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Summary

In order to collect information of fruit tree crowns concerning improvement of light environment,
lowering of tree height and mechanization of orchard work, a system by personal computer (CACOAS) was
developed to construct and analyze a tree crown throughout long term. Processing and calculation in
CACOAS consisted of 11 steps. Namely, input of parameters, selection of configuration of frame branches,
selection of pruning methods, estimation of shoot variables and calculation of shoot coordinates, drawing of
tree and crown forms, analysis of tree crown, processing of thickening of all branches, processing of pruning,
drawing of tree forms after pruning, output of information concerning pruning and age renewal of all
branches. This cycle was repeated by last age of tree. Using data from CACOAS, the other system to analyze
orchard light environment (OLEAS) enabled analysis of the light environment. Many array variables were
prepared whose element was branch number, i.e., the producing order from the beginning. Various calculation
techniques were devised by referring to branch age and branch number of the parent branch, and used in
the program. Multiple regression estimation method was mainly used in the estimation of shoot variables. If
necessary, the Monte Carlo simulation method was combined with it. These parameters were measured
mainly by a stereophotogrammetry. Space geometry was used in the calculation of spatial coordinate of shoot.
Performance tests of CACOAS on typical five types of tree shape of apple ‘Fuji’ were carried out for 20
years. Another performance tests were done on the two types of tree shape by changing configuration of
their frame branches or their pruning factors for 20 years. As the result, the program worked as was
expected, and brought good results for us. CACOAS outputted much crown information, much pruning
information, many tree form images and crown form ones. Remarkable effects of the difference in the
configurations or the conditions on their tree forms, crown information and light environments were found
by CACOAS. This program was written in a visual BASIC, and the all line number was about 4600. The
estimation time spent for 20 years of the one tree shape was slightly about 45 minutes by a usual personal

computer.
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Step 1 Step 2 Step 3 Step 4 Step 5
Declaration of Selection of Selection of Estimation of Drawing of tree
constants and .> configuration of .> restrictions and .> shoot variables .> forms and tree

input of frame branches and requirements for and calculation of crown forms by

parameters their variables pruning shoot coordinates computer graphics
Step 11 Option step
Age renewal by Analyzing light
1-year-old environment in a
in all branches tree crown
by OLEAS
v
Step 10 Step 9 Step 8 Step 7 Step 6
Output of Drawing of tree Processing of Processing of Analysis of
information 4. forms after 4. pruning ‘. thickening of all 4. information of a
concerning pruning pruning by branches tree crown
computer graphics

Fig 1. The eleven steps in CACOAS and the flow of the processings. OLEAS is the abbreviation of the
Orchard Light Environment Analyzing System (YAMAMOTO, 1999).
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Fig.2. A schematic representation of a shoot geome-
try. DIS, L, R, IA, DA, BA and RA denotes a
distance of a shoot base from the base of the
parent branch (a biennial one), the shoot
length, the radius of curvature, the inclination
angle, the direction angle measured from the
south in the east direction, the branching
angle and the rotation angle of the shoot
measured from the earth axis by counter-
clockwise direction on a cross section of the
biennial branch, respectively.
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Fig.3. A schema of a combination of Monte Carlo
simulation with multiple regression method
(MR). A normal distribution curve used a re-
sidual standard error from MR as the stand-
ard deviation. P : Probability density, CP :
Cumulative probability density, RN=* : A ran-

dom number, V ¢ An estimated value of a

variable by MR, E#* : An estimated error.
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Fig.4. A schematic representation of a virtual grid
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FERREE B> EHBIGRIRT AL HEEL, Th
I CTEMBECH AR RE T T, HHA R
L2 OD0EEMIZEL T, TNTN, ®ENERE
Ll IS ORENBREED &1L, LRROFERD
ZVWERHFEROESOAH AT I VIIHIEL TE <2 DE
el EROESE#HIMIHRTE5 X1tk
12) SR GEHERMDBEIRATY Y B3I RTv )
HBI3AT Y 7T, WELE B8 AT v 7) OLFE
ERERFRET 50, T80 5, MAEIEFRIR, 5
FE IR IR, A H R, &N S HIER 72 & 0 &6 )
BB L OFEXBOFIRETE S 72 v HIELAIZ AU 72,
LRLOFIBRE I EH RIS I XIS TE S L H iz, M
RAFEH & O A% o ma AR H R & SRR IE s R & A
TE2X91U, 517, Hifiz i< & & n ik
FE & AR AR o FEBE, BIE1 < HiR Rk, LATHE O 720
OREREMEG | &84 5 X OB KZ Hil & U I
B0 viRL EE AN L 12,
13) NSA-GBLVNBT—SDANRT YT (E1 2Ty 7)
RATw 7Tk, il RS o 5 B E R
RECE ERIE (ARF7HM), ERBFHEEEZICEY T AL
Oy Ial —Yar ekl - TR Ny
#= (EREFBHFERO—HE) B X UH O EROER IFH#
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EARERRE E EHIH (GFF2/) 2 ALz, 20
EDI, AERNT A—& (EfEfAE, avPa—XT 7
74y 7 ABEINT A= AERERE) BXUFHE
LEERERBROT NI A=REANI LI, ZThB0D
ATMEZREDIEHES 2 T 572012, WFEFHH O /8T A —
27 7 AN EEFNIERL THE, CACOASDHEMT &
BELE7 74NV EHEIEL L OICLE. 617, Ky
AT LTHAT 22 TORMER (F100fd) 55T
b EEbiz, FRUANOUIIAATI T — 2 Gk & HEK
& XA 5 R E, B, 85077 m, BFAEonL
H, EZEEE S £ OISR OB O P 53 A P E
) #ANILE, coiEh, AJTASLVIEHIAOE
D7 7AINVIZHBEL 7e@BIV— IV bR AT v T THRIE
L.

