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DNMIATR NITYA IKXN] JIN'NN NITIR .AXAP 722 0190 2 IMNN NITIR 7D INXNY DN NKY
XA DUPN DT 9D 19 2y niim nn N 2w (MATLAB -2 INTERX) mnn wion
NYXINNN N'ITA ' 7V VAR 2DWKRA (1191 NN NI DIRAN JINNN NITIRI 19010 N7V AXapn
[N2 NmMnN 114 %7150) 0'1mMan 1aRn 1Y w910 DNNIRYRD (25 WI'R) NRT NX[Rpa 0bpn v
NNRIMNA NIZDWURN TARA NN NITIRI K¥A DNNRZRN nnmnnan 89.5%-1 .(nim nixd%? N1
N 'R N7 W .(23.7° 7N n'oo) 28.3° 7w NN INXNIY NYITA DYXINNAN NRAWN 17X

.NT'N |II':)'7 vIaANN NldN 1?})’)?\'7 O'RNnl

Find fruit-bunch and move in
front of it using Bio-sonar

"Instance Segmentation

[ Take RGB Image ‘
v

Instance segmentation
using Mask R-CNN

Fruit-bunch
identified?
Yes

Choosing a fruit-cluster to
be thinned

|

: Spikelets
| mask
| mask
:"Extratt Ly ﬂ\i
e RIS i Bttt 3 i Pad and resize i
' : Parameter extraction ‘ o spikelets mask | |
I | ! |
Using human- i Compute Compute Compute i i ¢ i
interface to set i Theta RCP spikelets i » Predict Lusing | |
RCPand theta | | OBB L CNN/DNN |
] ] \

NN NIZRYX VN9 1N'T DNNIATR 22 11X
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JIN'N NITIRI N2 DN N7V NXIAPN 7w nyximnn DT (NN NITRan) nxiae 751 oipn

.(NpN nxnpn)

212'an ann 27717 nrolan ayan pp_n 3.2.3
nnmn 1000 Nx1r namMn ' 7y 0AYINNN 0MUVNTS NITYA NYIAN [11ON NU'Y NI'NA IX?

710% ninmn 800 oy NIWKRY AXIAR NIXAR MYYT 177N ,710'an mn ni7DwX 7 niron1'o
,NUT M9 0N1Y) 71DWURN MUNID IX7IN NRINNN N DR X7 nnmn 200 oy 0w axagpl
S0 an 'y 2ma% ornnm v T 2y yapa 'mmen 217710 IR .(Doin yann anni Ix
nwnn 7 .(MN1'7 X7) LLE -0 no'war (mxa7) PCA nu'wa N1 07901 09770 MUn1o ann
17 75 T 7Y naomw ninwn nimdi nniwnn 90% -n anrr haon? 1 o'wnam PCA -h am
D'2min 01X LLE -0 xanan .awwan 7w nron' nniaa niadim 7y yaaxn at ima .ot PCA -n
NINOW 21 7w 21'0 VO 1Y IRAYN IR NYTAY YN DY .0 X7 DMWY 7V vy ayny 1T
1121w DR'OINAN 07N .(Bar-Shira et al., under review) n1>wa 751 0011 128 -1 nNN0)
2.6% N'N DINIIN NWI NO'WA QAYINY JINNN IR VXM Aakawn [Tx .34 mna 81 1
D010 NT'AX 7w NTAYN 10 1901 1wyl .(26 'K) yxinna 2.1% 0 "7200 1Ny'win No'wal
D'RNN K72 X¥N1 DTN NN N0DTN NITYA X' [DINY IWKRY TRIX .0NI9N [1ONN NITYA
NN w7 nn'wnn npi7n (27 2I'R) TR NI IFNNIYAXRNY 190 M8 0'yLuna 101
NTAN NYIN ,NT'N 0'02 7W NT'NRI NYIN ,7DWUKRN X N0YDN NTI7 7m 78 nyan) nin'wn
.NN7¥N2 DD (INNN DT TY 7DWURD NIRY
-n v 7w pvnn (UNITY™) ioarr nadna a%Tin o'pit'nn NO'wa TNk Y na'na Iy
N11on .nynn *21%on 7w TN nyxial ML-Agents mapnn nTn% n7an natva URS
INPMY D127 YyanT M%7 wam vIaNN T NIYXNK NINIoY NTII7 Nyan NN N7TINY
DY NPy D'PIT'N NT'NY NIYYNXl N'wyl Tt (28 k) 1anow 77N niniv nimipa
NXPNY Dyo 701 1N 7man 7apn viann .Proximal Policy Optimization (PPO) nnnia7x
72T ,Y¥aNn KINY TYX 73 7Y |0 7Y 2man 7apn XN (Nxim an'un 0iroa) Ima yan 19y
2 N77Dv 01NN DY 1Y N'YYI QTN NN 733 0NN an'ynn DR 0107 IR TTIVNY
NNMON N'IIT 7TIa RIN (Observations) nwin 7w VYN .01NN 128 wr [nn NNX 702w NidY
712" V1IN TYX 722 TN 27 vIAND DX 12 (W7702) PNNN DI DISNN TYYN TR 72 7Y

