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ABSTRACT

It has become an important solution for the modern agriculture to monitor rice plants in paddy field by remote
sensing. In recent years, many researchers have employed some low-cost and high-performance UAVs with cameras for
this purpose. Especially, the structure from motion (SFM) has been considered as a method of reconstructing a three-
dimensional (3D) model by repeatedly calculating a feature projection point for a plurality of images overlapping. In this
paper, to use the SFM method, we took many videos of the rice filed by a color video camera mounted on a small UAV and
picked a series of still images from the videos at different video sampling rate. And, we found that 3D models of rice plants
in paddy field were well reconstructed from the four processing steps of point cloud building, dense point cloud building,
mesh modelling, and textured mapping. The result showed that high sampling rate led to high accuracy and 3D dense point
cloud model was better in the accuracy than others. In the sampling rate of 6 still images/s, the error of 3D model was
RMSE=12.8 cm (R?=1.00) in X-Y axis and RMSE =7.3 cm (R?=0.97) in Z axis.
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1. EU&IC

AAIHERDEEZRIEW TH L7200, TOEFIR
MEE=F) 7L, AEELME LTS 2 &1
VE= MYy FOEELFETH S (Matsuda et al.,
2010; Akiyama et al., 2014) , #2:(2, ALfir A R Hi 22 5%
PHEDY)E—rEYT U IZEY, A FOEFIRRE £
ZH) Y TT LI EPThNTELD, 3RITCILDIERE
72 MEP S 2RITCHREFTRIEOE=41) ¥ 7R
EINT W, Tz, @Y ZEEHICBI 2179 2 &A%
L, A MYARBED H - 72 (Matsuda et al., 2010) -
S5, — IS, BEYOMEREEE L 3 RTIC

ZALT DT, 2 KT N TIZBRA D S 1 . 3KTT
VE= My Y TICEBETVRTIAPLEIN TS
(Omasa et al., 2007; Jones and Vaughan, 2010) o

L4, UAV (Unmanned Aerial Vehicle) $5 i 75 %8 1%
L. Bl SR EEOEGEBHEONL I AT 2L
cEERE D /N UAY & Y2t AT T &, £ 72,
GNSS/INS (Global Navigation Satellite System /Internal
Navigation System) & HESREEHAT O#AIZ LD KK
AR IS HEVRITHIEIASTE 5 £ 9 127 - T & 72 (Diaz-
Varela et al., 2015), # L C. 2 v ¥ —% OEiEbe
SFM (Structure From Motion) 7 &0 3 RICHEEE T IV
TN ZLOHEHAIT LD UAVY T S L7z @it Mg 5 5
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SRTCHEE TV, A A% EOBIEYO 3 RTTEE €=
) v FASUTEEIZ 72 > C & 72 (Zarco-Tejada et al., 2014) o
UAV R OFISE, N LE R R AR S o #ll <k
W Td o 72, FIHIE DL T B R0 BE 7 C o) s 22 ]
GEB 2 BB ATA D H D Tz, HEEHNCI
NTC, JR#EFIC, o, EZEISEBMI TS, L L
%35, UAV A WA 27 EORIEW O 3 Rt ) € —

My v ZI2BWTIE, 3RITET VRSO F7 ik &
FEOMBEIZOWT, TNFEFTHaRBAP ST
o7z,

COH, KL T, UAV IZHEBRES N2 h -
T A AT TR SN 2 VT, EREEET 3kt
EFNERERET L FFEICOWTHRE L. ZOREREE %
To7ze FRIZ, SR L 2B 206, R %07 7
L — b CrEH L 728 IR R 2 v, SFM I & 5 3k
TETNVORE LFHRBMCEHGEA —N—F v T ED
BRI DWW CTHRRS 21T 5 726

2. fHAIXR RO FE

2.1 RHEAE

A I, KIRED XA S W OPFER LD 1
PHEFLTCWAKHZSRE L7z (2005468 H24 H)o
Z LT, VAV TOBIIICHDLET, £ 10m S Ll
DEE, K, MESLXEEROT Y 7)) - N e EO
BE - PR BRERFMET A 720020 BRE W CE
L7ze F720 FEINDL 3RICETNVOREE 20 T
%7212, UAV QBN (50 m x50 m) (25
Eai%%E L. GCP (Ground Control Point) 2 GNSS O #;
HIEH T — 7 #iisk L7z,