2. CACOASTOUSAICBW=ZILITYXAH BN
IEHEFE

1) CACOAST OIS ADSEHEER LZEIIEL
70775 LNEvisual RBASIC TIERL L, #87T47460077

THotz., BEMIICACOASHD 7O —F v —+THb

M, N AV THRETEHRESUNIAS T TS
LEFIRT 20BENS, 7075 LKKIE AL > 7Ty
FLEREOY 7 Tar s ne Uiz, —RNgEEn< b
V2 ARG U 72 BER (U4, 1983) XU
MU 7B 707 5 L& (LA - 5, 1996 5 (1A -
ME, 19895 1A - &, 1991) o8& EEEL, K
VAT LDEMERERE LT ORRICHREL 7. xyz Hf
BEREE U, BVED x Bl CGRITIMAIE), KAy @i CRTE
FAMIE), Eibh 28 (E7TmAE) U GE2K),
Bt & JH T E L 7. OLEAS O R (1A,
1999) X ZNEIFKRESEAL Y, EEET 3 HEEHE b
iE, x AT (7T RAK), 2 A ok (G
W/FAR), v EEENEREIL (AT Th-o7 (B4
). & o T, CACOASH B DHNF—R& T 5%
&, OLEASNIZ FEASHI A #ER 73 2 Fiak L 7z,
ESOHMIIZETemTh o1z, AEDOHEMIZETDH
0, 777 LEFEN CldradianiZ ZH# L 72, JAIAREE
VA D 43I 55 & B s A RS S EAR O TR &, A
0L L, HAMIZH>7-b D Th 7. HERIAEITZC
OHEMOEE %, KFEHE OFFE L, KIEME E, Ml

Table 1. Types of arrey variables used in CACOAS, their abbreviations and units, S, index within parenthesis of
each arrey name, denotes the produced order (branch number) of individual branch from the start.

Descriptions of array variables

Names of arreys Units or values

Branch number of the parent branch for the Sth branch
Produced order of the Sth branch within the parent one

Age of the Sth branch

Total number of shoots on the Sth branch (biennial branch)
Distance of the basal point of the Sth branch from that of the parent one

X coordinates of the 7 points on the Sth branch
Y coordinates of the 7 points on the Sth branch
7 coordinates of the 7 points on the Sth branch
Basal diameter of the Sth branch

Terminal diameter of the Sth branch

Radius of curvature of the Sth branch

Length of the Sth branch

Inclination angle of the Sth branch

Direction angle of the Sth branch measured from south in the east direction

Branching angle of the Sth branch

Rotation angle of the Sth branch measured from the earth axis by counterclockwise direction
Zenithal-rotation angle of the Sth branch, i.e., the absolute value of (180-RA(S))
Whether the Sth branch experienced heading back or not

Total number of leaves on the Sth branch
Total number of branches on the Sth branch
Total number of fruits on the Sth branch

B%(S)

N %(S)

A%(S) =21 or —1
SN %(S)

DIS(S) cm
X1(S)~X7(S) cm
Y1(S)~Y7(S) cm
Z1(S)~77(S) cm
DB(S) cm
DT(S) cm
R(S) cm
L(S) cm
TA(S) °
DA(S) °
BA(S) °
RA(S) °
ZRA(S) °

P %(S) 1or0
LN&(S)

TN&(S)

F %(S)
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ERELTH b O THol. FFmEIEE S ED
e, ZOEETEERBANOTPLEICIIAEN
Mot FTT, SIAEBICIEIRTAE L 180 O
7 (AR, MFREMAE, ZRA () 2HO T,
BEOY Il —> a B THEET HIEE (BLF
F) ThHEEFS (S) 2ifFFET L < OFREMEET]
EHERN 18, &8, DEOTILITY ZLD
UL, BFIEEONESES, 0 Lo okEs s
INCFD s, BV, BEOHESES, O THOMK
FBEE/NLFD s TEILL, XHIL 7.

