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Instructions

The thesis goal is to propose a method of suitable visualization of the solar surface and to realize it using
the chosen technology. Visualization should be physically correct and user-friendly. The visualization must
also offer appropriate ways of interaction.

1) Perform a search for existing ways to display similar 3D vector data.
2) Design a way of visualizing 3D vector solar surface data.
a. Focus on physical accuracy, clarity, performance, and portability.
b. The user must be able to: choose how to approximate values between specified values and change the
view, scale, make a 3D data slice or export data to the 3D monitor.
3) Analyze the technological possibilities of displaying solar surface data.
4) Create the data visualizing prototype according to the proposed method.
5) Test the created prototype appropriately.
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mH�i2/ #v i?2 �+i LQX RkRfkyyy *QHHX- i?2 *QTv`B;?i �+i- �b �K2M/2/X AM
�++Q`/�M+2 rBi? �`iB+H2 9eUeV Q7 i?2 �+i- A ?2`2#v ;`�Mi � MQM2t+HmbBp2 �m@
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S`�+2 b2 x�#ɷp� KQʈMQbiKB pBxm�HBx�+2 pő+2`QxKÿ`Mɷ+? /�iX *őH2K T`�+2
D2 pv#`�i � BKTH2K2MiQp�i p?Q/Mû pBxm�HBx�ÍMő K2iQ/vX o T`�+B DbQm /�H2
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;Q`BiKv DbQm BKTH2K2MiQp�Mv p2 7Q`Kÿ T`QiQivTm- D2?Qʈ /2bB;M b2 x�KÿǼmD2
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*QMi2Mib

AMi`Q/m+iBQM R

R JmHiB/BK2MbBQM�H .�i� j
RXR o2+iQ` 6B2H/b X X X X X X X X X X X X X X X X X X X X X X X X X X X X j
RXk a�KTHBM; �M/ AMi2`TQH�iBQM X X X X X X X X X X X X X X X X X X X X 9
RXj S�`iB�H .2`Bp�iBp2b �TT`QtBK�iBQM X X X X X X X X X X X X X X X X 3
RX9 LmK2`B+�H J2i?Q/b 7Q` P.1b X X X X X X X X X X X X X X X X X X X N

k oBbm�HBx�iBQM J2i?Q/b Rj
kXR oBbm�HBx�iBQM SBT2HBM2 X X X X X X X X X X X X X X X X X X X X X X X Rj
kXk o2+iQ` :HvT?b X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
kXj ai`2�KHBM2b �M/ ai`2�FHBM2b X X X X X X X X X X X X X X X X X X X X Rd
kX9 a+�H�` oBbm�HBx�iBQM X X X X X X X X X X X X X X X X X X X X X X X X ky
kX8 *QHQ` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky

j h2+?QMQHQ;v k8
jXR h�`;2i SH�i7Q`Kb X X X X X X X X X X X X X X X X X X X X X X X X X X k8
jXk �p�BH�#H2 aQ7ir�`2 X X X X X X X X X X X X X X X X X X X X X X X X X ke
jXj �Hi2`M�iBp2 _2bQm`+2b X X X X X X X X X X X X X X X X X X X X X X X kd

9 �M�HvbBb kN
9XR AKTQ`iBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kN
9Xk 6BHi2`BM; �M/ 1M`B+?BM; X X X X X X X X X X X X X X X X X X X X X X jR
9Xj J�TTBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9
9X9 _2M/2`BM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y
9X8 amKK�`v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
9Xe 6mM+iBQM�H �M/ LQM@7mM+iBQM�H _2[mB`2K2Mib X X X X X X X X X X 9k
9Xd lb2 *�b2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9j
9X3 .QK�BM KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X 98
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8 .2bB;M 9N
8XR *QKTmi�iBQM "�+F2M/ X X X X X X X X X X X X X X X X X X X X X X X 8y
8Xk a2`p2` �TTHB+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X 83
8Xj q2# �TTHB+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X 83
8X9 SBT2HBM2 1/BiQ` X X X X X X X X X X X X X X X X X X X X X X X X X X X ey
8X8 _2M/2`2` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR
8Xe a�:1 �TTHB+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X eN

e AKTH2K2Mi�iBQM dR
eXR *QKTmi�iBQM "�+F2M/ �M/ SBT2HBM2 1/BiQ` X X X X X X X X X X X X dR
eXk q2# �M/ a2`p2` �TTHB+�iBQM X X X X X X X X X X X X X X X X X X X X dk
eXj _2M/2`2` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dj
eX9 S`QT`B2i�`v 6Q`K�ib X X X X X X X X X X X X X X X X X X X X X X X X dj
eX8 .2T2M/2M+B2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X d9

d h2biBM; d8
dXR lb2` h2biBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d8
dXk S2`7Q`K�M+2 Q7 i?2 LmK2`B+ JQ/mH2 X X X X X X X X X X X X X X X de