,0TYX (1" 10 7w TIn'7 ANKY .0'onnn TRR 73 9w nitn DR (J'opnt IR Tan) nngy
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L1770 Ny 217 T NN 197 D'0IN TN NIRN
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2NN DTN 9I0'K TWOKRNA NU7Z-1IT'WN 'Y AN .AN7YON7 WTN TIZ 2N DTV Nninn
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(Finite Element Model) NnI'ooipx ni'Y7in'ol 0" TN N7N 077N NIYXNAXA .0'TN 00120 D'AXYN

YT 0'02 1MX' .NINIPXR'M DN NINYNA YIN'Y TYWOXR'Y DTN 7¢ 2N1 012IN2-'0'02 N
25



AI'R) NN'D 'RYUN D'YY D'V DNIX (12N 0'MYY 7¢ — D71y 12100 7ITan — 0T |1'7d oy
0I9I'RD TN NX N7apnY (RNN+CNN nixdw n770D0) pann nwy nn'k qunm (31
(Jjoj?) D'uM1 0'0a DA MX' ,q012 .7"1N DIMIN 0'02 7Y TN'M-N7N2 17w NIIXN DX NAThwNI
AI'R) 17 TNN 0'01 7Y *TR'M N7N DXY NIX ITNWY NN7ID' NI NNDIN NYAN .D'N'MX DTN 7Y
TIX 11907 WWOXR'Y NN NN'D XYW 91y 7w Tam NN UThw? wnw? Dim no'wn ,Tnya (32

.9wn 7y (0'vin / NN'D) 0'MYYN 190N

E— \¢

YNTNI N'0IANN NNIIDV790 NX N771D0 N'VIANN NDWNN - 7RNY 7DWURN— "' 29 IR
210N 7Y 191UNN 019'0N AKX 1DIIN N7V N'VIANN

All dilutions for specific record

14 — full
—— half full 1.2 4 optima
—— half_empty — 20% eror(+)
21 — empty 104 20% eror(-)
—— 10% eror{+)
1.0+ = 10% erar(-)
g 08 test
-
Z08 2
@ E a6
2 £
&ins 0.4
&
=
0.4 =
o 02
027 00] @
0.0 4 -0.2 4
T T y y T T - - T T T T
40 50 60 70 80 90 0.0 0.2 o4 i1 08 1.0

Frequency predictions[normalized]

17770 nim 2 01N 071N AR 7177 TN NN YR 7Y yXimn 0nogpoo — 7xnv 130 I
11%-> 7w Nnyximn NR'aY 0Oy NIV NIRYIN 'Y NNINI'Y7 1'01A0 NIYXANA XKIVPO0N All'0— '
Apwn noayna