2) FEHHEOHENEFE

Dy d ‘AU OFEFHEEOHEEIE LT 0 D
Thoto. ERIFHEE L 2 ATEER Lo Hiiy R ER K
(SN% (S)) ZARMEE L. Kz, SN% (S) & CHIH
2 & o T FBENETE (N% (s)) HOFMIZ DWW T, AiEE
FEEE i & FIEFEE ST £ TORERE (DIS () & EHH
IFHEE L 72, SN% (S) &DIS () 3 & b icHtEsEEs
feotzlow, MiEEKOES (L (3)) &SN% (S) #H
b b, R OFMIEE N TOMEEED L 2o
&, SN% (S) &HE COHMAEL (S) IZRAL
7z, (SN% (S) — 1) FEHPANOFEA T & TOHEBEAHT
FEFEOES L (9) #MAEZE L (9) 220
FFIZLT, (SN% (S) — 1) LR 0% s tnsg
LU, HEEFERDSNG (S) OEICE WA T, Hifrk:
A OZERER (X1 (s), Y1 (s), Z1 (s)) &, DIS (s)
E TR OET SO 22 MR (X1 (S) ~X 7 (S),
Y1 (S)~Y7 (S), Z1 (8)~Z7 (S)) &&HNWT, #
WWRTRIFEIC X Ok 72, BIrAE RA () dHER
FFED 728, regressioniE I X % & O HETE | R HE & 4
Uiz, 2T, Hiks 1 sofpaE iz Mo s
Ay 2 BCDARR (AT |2 5 70 4 1 0 (viAH % MR
ATCRIEL, 360N DEIZERL -, 1FEAEDH
RHIHEEE D & FEET % 720, HFARE O A IR DL
MIZHEL W EFEZ TRERBD TRV, 2L, JLifh
SFAET HHEE, THIFHEK D 2 0 IFT VIR L H O MEEE
HED 2DOD 7 — AN H 50, % DHETT T ATHEERE
DZHITIZITEW ERRL T, HFAEE LD ET
57, oA s EXESE (K1) oficiAr.
C QAR X 0TI RTEAER O Z U3 < 72
%, #E L (), 2liAE (BA (s), HEiffER (DB
(s)), JeiFlER (DT (s) BLUHELE R (3)) &
EEFHEEFEEMD 50X By FAH)lay I 2l —
varvgEHAaEbETTu I LHETESLLOIL
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Fig.5. The flow chart of CACOAS. St : Start, Ed : End,
11 : Input of initial data, 12 : Input of parameters,
13 : Input of selection of configuration of frame
branches, 14 : Selection of restrictions and require-
ments for pruning, C1 : Calculation of coordinates
of frame branches, C2 : Renewal of tree age, C3:
Renewal of branch number, C4 : Estimating of all
variables of a shoot and calculating of the shoot
coordinates, SP1 : Subroutine programs to estimate
shoot variables, SU : Substituting of wvalues of
array variables, J1 : Last order of shoot or not?,
J2 : Last biennial branch or not ?, D1 : Displaying
tree forms and tree canopy forms, M1 : Saving of
image files of tree form and tree canopy form in a
disk, C5 : Analyzing several informations of a tree
crown, M2 : Saving of distribution files of both
branches and leaves in a disk, DO : Printing of
documents of various results, J3 : Is LAI per
limited area equal to the desired value or not ?,
C6 : Adjusting of LAI per limited area, J4 : Last
tree age or not?, C7 : Thickening of all branches,
SP2 : Subroutine programs to estimate branch
diameters, C8 : Forcible thinning based on the
restrictions and the requirements, C9 : Thinning by
shoot posture, C10 : Heading back of shoot, C11 :
Thinning of thick branches in order to regulate
LAI per limited area, D2 : Displaying of tree form
after pruning, M3 : Saving of image files of tree
form after pruning in a disk, C12 : Aggregating of
information data concerning pruning and the
statistical processing, M4 : Saving of information
files concerning pruning in a disk, C13 : Age
renewal of all branches by 1 —year—old.
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1z,

HHER A O =MD E I A N O ks Lo 72,
ATEAR 7 SoZEEETEE SN0 T, Z0RE
HDPBEVD6 HETOINETNIZI DOV TREREL
PHEE (AR, BBEHEHD £FME L 72, KIZHFHEODIS (s)
& RFEHR O KN E L, EFH O S T 0 RREEHD)
=DIS (s) < (nt+ 1 HHO i TORMBER) 0 AN
RE oI ne MM L7z, BTEAR En®H 0 o 22
JERE (X, Yo, Z0) Ent1FHO SO EHE”E (X,
Yo, Zoer) ZHOT, (2) ~ (4) T X0 FRHES S
D 7SS A R L 72,

HHES S OXERE (X1 (9) = (Xt AXm) /(1+21)

(2)
FIREER S DO YEERE (Y 1 () = (Yot A YY) /(14+21)
(3)
FHEL S OZER (Z 1 () = (Z+AZw) S(1+1)
(4)

ZIT Ak (B) RTHEAT.