2.2 BANZ(ER L 2/NB UAV E8URIA &

KHEOEINZIE, /M UAV (Phantom 3 Professional,
DJI China) ZMEH L 720 2O/ UAV 121X, B A 5
(& >~ ¥ — : Sony Exmor 1/2.3” 12.4M Pixel Comos, L ~
A FOV94® 20mm (35 mm %) f/28 /80 74—
A) AL L7z 3WOBIRY NV A ST
D BREIRE R AR SN RITRICh 2D ST, ZiE
L 72 B R 1 O A RE T db B o TR 0D FE FEIE ]
A LR CL S COMRITRNIZA 207 Th %,
HRATIZEE L CTld. GNSS/INS DfE7512 & ) RATEE D
EDTRET, O ERICMZ T, 774 b REEROEHR
RHMICE D A~ — b7+ IR L, HNETRHER

RL A M HIEIBIRETE 5,

B OB D UAV OFAEIZ~ =2 7 IV THER L, R
ITEEEIZH B 10 m, TRATIERT X 8 43T, e ¥ 74
74—~ M Full HD (1920Hx1080V 60FPS (Frames/s)
Ty MP4 TERAF L 720 B2 TE L7214 —1N—F v
TTBHEIICRITE R,

2.3 3RTETFIDOERAE

Fig. 1 (2. @Blll S 7z MP4 Bl 25, 3KTCET IV %
R L, FEEBGEZ 1T 720 OO ZRT, £
FLORLHE L LC, g L2 MPA B A S T v
7 L — b 10, 20, 50, 100, 200 7 L — A %50 HAL T
B2 ILY . 3840H*2160V ¢ JPEG O 7 + —~< v M
2L 72 (Fig. 1A) o MP4 B[] |% 60Fps Td 5 D T, 1
47 ) oWGEoOBEIE. Fheiie B 3L 1.2 8
038, 06 THb, LT, 7 AT ENOMEE B
7oth. SRILETIWVEIER T 720Dy b & LT
RAEL 720
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Fig. 1. Workflow chart of 3D modeling from video taken by UAV.
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3KITE T IV OIER X, SFM 3T O T A3 g 7
Agisoft Photoscan (Agisoft LCC, Russia) % I\ CT47- 72,
SFM {3 E % A HE R O i A 4 0 K LEHE
WX DRDZWITET N E ST 2 FiETH S (Besl
and Mckay, 1992) . ABF%E Tld. SFM #ER K% 7 —
YA LFEL T 50T, AT AEEE Y O
(14720 OEGEOKRE) OEIZ X BHEFEE &k
JE D WMGEE % 4T > 720 7% 2 2 1d Intel® Xeon® CPU
E5-2600 v2 (75 7 1 v 7 71— ¥ Nvidia® Quadro®, X
1) 32GB) M L7z,

SFM Tl FIHEMEEIZ 3 RICo LilET— % (Point
Cloud Data) & L C# 515 (Fig.1C)s L T, 45
N7z 3WITHEET— 7 R ML L CEmEMBEE L.
MEPKEVWEHZBRELLR SRITEEESHT—
% (Dense Point Cloud Data) % fEm L 72 (Fig. 1D)o &
SIZ. BRILEEET =55, 3KILA Y Y2 ET )
#PER L (Fig. 1E), 46 N7z X v P 2 ETNIZT 7 A
Frx v V7RV, 7T —1ERE -2 3RIEET
W EVER L7z (Fig. 1F) o

SRIEETNEER L7, BEEZmMLESE L5720,
B4 CTRHI L 72 GCP @ GNSS 15# 7 — % % &
WZEDLETIRILETVIZATI L, 3RITETIVOMIE
#i1o72 (Fig.1G)o T, BIMITHEA L7214 % L
WO RE, K, EEPLXEREROT Y 7)) — MM
T 5 3WILET IV ETOfE%ERKD72 (Fig. 1H) o Z DEE,
APHIE X-Y e LCERL, BEMTZE@E LTE
Fl7oo 51, 3RTLETF NV EEN L 2% B L.
X-Y#li& ZHoBREEZRD 2 (Fig. 1) o & DML % Z
NZENOY 7)) 7L — NTEEYEL, o7 7
L—bFOEWICK ZEZRD Tz, ®EIZ. SFM LI
£% 3RITTETIWVOERDEEDEIRED F — /N —F v T3
LREDBRE L 72,

3. XBHERBLUVEE

Fig. 213, ADVNIUAV ICHER SN ETH A 25
O TR OKEZHs L7282 580 0 o 725 k- i
OFIT, BABBGIZBWTILHY 2 7 T LB ET
Hbo Figs2A. 2B DEEZ HL5 & A %0 i, Ktk
ELREPBEIND, 72, Fig.2A X, EHH S 0
W TCTh DD RO/ & ARBEDFRITIITRNEDHZ S,