*QM+HmbBQM 3R

"B#HBQ;`�T?v 3j

� 6mim`2 .2p2HQTK2Mi 3d

" AK�;2b 3N

* �+`QMvKb N8

. *QMi2Mib Q7 1M+HQb2/ .o. Nd
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GBbi Q7 6B;m`2b

RR ai`m+im`2/ ;`B/b X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
Rk lMbi`m+im`2/ ;`B/b X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
Rj _2;mH�` bi`m+im`2/ ;`B/ rBi? +m#2 +2HHb X X X X X X X X X X X X X X X X 8
R9 AHHmbi`�iBQM Q7 i`BHBM2�` BMi2`TQH�iBQM X X X X X X X X X X X X X X X X X e
R8 AHHmbi`�iBQM Q7 +m#B+ BMi2`TQH�iBQM X X X X X X X X X X X X X X X X X X X d

kR AHHmbi`�iBQM Q7 i?2 pBbm�HBx�iBQM TBT2HBM2 X X X X X X X X X X X X X X X R9
kk 1t�KTH2 Q7 ;HvT? pBbm�HBx�iBQM BM k. ě HBM2 ;HvT?b �M/ KQ/B}2/

k. +QM2 ;HvT?b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
kj *QKT�`BbQM Q7 pBbm�HBx�iBQM mbBM; `2;mH�`Hv �M/ `�M/QKHv /Bbi`B#mi2/

;HvT?b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rd
k9 1t�KTH2 Q7 bi`2�KHBM2 pBbm�HBx�iBQM X X X X X X X X X X X X X X X X X R3
k8 :HvT? pBbm�HBx�iBQM rBi? +QHQ`@+Q/2/ bBx2 �M/ /B`2+iBQM X X X X X X X kR
ke aHB+2 Q7 i?2 >ao +QHQ` bT�+2 K�TT2/ QMiQ � +B`+H2 X X X X X X X X X kR
kd 1t�KTH2 +QHQ`K�Tb X X X X X X X X X X X X X X X X X X X X X X X X X X X kk

9R AHHmbi`�iBQM Q7 i?2 }Hi2`BM; �M/ 2M`B+?K2Mi T`Q+2bb X X X X X X X X X jj
9k _2[mB`2K2Mib KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
9j lb2 +�b2 KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99
99 .QK�BM KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 93

8R *QKTQM2Mib �M/ BMi2`7�+2b X X X X X X X X X X X X X X X X X X X X X X 9N
8k .2bB;M Q7 i?2 2/BiQ` KQ/mH2 X X X X X X X X X X X X X X X X X X X X X X 8k
8j .2bB;M Q7 i?2 MmK2`B+ KQ/mH2 X X X X X X X X X X X X X X X X X X X X X 8j
89 AHHmbi`�iBQM Q7 TBT2HBM2 `2T`2b2Mi�iBQM �b � ;`�T? X X X X X X X X X X 89
88 AHHmbi`�iBQM Q7 i?2 bmTTQ`i2/ ;`B/ ivT2 X X X X X X X X X X X X X X X X 88
8e .�i�#�b2 KQ/2H Q7 i?2 b2`p2` �TTHB+�iBQM X X X X X X X X X X X X X X 8N
8d JQ+FmT Q7 i?2 K�BM �TTHB+�iBQM b+`22M X X X X X X X X X X X X X X X X 8N
83 .2bB;M Q7 +HB2Mi +QKTQM2Mib r2# �TTHB+�iBQM �M/ TBT2HBM2 2/BiQ` X ey
8N JQ+FmT Q7 i?2 lA Q7 � bBM;H2 MQ/2 7`QK i?2 TBT2HBM2 2/BiQ` X X X X X eR
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8Ry q2B;?i /Bbi`B#miBQM �M/ bi`2�KHBM2 im#2 +QMbi`m+iBQM �H;Q`Bi?K X X e9
8RR .2bB;M bi`m+im`2 Q7 `2M/2`2` +QKTQM2Mi X X X X X X X X X X X X X X X ed

eR a+`22Mb?Qi Q7 i?2 TBT2HBM2 2/BiQ` X X X X X X X X X X X X X X X X X X X dk
ek a+`22Mb?Qi Q7 i?2 �TTHB+�iBQM K�BM b+`22M X X X X X X X X X X X X X X dk
ej a+`22Mb?Qi Q7 i?2 `2M/2`2` X X X X X X X X X X X X X X X X X X X X X X X dj