A= (DIS (s) —nHEHD A TORREHE), (n+ 1 F
Ho i ToRAREH-DIS () (5)
3) FAERLE L 7 SOEREEDHE

AE SN AT FER OBRAE TA () &g
(DA (9)), #EEsNIHOES (L (3), BREE R
(8)), DIEAE BA (5) BLUHFAKE RA (5) B&
OFHE SN H IR S O 22 MBS (X1 (), Y1 (s),
Z1 (s) MWL 7 550 2SR EED &
HBERDTIZRT., M, EEoESE B, B Ol
BB E Z RN O AEE O RS & OB LS
THOEMERERD HAEEIRETH L, 2T, B
HAEMRTH O, B, BERITHHHIE TR TH B &
VO B L AT D & TR R TR, 2 BRI
JCHBAL 20, 75k, ZoRALAT S 3 EfiE
LIZRLL Tz,

— 75 D i & xyz AR E S E E, y2 b Lo —AKD ]
EHEZI. ZOMIEZEOMZRLEER, EL B X Oyl
X T 27 EAEBAZ S D, F6Madk DIz, BAN
NEXV/PNEVEZDMOFMAEEBE L 2. JRABD
by (=360L7 (47R)) 12XV LZOABHEET
50T (F72bhb, LOAB= (180—7)/2) , f#5TA0
OMEFAE Xy EBAZHOL T (6) ATRHETE .
Kk =90— A =90— ((180— 1) /2 —BA) (6)
COMEOEZEDENDFLAE e ETHEFE, ALV
BANOESF 2Rsin (e/2) ZHFLW (EA - H,
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1964). &7z, BAN&AhE T AMEnIE (7) AT
HETE.

n=180—(180—¢) /2 —k (7)

90=BA<180

Fig.6. One arc (or a shoot) in the yz plane. BA, R and
L denotes the branching angle of the arc (a :
0° =BA<90° , b:90° =BA<180°), the radius of

curvature and the length, respectively.
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U7z > T, il EOAERE D SN O yz 1 AR O FFFEIZ 1T,
y=2Rsin (e¢/2) sinnHB X Uz=—2Rsin (&¢/2) cos
ND2DODXEHNSLZENTE, 27120, SANDOxHE
Bl 0 Thole. LEOFHEAZEHRRIZE > LD
6N TIEDR (8)~(13) b e 1~¢e6%KD,
(7) X e lzFNZFNRAL, FHOzyEEEFEL /2.
1/6 HEFEEERORLE=e1 =360 (L/6)

/(2Rm) (8)
2/6 DFREFUSEESMOFLA= €2 =360 (2L/6)
/(2Rm) (9)
3/6DHEFEEEHANMOfLAE=e3=360 (31L/6)
/(2R) (10)
4/6 DA EFESEESMO LA =4 =360 (4L/6)
/(2Rm) (11)
5/6 D& EEEHKRTOfLE=eb5 =360 (51/6)

/(2R7) (12)
6/6DHEFEAEERMOFLA=e6=360 (6L/6)
/(2R7) (13)

S A ENIO<KBA=1800EE (6K b) b, 7,
e BLULOABIZBAL =90 DHE LR L TETES
Nz, 27T, K&2HPAOD y iz T 5 HEE T
1, Kk =BA— (180— 1)/ 212%L Vv, ZOMEDEE
DEENETE (14) BLU (15) ANELNS.
ZQAO=90— k (14)
n=/QAN=(180—¢€)/2 — ZQAO = (180— ¢)/2
—90+ K (15)
LMo TC, y=—2Rsin (6/2) sinnBLPz=—2
Rsin (e¢/2) cosn D2 DDHAE W T EDERED X
NoOyz Bz FHE L 72,

Fie GE6M) 77Dl % xyZ D A ICEE, y
0t % A E A BAD Yz FE N OO EHE& TH -
fo. RICyzFHEMNT 2 BT U CEREICE NN CRTFEAE
e, BeREFUBR (FEMAEBA, ELH XU
HREER) Ol () MMEZEORFAERATHRA
THHEERY B35, 5612, ZOREERN DR
A xyz B O JH I E O 72 2 2EE o ERAEIA L
FiAEDAR T EHEZLL 2 2Dl Girkl) Dz
RMIEBEEOZLE# A 5, 2 2 TOxyzBEER T —HR 75
Mg b Y2 AR (LA, 1983) 12X L7 H DT,
xR > TEH () AR, v EER E CRTE)
FIRAMNK, BLU 2z HEEZREP - TR (L) FFRAAE
Ll GBE7TX). MMoFEADb LMloEEN a 2 5H
RS, yEIHZXH L THBAEBATR AL LIFH6
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MalfUThor, KIZ, bAHSBFAERAR T
Mo FH#ER R O P2 - Ty BNk 72 % J7 1A % W s
WS RERHEH T I [MFE U 7z & c& Uiz, x il & fulaic

x Bl AVK 7R B TR & LR W BT ETT NS BT AR O R
TEAE (90-1A) 72V c AERERL fofEd &L, &5
12, v ilE Iz y BRI B T R B R S KRBT
MUZRTEER DRI (DA) 7200 2REEL 72 & E0
mECE L., Tbb, $ 7RO iRgacid [H#5HT
Frfiga ¢ ZHrnfigack RIEAKE (T748b 5, 90—
RHAK) ZINEEL b0, findiga Fhiiga’c &
FRAERTEEEL 2D Th o7z, LIl Eodi
MOBEITH o 727, MDEE 6 FESIZ D0 TH A
IR B ENTE R, DAEAER O 7 o Ze
SRR CH o 7z,