UAV THisg Sz €74 %= FH T, Fig. 1 Ot iLIX
WZHEDWTESL N3 KICET VOB % Fig. 3 I27/R T,
SIILETIVIZ. 1TV 7)) 7L — O
IR &2 SER L. #F0R1E. Fig. 2B O F &b 72,
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Fig. 3A 1 3 KICHIEE T )V, Fig. 3B 13 3 IRTCE# A
BEE TV, Fig.3ClZ XA v 2ET ), Fig.3D IZ7 7 A
FxI v ¥ T LmETNVTH 5B, Fig 3A TldEHE &
IKEDBB L ZDOIRIKRES LD LA, ZOHEETIVO
JEAN S ER E SRR 2 S AE T o BB, TDR
HETVOEHO R G5 5 L, 2015993 HTH o
72 (Table 1)o Fig.3A O SEEE TIN5, EEIEH D 72
DI A RN B AHEA RS L, #ilETE L7223 %e
B ST T VA Fig. 3B TdH b o Fig. 3B @ 3 KICH]
RIZFig.2B DEH L L {—H LT, B, 3T
T TIVAIANTE O S B A EORIBR DO 72047 < F <
IRENB DN, MOFSE, EEORE, Kk, 14, &=
HEOMPADIM S NI IEME S 3 RTTET VRS
TBY. INHORNROBINPESIZTE L, 3WITH
FBEHAHETIVOEOHIZ 15645491 M THYH ., BB &
Z Fig. 3A O EHEE TV O 8 1555128 L 72 (Table 1)
Z L. Fig.3A O SHEE T IV OB S - 72 A2
HHEDS, 3RTCEHE T — ¥ T RE S BIES 0
7o EHIC, SRTEEEERIET — Y O OREEL 72
Fig.3C DAYy Y 2EFIVTIE, Ay 22XV 3KT
DERBEIRBER SN, YWY Mo 72FEDT 7 ZAF v
<~y ¥V IR 572 (Fig.3D)e ZDFT 7 AF ¥
Xy BV THEED S, MR EBEFORMA R K X
VBB IE E VISR S 725, HE ORI H 5 &
ZAHTIE, HEIMRL % 2@ > 72,

Fig. 4 lZ. > 7 > 27 L— bH 1 6 B 1w %
EHWTER L7z, 3RICEBEENHET VA OHEEL
oA ARER, K. 302 ) - MER EOWEY R
EDOREEN T — 5 OBFRE IR Yo Fig. 4A 13 X-Y Hl
T, 2F D KFEHTOMEFRT, Fig 4B X Z i, 2%
DIEESFOBEBREFRL TV D, Fig. 4A 3R EY D A
Fig. 4B 131 # L& 7 — % C. HEWH»HE, 1 &
RN TH D, KFHM (Fig. 4A) D HRERER? X
1.00 T, 2 P FHMRAE (RMSE) 1+ 128cm Th
0. F7. EEJIA (Fig. 4B) ® R? 13 0.97 T. RMSE
1273cm Tholze SO ENE, FEFMDFIRR
EVBETHETE LA, WTFRIZLTHERETS 2
FETHEETEDL Z EWbho Tz,

Table 2 1%, WgE Tk R7=5200% 7)) v 7L —
M HIG, 1803826 1 6 oL %E b &1
WL, SRICEHEBEESHET V2 OHEE L 721 2%
&Y D R? & RMSE 277§, 5. ACFHHOMKREE
Rae, 7)) 7L =018 03 MOEEOEIZ
FEREEA—TFHE <, RMSE 1£27.0cm TH o720 Lo L.
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1 3D M E DRI HEEE AL L. RMSE 2% 10.6 cm
Tholzo L6 HMDINRREL o 72 HHIZDOWT
WBARHTHED, COREDOY 7)) 7L —Thh
W, IEEWCREES R T E Tz, KIS, B S
DFERERDLE, 7)) 7L — 1R 03 KO
S DI RMSE 28 13.4cm T, R?13086 TH o720 L
ML, 7)) L= N1 6 O BHEORFIZIX,
RMSE 1Z 7.3cm T, R?130.97 Th o720 &fhx BD &,
P77 —= RARRETIUTRENVITE, BEE
Koo 72 b330 be EXHLPURIITS 2N 3T

5= 45— 12X DEHIOREE 2T (Omasa et al.,
2000). UAV % i\ 725HII O D3 EE T o Rl As T
FETHLI EDDNroTz,

B, Tablelix, > 7)) 7 L—bEfEHLE
GO, 3 WTTHEIEE TV & S 3 RICHEEE
TVORBERT 7)) 7 L— 2186 oM
BOEEZ13 800 LA ED WG & AT IZHEH 3 2 LB S
0. BHEEER AW K2 7% - 720