"R J2/BmK /�i�b2i- iQT bB/2 pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/
H�v2`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3N

"k J2/BmK /�i�b2i- bB/2 pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/ H�v2`b X Ny
"j J2/BmK /�i�b2i- iQT pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/ H�v2`b X Ny
"9 J2/BmK /�i�b2i- iQT pB2r- pBbm�HBx2/ rBi? ;HvT?b X X X X X X X X X X NR
"8 J2/BmK /�i�b2i- bB/2 pB2r- `2M/2`BM; rBi? � /2Ti? K�T X X X X X X NR
"e J2/BmK /�i�b2i- #QiiQK pB2r- `2M/2`BM; rBi? � /2Ti? K�T X X X X NR
"d Zm�`i2` /�i�b2i- iQT pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/ H�v2`b X Nk
"3 Zm�`i2` /�i�b2i- iQT /2i�BH pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/

H�v2`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nk
"N q?QH2 /�i�b2i- iQT /2i�BH pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/

H�v2`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nj
"Ry q?QH2 /�i�b2i- #QiiQK /2i�BH pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/

H�v2`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nj

tBB



GBbi Q7 h�#H2b

9R � i�#H2 Q7 +QMbB/2`2/ BMi2`TQH�iBQM K2i?Q/b X X X X X X X X X X X X X jy
9k *QMbB/2`2/ pBbm�HBx�iBQM K2i?Q/b X X X X X X X X X X X X X X X X X X X j8
9j J�TTBM; K2i?Q/ 72�im`2b iQ /�i� �ii`B#mi2b X X X X X X X X X X X X X je
99 1p�Hm�iBQM Q7 +QHQ`K�T /2bB;Mb X X X X X X X X X X X X X X X X X X X X jN
98 S`2bmK2/ mb�#BHBiv b+Q`2 Q7 K2i?Q/b 7Q` pBbm�HBxBM; BM/BpB/m�H �i@

i`B#mi2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
9e �bb2bbK2Mi Q7 BKTH2K2Mi�iBQM QTiBQMb X X X X X X X X X X X X X X X X 9R

8R PT2`�iBQMb- +Q``2bTQM/BM; MQ/2b �M/ BMfQmi ivT2b X X X X X X X X X 8R

dR AMi2`TQH�iBQM iBK2b UBM b2+QM/bV BM � `�M/QKHv b�KTH2/ /�i�b2i X X d3
dk AMi2`TQH�iBQM iBK2b UBM b2+QM/bV BM � mMB7Q`KHv b�KTH2/ /�i�b2i X X dN
dj AMi2;`�iBQM iBK2b UBM b2+QM/bV BM � `�M/QKHv b�KTH2/ /�i�b2i X X X 3y
d9 AMi2;`�iBQM iBK2b UBM b2+QM/bV BM � mMB7Q`KHv b�KTH2/ /�i�b2i X X X 3y

tBBB





AMi`Q/m+iBQM

�b � `2bmHi Q7 `2+2Mi i2+?MQHQ;B+�H /2p2HQTK2Mi- T2QTH2 �`2 bm``QmM/2/ #v
�M 2p2`@;`QrBM; �KQmMi Q7 /�i�X aQK2 Q7 i?2 /�i� Bb +`2�i2/ /m`BM; b+B2M@
iB}+ bBKmH�iBQMb �M/ 2tT2`BK2MibX h?2 �KQmMi Q7 BM7`QK�iBQM Q7i2M 2t+22/b
� +QKT`2?2MbB#H2 [m�MiBivc ?Qr2p2`- i?2 KQbi T`Q7QmM/ mM/2`bi�M/BM; Bb biBHH
�+[mB`2/ #v b22BM; �M/ Q#b2`pBM;X h?Bb H2/ iQ i?2 /2p2HQTK2Mi Q7 b+B2MiB}+
pBbm�HBx�iBQM �b �M BM/2T2M/2Mi b+B2MiB}+ /Bb+BTHBM2X