Lo EEBIZE DS, CACOASKH O BLH 255 il %
Huwie7n 7o LtEFEEIUTOEY TH o7, 1A
AT AR O BRI E (A (S)), DAIZIFHTHEERK D
TififaE (DA (S)) B XURAIZEIHMOKFAE (RA
() #RAUL., iz, HERTEEL 72 7 /o HE

(xEAEZ2TO) ZHVT BTHDLHIZ, xbié z
BT L T EERIE L, y Wil 2 RO IC RS T I RA

LT 5 XD IZETE< MY 2 A&RD, [\AfE Tl
JEAS SR L f2. KIZ, S OEEETEU 2 7 5 0 EEEE
ZoyHlE z ST U CIXEEREE L, x il & HO i RS
FENZ (90—1A) FEMEE T 5 &L HIZmEE< Y 7 2A%3R
W, [HER CHEG AR A FEL 2. RIZZOEEETET
7o T RO EEEE x & oz oL CRIERMEL, v s
RO FRERFET T AN DA REE 5 X S izmEs< MU 2
2l % R, [a)#5 T Hm A A G E TR, O
il 7 HDZEMEREI e o fo. ERE ORI RIS ATEER 0 &
B xyz R R D SR IS T D T, [liRE O LEi&
JRE AT (2 BT A A ) B R oo M B REAE (X1 (S)), Y
1 (9) BXUZ1 (9) 2NNz, Hmgro
i EoTE oM EEE (X1 (5)~X7 (s), Y1 () ~Y
7 (), Z1 (3)~27 (5) NHETTE 7, T HEEA
B (IA (8) RFMNAE (DA ) T2 07 HE>-EMN S
HAETER.

4) FHOERAESE

LR oFERhOE T DS b, s B1E) &F
4 HEAERER O RN OBREROE S I 5 2 554
Dy HEEEOHREHEL FB8M), o ICHKDM
EEEEFEL THEAHAE 1A) & U7, 272U, ¥t
DFEZRBIN S 4 551 mh ) EROBERAE D29, 1E
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of the arc ac through 90-IA round the x axis
and that of the arc a'c’ through DA round

the y axis, respectively. DIS denotes the
distance of the basal point of the shoot from
that of the biennial branch.

BEOEEHL .

5) FHOAMAENE

FitifarE (DA) bHEAAE &R, LEE2 Ao
MROZEEREZE X T xR DOEELFHEL (B8 X),
SHICEOFEIEHEMEFRL, 0L L. KL,
CACOASTIZ i (DA) FEirhA & 877 Il -
oD T, FINIAEE LR OE 4 AN O E E Hxz
HOHELIRRDOEEIF 0, F 250 L =13180— 0, &
SHEIRD & E1F360— 0, HARRD & E£1X180+ 0 & L
1.

6) BERRHEICETHIAS I ab—2 3 ikEM
BRUZ=AEDTIVT U XA

FIEICEEL 7o T & <, EEFSHTIC BT 5 FEAEEUERA
7 (d) #HEEE(RZE & U 7 IEBOME O HESR S CIE SR
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N

Fig.8. A straight line connects the basal point of a
shoot with the central point. The inclination
angle (IA) of the shoot was defined as an
angle of the straight line crossed for the xy
plane. The direction angle (DA) was defined
as an angle of the straight line crossed for
the yz plane measured from south in the east
direction.

South

AT %A EEFHEME (V) (ZMA THEOR
VEME D FARHEEE & 340U, HIR T ORI Z B &
FUZHBTE L EEAT., CORDIZUTORETES
EREU. B3I BT 2ERIFHEEME (V) &R
IZOWESHATLIAT, 0N DFEExE T HIER
MERD ¢ (x) = exp (—x*/(2d%)/d (27)%) B
U —2dN5 2dETO x OHEIPHZ n (8O REHLIZ X5
Lt E0EHEMoPREExEEZHOTUTRTD 320
A ZREERL 2. $72DS5, BWInb ko IES
(1~n) 2FFLT50 (x) OMERFEORYIZLR (P
(1) P (), ¢ (x) ORMEME (REHEREE) OB
ZH (CP (1) CP (n) BXUxEOEMZEE (DV
(1) DV (n) 2ERL . Xz, FiormtiEo s
[ERHEE O 72 Oz, BERLELE R #8 4 S 1, BELALEE I
RBHITOCP () #HEL, TOFF () &3 OEFIARE
DV () ZVIZMA THEMEEEMBE Lz, —2d»5 2d
DR PRE L 72 DAL IC & % MU A 2 8 7o 72
OTHD, b, BEIFHEME (V) 2K 0l
EHATEHIE, F1 A7y 7 0dO AN ERIC 3T
OEFIZEE P (), CP ()BXUDV () &=HBIHIC
ERL THL & TH A ATy TOFHERME2KS T/
OTh-oT-.
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EOE LITIANCH 5 EEDTFEL RN EOAED 7 8 v
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Fig.9. A schematic representation of an equipment of GCP set made of light pipes of transparent acrylic