26



Impulse Response B
3
— Left ear
: — Rightear
ol
2 |
g . “
b -
1
| ‘\
: .
o 7 3 3 0
Time (ms] i
i .
— » Input Echoes l
STFT - Time x Freq
C s —T
Conv Block 1 P L - === = = =T
L e T y
Conv Block 2
-
Conv Block
2D conv - 3x3
stride 1, BN, Relu . D
Py Reconstruction .
—_‘_‘——_\\\/

g

110¥' — N'TN'A N7N NIX0 7w Ny (A) 'OOIPK TN 001N T N7N UTAYY? DNNIA7RN (311N
NI RN (C) .NAXIND NIXONN ITNINN 'VOIPRN TnN 7w nx72m'o (B) .n7xd nnxo 97x 50->
Jtnivnn naxon (D) TNy nunnwn naw Dan'n

Qe
.

.
v

¢.

Qe
(W

-
[

QXY 2X¥'"N 110 7D .(D'xY NNdn D'dNINY) DMYY NYI7Y Y 0 TRM NN oNIrny (32 1IN
DXY - 7NNY ATNIYN DXV — N7V NI NI DXY — NINNN MY .ANKR (M TN-11) '00I7N
JNIY NNIXN DTN 21INMY 'Thn 3 DXY - |'A*,"190 "1'TNn 4 DXy - 71,190 "'Thn 8

27



("7 7' "1 N7a1n1) NrONIVIX 7T NDWN-DTX YNNI NV'7NA NONIN Ndvn 3.4

punn 7y NRYN NN NMNIVIKD NDWNA DTRAP'Y? 770 Tm nime 3.4.1
NLWYA DIY" "T'NY
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50%-> 1Y 20% |'a - T'N7 NIN X71 N2 12 NIMTINN DIYN NIRIY (1100 NRT D11 D7)
2N NN NN'YL L'D10N 19N NIMdI7TIA 7Y 'Y NyOwn NN'w7 07 Tann N1'Nan .l
(nuni D1a 17) D1LVREI D2 NN'D I'RYN NDINI N'YWI N7 (00a 21) 0T nN'e vn
D'7TAN7 NNYOXRN TUKX NIR'VOMIN 71TMI N1ANA TPNNN IZNNnn qunn JTIRA Ml (119 va

S1ITA DTN YN AWKRD L7177 TR N9IEna 0T NIdA 10Ny

"T'RY 7wnn 7y NN NINDENMIRIVIRD NDYNA DTR A7 77D 7 Tim 3.4.2
nowa DY
[IT? NINWONN cognitive system engineering Nn'a'vtalp Nidwn NOTINN NINIR7N NIV'Y

'ANMN 70N YXIA DNTIRN MW 219NY7 D'WITIN D'7YUNANI DIY'N IR NTNYOXNN NIFAI71100]
(hierarchical n'1'n nLVWON NL'W '© 7V N771DN NdWNY D'ARWNAI NIN'YN DTV NN 7Y
NN'UN? NINWN D'YNI0IK NINY 7V D19 NIRXZN NINY Y pn N7 .abstraction)
N'YNIVIND N NYTAIN NNWOXRAN NIRAI7I100N INw nx? ,nyd .(function allocation)
77N NIN'D YX¥I2 NFTAM-210 NYAIVIRD NN 0'01 7V .AT UPMIN9] NNNIDAN NDWN7 NTYIMN
D'onIvn 7737 ywonn OESD 7Tin nin'o .Operational Event Sequence Diagrams (OESD)
2v NN 2N 7Tmn W pmyn Nima LD s 0NN PN 1 DNYEn DX [INA7 dpnna
D'"I10N D'V 17WIN NININ NIAPYA.NVYA NIN'Y'? NIFNNONN NDWN-DTRN PYnn NIYAT

DYNI OTRN 27'WI N'XIA0I'RN [12ON A7 NY TN DR DNY72Y NNY W'y

Hierarchical Abstraction 3.4.2.1
JNTAM NNVN N7V NOWNN 7Y NIYAITR DK N1AIM [9IX2 NN17 NNYOXRN NI NVYWON
D'T'PONN DTAIN XN 272 .NNVN NN7 NP9 1T PN NK? 200 MNVN NYTaM N7'NnNA
NION"NN |'N NTN 27w waTN7 2wn (34 1K) 1770 NNUNN DX A'WN7 [N DNNTY2 DRARYNNI

