LIDAR have
recently become more available, offering an effective non-destructive method for airborne and ground
measurements [9-15]. However, LIDAR remains expensive and data availability is still limited,
especially time-series of canopy structure at individual locations.  Inexpensive and portable
instrumentation for ground-based measurements of biomass and vegetation structure would increase the
spatial and temporal coverage of structural measurements, and might be integrated into large instrument
networks such as FluxNet or SpecNet [16—18].

The consumer market for video-games and digital entertainment has expanded dramatically in the
last three decades, bringing the cost of advanced technology to affordable levels. The Kinect sensor
produced by Microsoft is a good example of this technology: Kinect is an infrared sensor designed
to track body position and movement at a single-articulation level. Kinect sensors are available for
US $150, which corresponds to roughly 0.1% of the cost of a research-grade, ground-based LIDAR
system. In this “proof of concept’” paper, we show that the Kinect sensor is useful for field measurements
of vegetation structure, including base diameter, height, and volume, and for assessing the optimal
solid shape approximation for canopy modelling and biomass estimation. We made observations
on 4 to 8 replicates of two plant species to test the performance of Kinect sensors in the field.
We directly compared measurements of basal diameter and height taken manually with those derived
from vegetation point clouds acquired with a Kinect. We also compared the plant volumes calculated
with point-cloud-derived convex hulls against alternative solid shape approximations. Finally, we
measured the dry biomass of the sample plants, and used the Kinect-derived structural variables to derive
allometric relations.
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2. Methods

2.1. Microsoft Kinect Sensor

Kinect captures synchronized color and depth images at a rate of 30 frames per second (fps) and with
a field of view of 57° x 43°, using a RGB camera (8 bit VGA resolution with 640 x 480 pizel) aligned
with a depth imager. The Kinect depth sensor was designed by PrimeSense, and is composed of an IR
laser projector and a monochrome 640 x 480 pixel IR CMOS sensor. Depth information is output with
11 bit precision for each pixel [19]. Kinect’s depth measurement principle differs from laser scanners
such as LIDAR. LIDAR produces depth images by measuring the time of flight of individual laser pulses
that sequentially scan the entire scene using motorized pan-tilt units. Kinect’s laser projector illuminates
the entire scene at once, using a diffraction grid that imposes a consistent pattern of speckles on the
beam [20]. Depth is then calculated by correlation and triangulation between the laser pattern captured
by the CMOS sensor and a reference pattern stored in the sensor’s memory [20,21]. This acquisition
method bypasses the need for moving parts, which reduces the sensor’s weight, size, acquisition time,
and power requirement.

Using external software, depth images can be converted and stored in three-dimensional
representations called point clouds. Each point in the cloud is represented by a set of coordinates
P = {x,y, z}, which defines its position in space. Point coordinates can also be extended to the form
P = {z,y,z, R,G, B}, which includes the red, green, and blue components recorded by the aligned
RGB camera, or P = {z,y, z, [ }, which includes intensity information. Only point clouds with z,y, 2
coordinates were used in this study. Kinect-derived point clouds, which contain about 300,000 points
for each frame, have a 3 mm error along the horizontal axes. Error increases with distance from the
sensor [20]; the depth error is =1 cm at 2 m and +7 c¢m at 5 m [20]. The optimal measurement
range recommended by Microsoft is 1.2-3.5 m, though tests show Kinect is capable of measurements
at 0.8-6.0 m [19]. Additional factors influence depth errors, including light conditions and target
reflectivity. Bright light and high reflectivity reduce the laser pattern contrast on targeted surfaces, which
creates gaps and outliers in the resulting point cloud [20], as also shown in our preliminary tests (see
Section 3.1).