resin for stereophotogrammetry (left) and two photographs of apple

set (middle and right).

‘Fuji’ branches with the GCP
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Fig.10. Radius of curvature (R) was calculated by the equa-
tion (20) using a length of an arc (L) and a length
of the string (a) from stereophotogrammetric data.
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Fig.11l. NEAREST shows the nearest point on the bi-
ennial branch to the shoot base from
stereophotogrammetric data. NEARER shows
the nearer point. The basal point of the shoot
on the biennial branch was estimated using the
ratio of ( distance to NEAREST from the shoot

base) /(distance to NEARER from that).
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Fig.12. A method to calculate the rotation angle (RA)
of a shoot from stereophotogrammetric data. A
shoot grows with an angle 7 from the earth di-
rection (an arrow) on a cross section plane (¥)
of the biennial branch. The arc AB and the arc

shoot, respectively. The line B'C" and the line
B’C” denotes the line formed by turning of the
line BC through 6 (DA of the biennial branch)
round the y axis and that formed by turning
the line B'C’ through 6 (=90—1IA) of the bien-
nial branch round the x axis, respectively. The
angle in which the line B'C” crosses with the
yz plane is equal to 7. RA is equal to v when
it is measured in the counterclockwise direction
and smaller than 360 degrees.
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Table 2. Constraints and prunning conditions used to construct the 5 types of tree shape in apple
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HPPF % LLEg U 72,
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ECHEE L, MR EIEERBHEEEEH O 72, 5
Frdrgdh, 7V y Ro&#E21, HREEIEs.5m, #
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A THEL RETEEICHRE0TZEL, FREELH
FRMEE U, EEEST, ERESBEAEDE, K
FAMBN S L OCHFERFBERBEI T ITh %
SiE Lz, FLEFERORFAEZOLITNH0EE L
7o, BHEHMRRAE 2 KB &, HAHAEMT & D EHFE
+50E L & —BOEELAR, I EE R | & D S fF1340
DINE U Tz, &z, MR 15emL F O 2 24 Tk,
F 7o, LAIFfiO 72 0B niEs | 8140, rdEEs, 2
PR, 3R, AR, bFEARS LU 6 FAR
DIEIzZNZFN, 30%, 20%, 10%, 6%, 4%+ XV 2%
L7, YI0RLRIZEREMLD TN T OB 5055,

‘Fuji’.

The conditions not common to the 5 types of tree shape (top) and the common conditions (below).

Open Y Slender Trainin Modified
Ttems \Types of tree shape cegter shape central leader by trellié; central leader

Abbreviation of type of tree shape OoC YS SCL TT MCL
Tree width of north-south 4m 4m 3m 4m 4m
Tree width of east-west 4m 4m 3m 2m 4m
Length of trunk 100cm 80cm 250cm 240cm 150cm
Number of PSBs* 3 2 13 7 5
Number of SSBs” per PSB 3 5 2 2 3
Height of the first PSB from the soil surface 70cm 70cm 50cm 60cm 50cm
Distance of basal point of the first SSB from that of the PSB  20ecm 20cm 10cm 20cm 20cm
Phase of rotation angle of PSB 120° 180° 144° 180° 144°
Direction of the first PSB East East East South East
Tree space® 4m 4m 3m 4m 4m
Row space® 6m 6m 4.5m 3m 6m

The common conditions

to the 5 types of tree shape

Row direction (south-north), tree height (3.5m), phase of rotation angle of SSB(180°), phase of rotation
angle of of shoot (144°), rotation angle of basal SSB (90°), range of inclination angle of shoot (—50°< and
<50°), range of branching angle of shoot (above 40°), interval of shoot thinning (2 shoots interval),

branching angle distribution pattern of PSB (equal),

ing interval distribution of PSB (equal).

The maximum ratio (%) of additive thinning of 2,

distribution pattern of PSB length (equal), and bear-

3, 4,5 and 6 -year-old branches to regulate LAIla

was 30, 20, 10, 6, 4 and 2% against each total number, respectively. The ratio of heading back of vegeta-
tive shoot having role of the extension of trunk, PSB, SSB, the oldest lateral branch, the next older lateral
branch and the other younger branches was 0.55, 0.60, 0.65, 0.70, 0.75 and 0.8, respectively.