Fig.5 13823 7)) v 7 L— s OfER L7 3K
TCETIVEFILEEDOF — N —F v THEOEFR %R

Table 1. Parameters for 3D modelling at each sampling rate

Sampling Used Still Point Dense Process
rate Images Cloud Point Cloud Time
(Images/s) (Pixels) (Pixels)
0.3 16 11,952 978,324 10 mins
0.6 48 41,413 2,962,768 40 mins
1.2 93 110,064 4,643,131 26 mins
360 597,157 10,460,229 3h 3 mins
829 2,015,993 15,645,491 14h 16mins
Table 2. Accuracy of 3D model at each sampling rate
Sag'pt"”g X-Y  Axis Z Axis
ate Percentage of Area Overlapped over
Imagesfs R? RMSE R? RMSE 9 Still Images
(cm) (cm)
0.3 1.00 27.0 0.86 13.4 9.9%
0.6 1.00 244 0.91 10.6 31.8%
1.2 1.00 14.4 0.94 8.4 40.6%
1.00 10.6 0.95 7.8 83.6%
1.00 12.8 0.97 7.3 100.0%
3000 120 B
— - °
§ O structure E_ 90  ostructure
= 2000 f = .
£ o ® rice plant
c c
g 2 60 |
g g
‘g’ 1000 £
c y=1.0233x+0.329 & 30 | y = 1.0626x - 6.6918
] R?=1.00 - R?=0.97
RMSE=12.8 cm RMSE=7.3 cm
0 1 1 O 1 1 1
0 1000 2000 3000 0 30 60 90 120

Measured length(cm)

Measured length(cm)

Fig. 4. Relationships between the estimated values from 3D dense cloud model and measured values. A: X-Y axis, B: Z axis.
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E

point cloud. C: Mesh model. D: Texture mapping model.

Fig. 3. 3D models reconstructed at sampling rate of 6 stil images/s. A: Point cloud. B: Dense
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Fig. 5. Relationships between 3D models and the number of overlapped stil images at each sampling rate.
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Ty ITHBOATH D, ZOFEPL, ETIVOH >
TNV TV —=bMIEoT, F=N=F v TOKMEINE
0. BETIVOWRIEREIHRGIL 22 2 L5,
Table1 & Fig.5 &R, BEx R LIE 572012
EF —=N=F v THEPL T & BB
WIREZFEOA XD L) Al TH, IBFEEDF — /N —

Ty THEND B L. R VREET 3RICET VO
WS TEDL Z LD bh oz WL Y IR HA 2
WL, I —N=F v TORED D 7 { THUREEMI
MO 72\ 3RICET VDR TE b,

Jensen and Mathews (2016) (2 & % & [A] U B BREE 12
BWT, SFMIZ XD IERL L 72 T — % @ B LIDAR
OB LZbD L) %, BAHERS 72 ) O iR
BEbHEve LALaA S, SFM Tt BEae®mEL T
WA EEE Tl WoEAE A AT L T NEREOTH
WA TE Lozl bt LT\ 5, milt. AW
DE I UAVY & SFM & FiWC, 3D ET NV EIEET 5
WFZEASEE N L T %, Zarco-Tejada et al. (2014) (&, 4 1) —
7 O EHE TR E O RMSE 78 35cm-39cm T & - 72 & i
L CTw5, ¥ 7, Dandois and Ellis (2013) . & 5 il
FNOBE (7X)H7F. =7, bya)—, xJ4
N 7via, 2 /%) TRMSE A 320 cm—- 440 cm,
& 512, Jensen and Mathews (2016) (. Quercus fusiformis,
Diospyros texana, Agarita, Elbow bush T RMSE 7%
89cm-9lecm TH o 72 L HiE L TWw b, ARWFZETIE
KFF5 11D RMSE 25 12.8 cm., FEJE )51 RMSE C 7.3 cm
TINEFTOHRELY bEVHETOFHIATE 2, &
E, MR D ZEEO L 7 WO UAV T, ¥ N
WKL L 72ERGE DS A 5 % F\v, RITEE LR
10m &, JBAIRE BE CHg L 72 iR 2 v iz/zo L
EZbNb, £72. SFM OFTIZ BV TIE, 7)) ¥
FL—bERELED, IR EDOEED I —N—=F v T
MR L 722 LM LOBEELRERTH - 72,

LIDAR 2T, SFM 12 X % 3 RICE T IV DR IX
ZAGCHEE T, FBENIZ OB OO 4 —/N—F v T
HAEZETHILICL)EVRETOIENTETH S
Z bz LA L. Dandois and Ellis (2013) |
%L, SFMOAERICHET 2 E R L LTid, RiTs
JE & FRAT AL kzﬁwﬁ%\%M®ﬂﬁﬁ&\@%s
T— 5 OFEEE, BULEL, R, L4t FIUSREY OfE
HERH Y, 5%, CNOOERE OB HGEEL T
{FETH DS
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