2.2. Acquisition, Processing and Analysis of Vegetation Point Clouds

Acquisition, processing and analysis of point clouds were performed using tools and methods
included in an open-source C++ library called Point Cloud Library (PCL, [22]). A detailed description
of these methods is beyond the scope of this paper; full documentation is provided on the PCL website

(www.pointclouds.org).
2.2.1. Point Clouds Acquisition

Point clouds were acquired from Kinect using the PCL OpenNI grabber, an I/O interface that
is compatible with many devices. The acquisition software ran on a laptop computer with Linux
Ubuntu 12.04 LTS. Two acquisition strategies were used in this paper: (i) “Tower Mode”: The
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Kinect was mounted on a 1.4 m long mast extending horizontally from a 3 m tall aluminum
tower. The sensor was oriented to provide a nadir view of a plant (see Figure 1(a)). Acquisition
from the tower setup was operated in single-shot mode: a single point cloud was recorded along
with the corresponding raw infrared image. (ii) “Multi-angular Mode”: The Kinect was manually
moved 360 degrees around a plant, while a stream of point clouds was recorded. A complete
360 degrees scan of a plant yielded about 2000 point clouds and took up about 2 GB of disk
space.  Streamed multi-angular point clouds were then merged into a single cloud using the
Kinfu PCL utility (Kinect Fusion, [23]). Kinfu does not rely on targets or user interaction to
co-register point clouds. Because of its high computational needs, Kinfu must be run on computers
equipped with Graphic Processors Units (GPU). If the acquisition machine is equipped with such
a device, the co-registration can be performed in real time, rather than in “offline” mode on
recorded streams.

Figure 1. (a) The “tower mode” experimental setup used for nadir measurements with
Kinect (see Sections 2.3 and 2.4). (b) Side view and (c¢) nadir view of a wild artichoke
plant recorded during the field test (see Section 2.4). Blue and red lines represent plant’s
basal diameter and height as measured manually with a ruler.

EEE Ty

el [

44



Sensors 2013, 13 2388

2.2.2. Canopy Structure from Point Clouds

The point clouds were then processed following four steps: (i) Noise reduction and filtering to remove
outliers, (i1) Delineation of individual plants and point extraction, (iii) Calculation of plant x, y, and 2
size, and (iv) Calculation of plant volume. All the post-processing and analysis were performed in the
lab using a desktop computer equipped with a 1.5 Gb GPU running Linux Ubuntu 12.04 LTS.

1. Noise reduction and filtering to remove outliers: spurious individual points (outliers) were
removed using statistical filters. The point clouds were then down-sampled to a 1 cm grid to

reduce computational demand.

2. Delineation of individual plants and point extraction: single plants were initially isolated by
visually determining the “box coordinates”, i.e., the =, y, z ranges occupied by a plant. Alternative
methods for unsupervised plant detection were explored, including planar segmentation of the soil
plane and Euclidean clustering. Unfortunately, these methods gave inconsistent results, especially
when applied to point clouds acquired in the field (as in Section 2.4). Irregularity of the understory
and point clouds that included multiple plants presented particular challenges.

3. Calculation of plant z, y, and z size: each point (P) is represented by z,y, z coordinates; plant
size along each axes was calculated as d; = maz(P;) — min(P;), where ¢ can be z, y, or z, and P
belongs to the isolated plant points subset.

4. Calculation of plant volume: there are several geometrical algorithms that can be used to calculate
the volume of a vegetation point cloud. In principle, these methods should provide a much more
accurate estimate of volume than would be possible with a solid shape approximation. Convex and
concave hulls have proven especially well suited for this problem e.g., [13]. The convex (concave)
hulls C' of a set of points Q) = {p1, pa2, ..., b, } on a plane is “the unique convex (concave) polygon
whose vertices are points from () and that contains all points of () [24]. This definition can be
extended to 3-dimensions, with C' being a surface mesh instead of a polygon. The volume and
structure of a plant should ideally be estimated using concave rather than convex hulls, since this
will exclude the empty spaces between branches and leaves. Concave hulls estimation requires
a complete cloud of each plant, and it can be applied only to co-registered, multi-angular point
clouds. Hulls estimation from nadir-only point clouds can be problematic, because leaves and
stems shade each other along the z axis, resulting in an incomplete representation of the plant
between the larger parts of the crown and the soil. Convex hulls in nadir-only point clouds were
estimated after the base points of the plant were determined. We used the plant’s shade to define its
base. Shade points were identified using a border recognition method based on depth values. This
method returns three subsets of points corresponding to borders (shown in white in Figure 2(c)),
shades (shown in grey in Figure 2(c)), and veil points.
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Figure 2. Comparison between nadir-only (a and c; collected using the “Tower Mode”)
and co-registered multi-angular (b and d; collected using the “Multi-angular Mode”) point
clouds. The upper panels show the point clouds viewed from an arbitrary horizontal
perspective. The lower panels show convex (¢) and concave (d) hulls superimposed as white
lines. Panel (c¢) shows the shade (grey) and border (white) points used to define the convex