T'PONN W27 IK T'RON 72 7w yixa/niven |9IN?
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Function Allocation 3.4.2.2
NTN 27w1 .0TIPN A7W2 NTAINY D'T'RONN 7V 0'00QNN D'T'PON NRXPN NN NNTaN
robotic Medjool date thinning ) N'0IANN Nd>WWNN IXK 7'vONN DTRN ,0"IY 0N T'RPONN 'RYI)
,TP9NN NN NNX TN RDTS 7 n1'n nion*nnn ,ntn 27wn n1'nan .(system RDTS -
IwxIn 1*7nna .(Salzer et al., under review) nnix 02N 07NN (NAT) NINynNn N

(2 "720) N7202 D T'EON NXRYPNT7 DMIYONX D7 TIN NYAY

(RDTS) N/A=not applicable Nn*0IAN 717 T NdYnI (Operator) 7'Von |2 D'T'PON NXY¥ZN .2 1720

FA1 FA2 FA3 FA4 FAS FA6 FA7

Identify a fruit bunch Op. RDTS RDTS RDTS RDTS RDTS RDTS

Estimate fruitlets load Op. Op. Op. Op. RDTS RDTS RDTS

Determine the desired after-thinning Op. Op. Op. Op. Op. Op. RDTS
fruitlets load

Determine the location of the thinning cut Op. Op. Op. Op. Op. RDTS RDTS

Reach for fruit bunch Op. Op. Op. RDTS RDTS RDTS RDTS

Grasp/Release a fruit bunch Op. Op. Op. RDTS RDTS RDTS RDTS

Move to trim location Op. Op. RDTS RDTS RDTS RDTS RDTS

Cut fruit bunch Op. Op. RDTS RDTS RDTS RDTS RDTS

Withdraw from fruit bunch Op. Op. Op. RDTS RDTS RDTS RDTS

Physical Resources

Fruit bunch Op. Op./RD  Op./RD Op./RDT Op./RDT Op./RDT  Op./RDT

TS TS S S S S

Means of vision Op. Op./RD Op./RD Op./RDT Op./RDT Op./RDT  Op./RDT

TS TS S S S S

Robotic arm Op. Op. Op. Op./RDT Op./RDT Op./RDT  Op./RDT

S S S S

Trimming apparatus Op. Op. RDTS RDTS RDTS RDTS RDTS

Fruitlets load estimation apparatus  N/A N/A N/A N/A RDTS RDTS RDTS

Informational Resources

Position of fruit bunch Op. Op./RD  Op./RD Op./RDT Op./RDT Op./RDT  Op./RDT

TS TS S S S S

Position of the robotic arm Op. Op. Op. Op. Op./RDT Op./RDT  Op./RDT
After-thinning fruitlets load Op. Op. Op. Op. Opsf Opsf Op./RD"lS:

Fruitlets load on a fruit bunch Op. Op. Op. Op. Op./RDT Op./RDT Op./RD"lS"

Thinning cut location Op. Op. Op. Op. Op./RD’IS: Op./RD’IS: Op./RD’IS:

Structure and orientation of fruit bunch Op. Op. Op. Op. Op./RD’IS: Op./RD’IS: Op./RD’IS:
S S S

nnwoxn nii7zmdwu 3.4.2.3
nNnd NV7NNN ,NKT OV .FA7-2 axmw 93 ,nX7n N'onIvIk N> KN RDTS n 7w ithin
D"N2'20 D'MIIAI L, DTRN 72U NI'fNNIMNN NI 217°TN AINK? NN'ON NY 2V 'RWN? W' NN
N'X¥PIN IN'N DIR'M NUYI97 NN'Y NNNINNY ,n07NNN ,[27 .NIya 1Y 'y NIdIYNI 0901
ZDWUR IR YV 97 XN 7200 N yap (K70 v 02k FA7 1rwoyh 121 ,anid Lvony
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Robotic Date Thinning System (RDTS)
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Operational Event Sequence Diagram (OESD) for the Robotic Date Thinning System :35 I's
(RDTS). Numbered orange boxes are associated with Table 3 (OESD required interfaces).
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Robotic Date Thinning System (RDTS)
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Operational Event Sequence Diagram (OESD) for the Robotic Date Thinning System :36 I'x
(RDTS). Numbered orange boxes are associated with Table 3 (OESD required interfaces).
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Human-robot interface and information requirements. The numbered labels are: 3 n720