AM i?Bb i?2bBb- i?2 pBbm�HBx2/ KQ/2H Bb i?2 Qmi2` 2Mp2HQT2 Q7 amM ě Bi
Bb � TH�bK� KQ/2H TQbBiBQM2/ M2�` i?2 bQH�` bm`7�+2X h?2 pBbm�HBx2/ /�i�
`2T`2b2Mib � p2+iQ` }2H/ Q7 bT22/ p�Hm2bc i?2 /�i�b2i Bb � T`Q/m+i Q7 MmK2`B+�H
bBKmH�iBQMb �M/ `2�H Q#b2`p�iBQM �M�HvbBbX

h?2 ;Q�H Q7 i?2 pBbm�HBx�iBQM Bb iQ T`QpB/2 BMbB;?i �M/ �HHQr i?2 mb2` iQ
+`2�i2 � K2Mi�H BK�;2 Q7 i?2 ~Qr BMbB/2 i?2 }2H/X AMbi2�/ Q7 H�`;2 i�#H2b-
i?2 ;`�T?B+�H `2T`2b2Mi�iBQM Bb +�T�#H2 Q7 T`QpB/BM; +H2�` BM7Q`K�iBQM �M/
`2p2�HBM; i?2 ?B//2M bi`m+im`2b �M/ T`Q+2bb2bX

h?2`2 �`2 b2p2`�H pBbm�HBx�iBQM iQQHb �p�BH�#H2 7Q` b+B2MiB}+ Q` BM7Q`K�iBQM
pBbm�HBx�iBQMX _2;�`/H2bb Q7 i?2 T`BK�`v 7Q+mb Q7 i?2 iQQH- i?2 T`Q;`�K ?�b
iQ `2bT2+i � mMBp2`b�H #�H�M+2 #2ir22M T?vbB+�H �++m`�+v- mb�#BHBiv �M/ i?2
�KQmMi Q7 /BbTH�v2/ /�i�X h?2 +QKKQM T`�+iB+2 Bb iQ T`BQ`Bi�x2 QM2 Q` irQ
Q7 i?2b2 �ii`B#mi2b Qp2` i?2 Qi?2`bX h?2 K�BM b?Q`i+QKBM; Q7 � iQQH T`QpB/BM;
?B;?Hv �++m`�i2 pBbm�HBx�iBQM +�M #2 �M BM+QKT`2?2MbB#H2 ;`�T?B+�H T`2b2Mi�@
iBQM �M/ � H�+F Q7 mb2` BMi2`7�+2X h?2 �2bi?2iB+ bB/2 Q7 i?2 pBbm�HBx�iBQM +�MMQi
#2 QKBii2/ bBM+2 Bi mM/Qm#i2/Hv +QMi`B#mi2b iQ i?2 Qp2`�HH BKT`2bbBQMX

oBbm�HBx�iBQM Bb KQ`2 i?�M Dmbi � Tm`2 /�i� `2T`2b2Mi�iBQMX h?2`2 �`2
�//BiBQM�H 7�+iQ`b BM~m2M+BM; i?2 [m�HBiv Q7 i?2 QmiTmi pBbm�HBx�iBQMX h?2 F2v
iQ T`Q/m+BM; � b�iBb}�#H2 `2bmHi Bb iQ }M/ i?2 `B;?i #�H�M+2X � KQiBp�iBQM
7Q` i?Bb i?2bBb Bb i?2 H�+F Q7 �/Dmbi�#BHBiv Q7 i?2 2tBbiBM; T`Q;`�KbX h?2 lb2`
BMi2`7�+2 UlAV Bb Q7i2M iQQ +QKTHB+�i2/- �M/ Bi Bb MQi K�M�;2�#H2 iQ b+�H2
i?2 �TTHB+�iBQM QMiQ /Bz2`2Mi /2pB+2bX h?2 ;Q�H Bb iQ /2p2HQT � T`QiQivT2
+Q``2+iBM; i?2b2 b?Q`i+QKBM;bX