hulls. Point cloud color scale is distance (meters) from the sensor at nadir.
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(¢) Convex hulls with shade and border points (d) Concave hulls

2.3. Preliminary Tests on Kinect

We tested Kinect under a range of conditions to: (a) evaluate the effects of light conditions
on the measurements, and (b) compare the information obtained by a fixed-angle looking Kinect
(i.e., clouds using the “Tower Mode”) with that obtained by co-registered acquisition (i.e., clouds using
the “Multi-angular Mode”).
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We carried out these tests on a potted rubber fig tree (Ficus elastica), which was about 1.1 m tall
(Figure 1(a)). Ficus elastica’s large, smooth leaves are particularly easy to detect using Kinect. The
plant was placed on a smooth concrete surface that had an infrared reflectance that differed markedly
from that of the plant’s leaves. Images were acquired using the “Tower Mode” configuration at
30 minutes intervals beginning 1.5 hours before sunset and ending 1.5 hours after sunset. Additionally,
the sensor was detached from the tower and used in “Multi-angular Mode” at night to obtain complete
point clouds of the plant.

2.4. Testing Kinect in the Field

We also evaluated Kinect’s performance and limitations in a more natural grassland setting.
A complete assessment of Kinect’s reliability in providing canopy structure information in the field
might make use of a direct comparison with corresponding ground-based LIDAR measurements.
Unfortunately, we lacked access to such a device and consequently compared Kinect’s results with
ruler-based measurements of plant size. Measuring plant dimensions using rulers is a common practice
in field ecology, though the resulting data may inadequately account for a plant’s complex shape. Our
field comparison was not intended to quantify the absolute accuracy of the plant dimensions measured
with the Kinect. In fact, it is likely the Kinect observations are far more accurate than those made
with a ruler.

The field site was located on the University of California, Irvine campus (coordinates: 33.640102° NV,
117.845314°W). The area is characterized by a Mediterranean climate; most of the precipitation falls in
winter and the summer is reliably dry. The study was conducted in early May, 2011, which was at the end
of the growing season. The site was a mosaic of annual grassland and small shrubs, though the grasses
had fully senesced at the time of the study. Two large plant species were abundant and reaching the
peak of their growing season during our study: Cynara cardunculus (wild artichoke; Figure 1(b,c)) and
Picris echioides (bristly ox-tongue). Because of their abundance, their ranges of size, and the contrast the
plants presented with the surrounding dry vegetation, these two species were selected for investigation.

Eight plants of Cynara cardunculus and four plants of Picris echioides that ranged in size
were selected and marked. We acquired several point clouds for each study plant at night,
when the illumination conditions minimized the measurement error. All point clouds acquisitions
were done using the “Tower Mode”, with the tower carried by hand to each selected plant.
We subsequently measured the basal diameter and height of each plant using a ruler. Both
species had a conic shape, and their basal diameters were measured along two orthogonal axes
at ground level (one of the two being the maximum diameter, see Figure I(b,c)). The two
basal measurements were subsequently averaged for analysis and comparison. Plant volume was
calculated using the manual measurements of basal diameter (d) and height (h) and commonly used
solid shapes including a rectangular box (V = d? - h), cylinder (V. = d* - 7 - h/4), cone
(V = d* - 7 - h/12), parabolic cone (V = d* - 7 - h/8), and elliptical cone (V = d? - 7 - h/6). We

subsequently harvested the plants and measured their dry biomass.
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3. Results