associated with Figures 35 and 36.

Label on Requirement (requirement category)

Figures 4 & 5

HRI.1 The operator should be able to select the source of visual feed (control)

The operator needs to view visual data of the tree crown parts — leaves, fruit
bunches (information representation)

The operator needs to be able to move, zoom and manipulate the visual source
(control)

Info.1 The VPU needs to know that the current position of the visual feed is valid for
activating the visual processing procedure (information flow)

Info. 2 The VPU needs to provide the operator with a visual output of its processing
procedure.

HRI.2 The visual processing system will feature the detected fruit stalks and fruit bunch to
allow the operator to interpret whether the VPU has successfully detected fruit
bunches and stalks (information representation)

HRI.3 (Further to HRI.2) The system will allow the operator to determine whether the
displayed fruit bunch and fruit stalks can be associated in pairs (information
representation)

HRIL.4 The system will allow the operator to associate the fruit bunch with its fruit stalk.

Info.3 The MCU unit needs confirmation that a fruit bunch and its fruit stalk were
successfully matched (information flow)

Info.4 The VCU unit needs confirmation that the multiple fruit bunch and fruit stalks
detected by the VPU are the two that match (information flow)

Info.5 The system units will provide the operator with entrance configuration and fruit
bunch base position associated with the selected fruit bunch, i.e., the selected fruit
bunch-stalk pair (information flow)

HRI.5 The visual display needs to support the operator in grasping the location of the fruit
bunch base position concerning the selected fruit bunch, i.e., fruit bunch-stalk pair
(information representation)

The visual display needs to support the operator in judging the practicability of the
suggested entrance configuration in relation to the selected fruit bunch, i.e., fruit
bunch-stalk pair (information representation)

The operator needs to inform the system that the base position and entrance
configuration are acceptable (input data)

HRI.6 The operator should be able to select the source of visual feed (control)

35

The operator needs to view the selected fruit bunch and its surroundings—other
leaves and fruit bunches (information representation)

The operator needs to have a view of the robotic arm’s gripper and end effector
trimming system (information representation)

The operator needs to be able to move, zoom and manipulate the visual source
(control)

The operator needs to be able to move and manipulate the robotic arm (control)



Info.7

HRI.7

HRI.8

Info.8

Info.9

HRI.9

Info.10

The operator needs to understand where the robotic arm is located in relation to
the location of the selected fruit bunch (information representation)

The system should inform the operator that the robotic arm arrived at the fruit
bunch base position (information flow).

The operator should be able to select the source of visual feed (control)

The operator needs to view the selected fruit bunch and its surroundings—such as
other leaves and fruit bunches (information representation)

The operator needs to have a view of the robotic arm’s gripper and cutting device
(information representation)

The system needs to provide the operator with the ability to evaluate whether the
robotic arm is correctly located at the base of the selected fruit bunch (information
representation)

The operator needs to be able to inform the system that the robotic arm is correctly
located at the base of the selected fruit bunch (input data)

The system needs to be able to be informed that the robotic arm is correctly located
at the base of the selected fruit bunch (information flow)

The system units will provide the operator with the estimated fruitlet load number
associated with the selected fruit bunch (information flow)

The human needs to be able to read the estimated fruitlet load.
The operator needs to view the selected fruit bunch (information representation)

The system needs to provide the operator with the means to decide, with regards to
the selected fruit bunch, where the thinning cut should take place (input data)