R



AMi`Q/m+iBQM

:Q�Hb
h?2 ;Q�H Bb iQ /2p2HQT � T`QiQivT2 �HHQrBM; iQ pBbm�HBx2 � p2+iQ` }2H/X h?2
/2bB;M Q7 i?2 T`QiQivT2 Bb #�b2/ QM � T`2pBQmb �M�HvbBb Q7 7`2[m2MiHv mb2/
pBbm�HBx�iBQM i2+?MB[m2b �M/ `2H�i2/ K�i?2K�iB+�H K2i?Q/bX h?2 BKTH2K2Mi2/
T`QiQivT2 T`QpB/2b � r�v iQ BMi2`TQH�i2 #2ir22M /�i�b2i TQBMib �M/ mb2 KQ`2
i?�M QM2 pBbm�HBx�iBQM K2i?Q/X h?2 mb2/ i2+?MQHQ;v �HHQrb 7Q` TQ`i�#BHBiv
#2ir22M i?2 H2�/BM; Pa TH�i7Q`KbX

oBbm�HBx2/ S`QT2`iB2b h?2 p2+iQ`b Q7 i?2 p2+iQ` }2H/ ?�p2- �KQM; Qi?2`
T`QT2`iB2b- i?2 K�;MBim/2 �M/ /B`2+iBQMX �M �//BiBQM�H 72�im`2 Bb i?2
iQTQHQ;B+�H +QMiBMmBiv Q7 i?2 p2+iQ` }2H/X h?2 T`QiQivT2 ?�b iQ T`QpB/2
� r�v iQ Q#b2`p2 i?2b2 T`QT2`iB2bX

oBbm�HBx�iBQM J2i?Q/b h?2 �M�HvbBb +Qp2`b b2p2`�H pBbm�HBx�iBQM i2+?@
MB[m2bX h?2 pBbm�HBx�iBQM i2+?MB[m2b Q7i2M `2[mB`2 i?2 mb2 Q7 �//BiBQM�H
K�i?2K�iB+�H K2i?Q/bX h?2 ;Q�H Bb iQ BKTH2K2Mi bmBi�#H2 pBbm�HBx�iBQM
�M/ MmK2`B+�H K2i?Q/b 2{+B2MiHvX

a2H2+iBM; �`2� Q7 AMi2`2bi h?2 pBbm�HBx�iBQM iQQH ?�b iQ T`QpB/2 � r�v
iQ +?QQb2 � bT2+B}+ `2;BQM BM i?2 +QKTH2i2 /�i�b2iX h?2 2tT2+i2/ bmT@
TQ`i2/ �`2�b Q7 BMi2`2bi �`2 j. �M/ k. bHB+2b Q7 bT�+2X

lb2/ h2+?MQHQ;v h?2 �TTHB+�iBQM ?�b iQ #2 TQ`i�#H2 �M/ b+�H�#H2 7Q`
/Bz2`2Mi 2MpB`QMK2MibX "2bB/2b i?2 bi�M/�`/ /2bFiQT- i?2 �TT ?�b iQ bmT@
TQ`i i?2 a+�H�#H2 �KTHB}2/ :`QmT 1MpB`QMK2Mi Ua�:1kV- 2M�#HBM; i?2
T`QD2+iBQM QM #B; ;`B/b Q7 b+`22MbX �//BiBQM�HHv- i?2 �TTHB+�iBQM ?�b iQ
bmTTQ`i i?2 `2M/2`BM; Q7 i?2 +QMi2Mi QM i?2 j. KQMBiQ`X

k



*?�Ti2` R
JmHiB/BK2MbBQM�H .�i�

h?Bb +?�Ti2` BMi`Q/m+2b i?2 +QM+2Ti Q7 � p2+iQ` }2H/ �M/ /�i� `2T`2b2Mi�iBQMX
h?2 ;Q�H Q7 i?Bb +?�Ti2` Bb iQ T`QpB/2 �M Qp2`pB2r Q7 bT2+B}+ iQTB+b- 7Q` 7m`@
i?2` /2i�BH2/ BM7Q`K�iBQM- TH2�b2 b22 `272`2M+2/ K�i2`B�HbX h?2 }`bi b2+iBQM
/2b+`B#2b p2+iQ` }2H/b- 7QHHQr2/ #v � T�`i T`2b2MiBM; K2�Mb Q7 BMi2`TQH�iBQMX
h?2 i?B`/ b2+iBQM BMi`Q/m+2b K2i?Q/b 7Q` 2biBK�iBM; T�`iB�H /2`Bp�iBQMb- �M/
b2+iBQM 7Qm` +HQb2b i?Bb +?�Ti2` rBi? �M Qp2`pB2r Q7 MmK2`B+�H K2i?Q/b 7Q`
Q`/BM�`v /Bz2`2MiB�H 2[m�iBQMbX