3.1. Preliminary Tests Using Kinect Our preliminary tests showed that light condition and target

reflectance influence the depth measurement quality. The series of images in Figure 3 show how
depth range increases progressively with darker light conditions. The poor performance obtained under
sunlight (see Figure 3(a,b)) was apparently due to the high IR reflectivity of foliage. The reflected
IR radiation from sunlight apparently reduced the contrast of the Kinect’s laser pattern over vegetated
surfaces (Figure 3(a)), resulting in point clouds with many missing points (Figure 3(b)). Nocturnal
measurements were needed to obtain well-defined point clouds of the rubber fig plant (Figure 3 (e,f)).
The background concrete surface, which is the furthest target from the sensor, was detected under all
light conditions, though with some missing points in brighter sunlight. The concrete is less reflective in
the IR (Figure 3(a,c)), which reduces errors and data gaps caused by sunlight contamination.

Co-registration of multi-angular point clouds gave excellent results in our preliminary test
(Figure 2(a,b)). Co-registered point clouds provided a complete representation of the study plant,
allowing detailed modeling of the canopy structure using concave hulls (compare Figure 2(d)
and Figure 2(c)). Additional tests (not shown in this paper) showed that multi-angular acquisition
on plants with smaller-leaves plants and in locations with a complex understory produced less
consistent results.

3.2. Testing Kinect in the Field

Comparisons of manual and Kinect-derived measurements of vertical and horizontal plant dimensions
are shown in Figure 4. Results showed good agreement for all measurements, especially those on
Cynara cardunculus. The Normalized Root-Mean-Squared Error calculated from the identity line
(NRMSE,_,) ranged from 2.7% to 19.1%, with the lowest error corresponding to Cynara cardunculus
base measurements and the highest corresponding to Picris echioides base measurements. The stronger
agreement obtained for Cynara cardunculus probably reflects the better defined shape of these plants,
which simplified the manual measurements.

Plant volume estimated from the manual field measurements using box, cylinder, cone, parabolic
cone, and elliptical cone solid models was compared with that obtained from the Kinect using convex
hulls (Figure 5). RMSE,_, values ranged from 1.0% to 106.1%. The elliptical cone provided the
best shape approximation for both plant species, with a RMSE,_, of 1.0% for Cynara and 2.1% for
Pychris. Box and cylinder models, which are frequently used for canopy modeling, had the largest
RMSE,_, values (from 57% to 106%).

Dry biomass was compared with the Kinect-determined heights, diameters, and volumes to derive
allometric relationships (see Figure 6). The various measures of plant size were well correlated with
plant biomass through a logarithmic function of the form: y = A + B - log(z + C)/(log(D) + 1). The
resulting coefficients of determination (r?) ranged from 0.97 to 1.0.
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Figure 3. Comparison between raw infrared output from Kinect (a, ¢, e) and corresponding
point clouds (b, d, f) in different light conditions. All images are for a potted rubber tree plant
that was about 1.10 m tall (i.e., Figure 1(a)). Point cloud color scale is distance (meters) from
the sensor at nadir.

(a) Early afternoon Infrared Raw Image (b) Early afternoon Point Cloud

(c) Late afternoon Infrared Raw Image (d) Late afternoon Point Cloud

(e) Night Infrared Raw Image (f) Night Point Cloud
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Figure 4. Direct comparison of manual and Kinect measurements of plant basal diameter

(“Base”; the average of x and y measurements) and plant height (“Height”). Solid lines

represent least squares linear fits.
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Figure 5. Direct comparison of volumes obtained from convex hulls and those derived from

manual measurements with various solid shape approximations. Solid lines represent least

squares linear fits.
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Figure 6. Allometric relations between Kinect-derived dimensions (base and height) and

dry biomass measurements. Solid lines represent least squares logarithmic fits of the form
y=A+ B-log(x +C)/(log(D) + 1).
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4. Discussion