* Primary scaffold branch.
¥ Secondary scaffold branch.
* Used in OLEAS
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Table 3. Varieties of the open center tree (OC in Table
2) by modifying thinning conditions and that
of the slender central leader (SCL in Table 2)
by modifying configuration of frame branches.

Items Abbreviations  Modified contents

Inclination angle 0OC11 -40° < and <40°
of vegetative shoots OC12 -60° < and <60°
Branching angle 0C21 30° <
of vegetative shoots 0C22 50° <
Interval of 0OC31 1
shoot thinning 0C32 0
Branching anele SCL11 Acute for the top
distrib t'(%n g SCL12 Acute for the bottom
;tteln‘f :)f PSB SCL13 Obtuse in the middle
b SCL14 Acute in the middle
Distribution SCL21 Long for the bottom
attern of PSB SCL22 Long for the top
in.th SCL23 Long in the middle

£ SCL24 Short in the middle
Bearing interval SCL31 Long for the bottom
distribution of PSB SCL32 Long for the top
Number of SSBs SCL41 1
per PSB SCLA42 3
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Table 4. Coefficients of variables (R?), residue (Re), F value (F) and the multiple regression formula of the

basal diameter of a branch of apple

‘Fuji’ (upper) and that of the terminal diameter (lower) using

several variables of the branch (index :s) and the parent branch (index : S) shown in Table 1 and
their powers, The unit of the variables except diameter was same as Table 1. The unit of diameter,
here, was mm. The number of the observations was 60.

R*? Re ' Significance”

Formulas

86.77%  5.69

87.67% 4.99

55.73  P<0.0001 DB(s)=4.045A% (s) —2.976P% (S)+0.11691A (s) +0.403F % (S)

+0.000002661ZRA (s)”+0.0006552L (s)* —1.387

60.43  P<0.0001 DT (s)=3.488A% (s)—2.677P%(S)~+0.1030IA (s) +0.6115F% (S)

+0.000001803ZRA (s)*+0.000029011(s)* —1.290

" By F-test
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Fig. 13. The relationships between the branch ages and the basal diameters (left) or that of the terminal
ones (right) in the apple ‘Fuji’ trees.

Table 5. Coefficients of variables (R?), residue (Re), F value (F) and the multiple regression formula of the
each shoot variables of apple ‘Fuji’ wusing all variables of the parent branch (biennial branch,
index : S) and the part of variables of the shoot (index : s) shown in Table 1 and their powers. The
units of the variables were same as Table 1, The number of the observations was 1267.

R*=80.83%  SN%(s)=—0.05674N% (S)*+0.008554N% (S)’+0.1330SN% (B (S))*—0.0144SN% (S)°+

Re= 1.027 0.007724BA (S) —0.08649DA (S)’+0.03948R (S) —0.0006010R (S)*+
F= 3271 0.000002530R (S)*+0.1492L (S) —0.00001438L (S)* —0.0052151A (S)+
£7< 0.0001 0.00018321A (S)*+0.000001922IA (S)*+0.00000007 (N% (S) / SN% (S))” —1.601
R*=8043%  DIS (s)=0.3725N% (S)+0.002781DA (S)+0.7173L (S) —0.002326L (S)* —
Re= 5.253 0.00000019 (2.817e**N“INHEENS 45 855SN%(S)—1.053SN% (S)*+
F= 426.6 0.06435SN% (S)°+279.2 (N% (s) / SN% (S)) —332.1 (N% (s) / SN% (S))*+
< 0.0001 471.8 (N% (s)/ SN% (s))* —1.376 (2.073e*""N*©/SN*®) —21.25
R*=30.73%