The system needs to process the human decision to extract the length of the after-
thinning spikelets (no owner)

The system needs to forward the length of the after-thinning spikelet to the MCU
(information flow)
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Balance element
To keep the tool
horizontal

Extension
The tool height can
be adjust between
1.6[m] to 2.6[m]

+

50[mm]
Help to keep the
displacements equal
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.1 190n n7y 11y 101 NIXXIN 4 n720

leaf length 45 40 35 30 25 20 15 10 5 trunk distance | direction number | #
277.5 5.39 3.92 3.43 2.94 2.45 1.47 200 up 1
277.5 22.54 17.64 16.66 12.25 9.31 6.37 2.94 150 upP 1
277.5 156.8 117.11 | 87.71 69.58 47.53 28.42 12.25 7.8 100 UpP 1
277.5 196 102.9 28.42 50 up 1
277.5 14.7 9.31 7.35 5.88 49 3.92 2.94 0.98 200 DOWN 1
277.5 15.19 13.23 9.8 8.33 6.37 4.41 2.94 150 DOWN 1
277.5 343 29.89 23.03 18.62 15.19 10.29 8.82 2.94 100 DOWN 1
277.5 110.25 97.02 77.42 71.54 58.31 40.18 19.11 7.84 50 DOWN 1
277.5 5.5 4.9 200 RIGHT 1
277.5 13.72 9.8 6.37 5.88 150 RIGHT 1
277.5 71.54 47.04 37.24 27.44 23.03 15.19 9.31 100 RIGHT 1
277.5 106.33 78.4 40.18 50 RIGHT 1
277.5 7.5 6.2 4.9 200 LEFT 1
277.5 20.58 17.15 16.66 14.21 12.74 9.8 8.33 6.37 150 LEFT 1
277.5 68.6 57.82 49 42.14 29.89 21.07 13.72 100 LEFT 1
277.5 177.38 | 154.35 | 97.51 441 50 LEFT 1
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K[N/m] by dictance % from tree trunk
(6 leafs)

K [N/m]

04 0.6
dictance from trunk [%]
Data fram almog

1NN 7n071mn 7nna NITNA 11012 0Y1YN YWY 1Y Y7RIIIDINON Y'97N VI (44 IR

N7VN NITANNI NI NI 'OI7MIPRND Y970 YIAR ,VTA7 NaNE MNIFn77 DiMNin N7 790
193 IN'Y1IDOPNRN [9IXA IDIIXKT? NINWN DN7VN 7Y '0I7MpRN y'oOEn yviap ,nvAT .Anika ane
yan N7 752 07y DY yand wnTn DN DR AwNY 701 178 NIRIgN 'S 7y NIRNYN] y'oimy

D 271 my

[)Tp K =334 % E—EP-E'DSXQ:
Down - K = 1.52 x e—3-35%z
Right - K = 2.76 x e 614%=

Left : K = 2.19 x g~ 0:02%=

700N DIEMA NITND N7V Y 017rIERD YIORN viap 7Tin N'Ta% '00'uuo NN XA
.19 ATITN 11D 727 y¥ia '00'uuoN NININ .N7YN NTY VI N72VN Non L(N7vn IKA)

NNI2A N'0DO'VLO NIFNAMI N7V DIPMY? Y970 YIAP |2 NNIAA DY NININ NIN'IN NIRXIN

.(5 n72v)
270 YV "0 Y manwnn y'opn 7T N7 10 NIXXIM 5 0720
% distance mass diameter
R P-value R P-value R P-value
Down | 0.896 2.575e-12 | 0.4966 | 0.002302 | 0.7655 | 9.177e-06
Up 0.903 [.151e-12 | 0.6832 [ 7.898e-05 | 0.8526 | 3.388e-07

Right 0.913 3.813e-13 0.5823 0.0005848 | 0.8458 | 4.662e-07
Left 0.905 9.365e-13 0.6483 0.0001678 | 0.8241 | 1.189e-06
MEAN 0.90425 1.26095E-12 0.6026 0.000783395 0.822  2.792E-06
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