RXR o2+iQ` 6B2H/b
�M 2t+2HH2Mi 2t�KTH2 Q7 � p2+iQ` }2H/ +�M #2 � ~QrBM; ~mB/X h?2 ~mB/ ~Qrb
�i p�`vBM; bT22/ �M/ BM /Bz2`2Mi /B`2+iBQMbX �++Q`/BM; iQ (R)- i?2 p2+iQ` }2H/
+�M #2 KQ/2H2/ �b � +QMiBMmQmb 7mM+iBQM V �bbQ+B�iBM; � p2+iQ` V (x, y, z) rBi?
2�+? TQBMi (x, y, z) BM � +2`iB�M `2;BQMX S`2+Bb2Hv- � p2+iQ` }2H/ +�M #2 /2}M2/
�b

V (x, y, z) = Vx (x, y, z) i + Vy (x, y, z) j + Vz (x, y, z) k, URXRV
i, j, k �`2 mMBi p2+iQ`b T�`�HH2H rBi? 2�+? �tBbX Ai Bb TQbbB#H2 iQ Q#i�BM � p2+iQ`
7Q` �Mv TQBMi BM bT�+2 7`QK i?2 7mM+iBQM V X 6m`i?2` BM7Q`K�iBQM �#Qmi i?2
p2+iQ` }2H/ +�M #2 Q#i�BM2/ 7`QK QT2`�iQ`b bm+? �b /Bp2`;2M+2 �M/ `Qi�iBQMX
AM i?Bb i?2bBb �HH 7m`i?2` +�H+mH�iBQMb �`2 T2`7Q`K2/ BM i?2 +�`i2bB�M +QQ`/BM�i2
bvbi2K mMH2bb bi�i2/ Qi?2`rBb2X 6Q` +H�`Biv- �HH bT�iB�H TQBMib rBHH #2 7m`i?2`
K�`F2/ �b p = (x, y, z) �M/ 7mM+iBQM p�Hm2b Q7 � p2+iQ` }2H/ 7mM+iBQM �b v =
V (p)X

.Bp2`;2M+2 h?2 /Bp2`;2M+2 Q7 � p2+iQ` }2H/ V Bb � b+�H�` }2H/ �bbB;MBM;
2�+? TQBMi � [m�MiBiv Q7 p2+iQ` }2H/Ƕb bQm`+2X h?2 p�Hm2 Q7 i?2 p2+iQ` }2H/Ƕb
/Bp2`;2M+2 /2b+`B#2b i?2 ~Qr Q7 i?2 p2+iQ` }2H/X

div V = ∂Vx

∂x
+ ∂Vy

∂y
+ ∂Vz

∂z
URXkV

j



RX JmHiB/BK2MbBQM�H .�i�

�`2�b rBi? TQbBiBp2 /Bp2`;2M+2 �`2 +�HH2/ bQm`+2bc M2;�iBp2 �`2�b �`2 +�HH2/
bBMFbX 6QHHQrBM; i?2 2t�KTH2 rBi? ~mB/ ~Qr- TQbBiBp2 /Bp2`;2M+2 rQmH/ K2�M
KQ`2 ~mB/ 2Mi2`b � ;Bp2M �`2� i?�M H2�p2bc Bi bT`2�/b Qmir�`/bX L2;�iBp2
/Bp2`;2M+2 b?Qrb i?�i ~mB/ F22Tb �++mKmH�iBM; BM � bT2+B}+ �`2�c KQ`2 H2�p2b
i?�M 2Mi2`bX w2`Q /Bp2`;2M+2 K2�Mb MQ ~mB/ bT`2�/b Q` ;2ib bm+F2/- 7Q` 7m`i?2`
BM7Q`K�iBQM b22 (R- k)X

*m`H *m`H U�HbQ +�HH2/ pQ`iB+Biv Q` `Qi�iBQMV `2T`2b2Mib i?2 bBx2 �M/ /B`2+iBQM
Q7 `Qi�iBQM BM 2�+? TQBMi Q7 i?2 p2+iQ` }2H/X h?2 +m`H Q7 � p2+iQ` }2H/ Bb �HbQ
� p2+iQ` }2H/X h?2 QT2`�iQ` +m`H Bb /2}M2/ �b

rot V =
(

∂Vz

∂y
− ∂Vy

∂z
,
∂Vx

∂z
− ∂Vz

∂x
,
∂Vy

∂x
− ∂Vx

∂y

)
. URXjV

�++Q`/BM; iQ (k)- p2+iQ` rot V (a) /2i2`KBM2b i?2 �tBb Q7 i?2 p2+iQ` }2H/Ƕb
`Qi�iBQM BM i?2 �`2� �`QmM/ TQBMi aX aBx2 Q7 rot V (a) Bb 2[m�H /Qm#H2 i?2
`Qi�iBQM bT22/ UBM �M;mH�` `�i2VX