4.1. Strengths and Limitations of Kinect Sensors

The Microsoft Kinect sensor combined with the Point Cloud Library provided measurements of plant
height and base diameter that agreed well with the corresponding manual measurements. Similarly,
the three-dimensional convex hulls estimations provided useful information on plant volume and shape,
which are relevant to biophysical canopy modeling and biomass estimation. The structural information
retrieved with Kinect was used to obtain allometric relations for two species of plants. The light weight,
small size, fast acquisition time, low power requirement, and cost make the Kinect a promising tool for
rapid field surveys of canopy structure, especially in small-statured vegetation.

It is important to acknowledge the Kinect sensor’s limitations for vegetation sensing. The Kinect
was unable to measure vegetation in daylight, and the measurement range was limited to a few meters.
Nighttime measurements may be difficult in field sites with limited accessibility. Measurements from a
fixed location, such as the top of a flux tower, circumvent this problem, but would be limited spatially by
the Kinect’s measurement range.

The results for images collected in “Tower Mode” were less consistent in situations with densely
packed vegetation or with complex, live ground cover. The “Multi-angular Mode” is particularly
promising and allows the creation of point clouds with remarkable detail (Figure 2(d)), but smaller
leaves and dense vegetation can create problems during the co-registration process.

4.2. Perspectives for the Future

The Kinect’s limitations for measuring vegetation in the field are not surprising; the Kinect was

designed for video-gaming indoors rather than ecologic observations in the field. Nonetheless, the Kinect
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is already useful for some ecological applications in its present forms, and the measurement principle
opens possibilities for designing new sensors dedicated to vegetation characterization.

New vegetation sensors based on the Kinect’s design could use a more powerful laser source to
increase the measurement range and allow characterization of taller vegetation. This might also improve
the daylight observations, especially if the projector’s wavelength could be selected to enhance the
contrast over vegetated targets within sunlit environments. The development of a depth sensor for
daylight use would allow retrieval of images from the aligned RGB camera; the RGB information
associated with each point could then be used for phenological studies e.g., [25].

Alternatively, the Kinect approach might be used to determine plant spectral reflectance along
with the 3-dimensional structure. The intensity of the laser source is known, and reflectance can
be calculated once the intensity of the reflected speckled pattern is retrieved at each frame. In
principle, multiple illumination wavelengths could be utilized, allowing the calculation of spectral
vegetation indices. The use of active rather than passive illumination for multi-spectral reflectance
measurements in the field has been tested in recent studies e.g., [26,27]. Active illumination has the
advantage of eliminating dependence on weather or light conditions. Moreover, the source-sensor
geometry is fixed and known, avoiding the need to consider the Bidirectional Reflectance Distribution
Function (BRDF) [26], though discrete laser returns still depend on factors such as vegetation structure,
geometry, and angles of incidence.

Improvements could be made to the acquisition procedure, the software and the data processing.
Algorithms for acquisition and co-registration of multi-angular point clouds could be improved to allow
acquisition in the field, where small plants or complex understory currently create errors. Multi-angular
measurements in the field may be readily acquired by hand during field campaigns, or using pan-tilt
units (e.g., on flux towers), or with multiple sensors, or with sensors flown at low altitude e.g., [28-30].
More accurate algorithms for quantifying structural parameters such as Leaf Area Index and Leaf Angle
Distribution could be developed starting from co-registered point clouds.

5. Conclusions

The Microsoft Kinect shows potential for measuring the structure of small plants in the field, but
its design currently limits the range of possible applications for ecological studies. Nevertheless, the
development of software and inexpensive consumer electronics is opening exciting possibilities for
ecological applications. Further research on these technologies is inevitable given the rapid development
of inexpensive and easy-to-use sensors. This, in turn, can increase the spatial and temporal coverage and
availability of ground data, providing better information for validation of remote sensing measurements
and improving biophysical canopy modeling (e.g., Figure 2(d)).
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