BA (s) =—0.01486N% (S)*40.000003210BA (S)*+2.031BD (S)” —1.394R (S)+

Rgf gggg 0.02191R (S)” —0.00009731R (S)°+10.44SN% (S) —0.6819SN% (S)” —
- o 2.641N% (s) /SN% (S) 4.495N% (S) / SN% (B (S) N% (s) / SN% (S)) 3
e oot 0.13 (2.073¢ )+0.00000001021 (1.257¢ )5+63.88
2=
1; :662'196790 L (s) =02269SN% (B (S) )*+5953BD (S) +3.298TD (S)*+2472L (S)—0.06816L (S)*-H0.0005364L (S)+
S 0.10397A (S)—7.999SN% (SHO5T10SN% (S)+12.31 (N% (5) / SN% (S)*+70.76 (N% (S)/SN% (B (S)) N% (s)/
e 0000 SN% (S))*+1.288BD (5)—0.05299BD (5)*+0.0006302BD (5)° —0.07866ZRA (5) +0.000002701ZRA (s)° — 16,37
1; f436427;/4” DB (s) =0.09629DB (S) +0.03212DT (S)* —0.000007342R (S)? —0.001724SN% (S)”
S +0.000000001002 (1,257 ™59 /SN& BN '5N% 554 () 10000002032BA ()*+
e 0000 0.006132L, (s) +0.3436
1; f130'2g/f DT (s) =—0.008951SN% (B (S)) —0.08911DT (S)’+0.08814DT (S)*+0.00093121A (S)—
S 0.06369N% (S)/ SN% (B (S)) N% (s) / SN% (S)}+0.00000002055L, (S)°+
e 0000 0.5422DB (s)—0.3461DB (s)?+0.07706DB (8)*+0.2429
g f291'998é7§ R (s)=—0.0002825BA (S)*-+0.1248TA (S)—0.00003448TA (S)*-+0.00004318DIS (8)° —
S 0.0000006427ZRA (S)* —0.03976BA (s)+5.248N% (S) / SN% (B (S)) N% (s) / SN% (S)
- +1.144L (s) —0.01487L, (s)?+0.00005872L, (s)° —3.685DT (s)’+2.798
2< 00001
" By F-test
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Fig. 14. The relationships between the shoot length and the dominance 1(=N% (s)/SN% (S)) in the

apple
% (S)/SN% (B (S))) (right) .

‘Fuji’ trees (left). The relationships between the shoot length and the dominance 2 (= N
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Fig. 15. The relationships between the shoot length and the dominance 3(=N% (s) N% (S)/(SN% (S) SN%
(B (S))) in the apple ‘Fuji’ trees (left). The relationships between the shoot length and the esti-
mated shoot length by the exponential approximation with the dominance 3 (right).
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Fig. 16. The relationships between the number of shoots per biennial branch and the length of the biennial
branch in the apple ‘Fuji’ trees (left). The relationships between the distance from base of the
biennial branch and the shoot order (right).
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Fig. 17. Examples of graphic outputs of the open center tree of 10-year-old in Experiment 1. The horizontal
line shows 50cm. A: The south view of tree form before pruning. B: The south view of tree crown
form before pruning. C: The south view of tree form after pruning. D: The top view of tree form
before pruning. E: The solid model of leaf layers shown by a block size in the grid with a rotation
angle (each numerical symbol in the figure) around each coordinate axis. F: The solid display of
working space under the tree crown within the limited area. G and H: Leaf PPF distribution dis-
played by colors and the color bar of 64 steps in the 12th stage from the top of the grid at 12
o’clock and that in the 12th row from the south, respectively.
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Examples of graphic outputs of the 5 types of tree shape in Experiment 1. The horizontal line

shows 50cm. The constraints and pruning conditions were refer to Table 2. The mathematical
expression shows limited south-north width X limited east-west width X limited tree height (cm).
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Fig. 19. Annual changes of total number of vegetative shoots (A), spurs (B) and all shoots (C) and that of
leaf-wood ratio (D) of the five types of tree shape during 20 years in Experiment 1. € : Open
center, [0 : Modified central leader, A :Y shape, X : Training by trellis, @ : Slender central leader.
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Fig. 20. Annual changes of tree height (A), east-west width(B), south-north width(C) and land area occupied
by tree crown (D) of the five types of tree shape during 20 years in Experiment 1. Symbols of the
figures refer to Fig.19. Cross bars indicate the limited values.
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Fig. 21. Annual changes of space volume under tree crown (A), average height under tree crown (B), space
volume of the circumference of tree crown (C) and working space volume (D) of the five types of
tree shape during 20 years in Experiment 1. Symbols of the figures refer to Fig. 19.
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Fig. 23. Annual changes during 20 years of LAlc before the adjustment (A), LAlla before the adjustment (B), mean
leaf PPF at 12 O'clock (C) and daily mean leaf PPF (D) of the 6 varieties of open center tree (seen in
Table 3) when only single factor in thinning was modified from OC in Table 2 of Experiment 1, X :
OC in Table 2,0 :0C11, @ :0C12, O : 0C21, W : OC22, A : OC31 and A :OC32 in Table 3.
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Fig. 24. Examples of graphic outputs of south view of the 12 varieties of tree form of 6-year-old before pruning of
slender central leader when only single factor in configuration of frame branches was modified from SCL
in Table 2 of Experiment 1. The horizontal line shows 50cm. The abbreviations refer to Table 3.
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Fig. 25. Annual changes of tree height (A), east-west width (B), south-north width (C) and land area occupied by
tree crown (D) of the 12 varieties of slender central leader during 20 years in Experiment 2. X : SCL in
Table 2, O :SCL11, O : SCL12, A : SCL13, < : SCL14, @ : SCL21, H : SCL22, A : SCL23, 4 : SCL24,
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Fig. 26. Annual changes of LAlc before the adjustment (A), LAlla before the adjustment (B), mean leaf PPF at
12 o’clock (C) and daily mean leaf PPF (D) of the 12 varieties of slender central leader during 20 years
in Experiment 2. Symbols of the figures refer to Fig. 25.
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