RXk a�KTHBM; �M/ AMi2`TQH�iBQM

o�`BQmb b+B2MiB}+ 2tT2`BK2Mib Q7i2M T`Q/m+2 � /�i�b2i r?B+? /Q2b MQi +QMi�BM
+QKTH2i2 BM7Q`K�iBQM �#Qmi i?2 p2+iQ` }2H/- bm+? �b � bvK#QHB+�H `2T`2b2Mi�@
iBQM Q7 i?2 �M�HviB+�H 7mM+iBQMX JQ`2 +QKKQMHv- i?Qb2 /�i�b2ib +QMi�BM p�Hm2b
b�KTH2/ BM +2`i�BM bT�iB�H TQBMibX AM i?Qb2 +�b2b- Bi Bb `2[mB`2/ iQ BMi2`TQH�i2
i?2 p�Hm2b #2ir22M b�KTH2/ TQBMib �M/ `2+QMbi`m+i � T�`iB+mH�` T�`i Q7 i?2
Q`B;BM�H p2+iQ` }2H/ 7mM+iBQMX h?2`2 �`2 i?`22 BMi2`TQH�iBQM K2i?Q/b T`2b2Mi2/
BM i?Bb b2+iBQM ě M2�`2bi M2B;?#Q`- HBM2�` Ui`BHBM2�`V- �M/ +m#B+ Ui`B+m#B+V BM@
i2`TQH�iBQMX

P`B;BM�H b�KTH2 TQBMib �`2 mbm�HHv Q`;�MBx2/ BMiQ � bi`m+im`2/ Q` mMbi`m+@
im`2/ ;`B/ +QMbBbiBM; Q7 +2HHb �M/ MQ/2b Q` p2`iB+2bX 6B;m`2b RR- Rk �M/ Rj
BHHmbi`�i2 TQbbB#H2 �``�M;2K2Mib BM irQ �M/ i?`22 /BK2MbBQMbX h?Bb i?2bBb 7Q@
+mb2b QM BMi2`TQH�iBQM BMbB/2 `2;mH�`Hv �M/ mMB7Q`KHv bi`m+im`2/ ;`B/bX �HH
2[m�iBQMb BM i?Bb b2+iBQM �bbmK2 i?�i i?2 /�i� Bb b�KTH2/ �HQM; � `2;mH�`Hv
bi`m+im`2/ ;`B/ U�HH Q7 i?2 b�KTH2 TQBMib �`2 2[m�HHv /Bbi�MiVX

9



RXkX a�KTHBM; �M/ AMi2`TQH�iBQM

p
00

p
10

p
11

p
01

U�V _2;mH�` ;`B/ rBi? b[m�`2 +2HHb

p
00

p
10

p
11

p
01

U#V lMB7Q`K ;`B/ rBi?
`2+i�M;mH�` +2HHb

6B;m`2 RR, ai`m+im`2/ ;`B/b

U�V _2;mH�` ;`B/ rBi? i`B�M;mH�`
+2HHb U#V A``2;mH�` ;`B/

6B;m`2 Rk, lMbi`m+im`2/ ;`B/b

L2�`2bi L2B;?#Q` AMi2`TQH�iBQM � M2�`2bi@M2B;?#Q` K2i?Q/ Bb i?2 7�bi2bi
BMi2`TQH�iBQM K2i?Q/ �M/ �HbQ i?2 H2�bi �++m`�i2 7`QK i?Qb2 T`2b2Mi2/ ?2`2X
�b i?2 iBiH2 bm;;2bib- Bi mb2b i?2 p�Hm2 Q7 i?2 M2�`2bi M2B;?#Q` �b i?2 �TT`Qt@
BK�iBQMX AM i?`22 /BK2MbBQMb- r?2M i?2 TQBMib �`2 /Bbi`B#mi2/ QM � `2;mH�`
;`B/- i?2 BMi2`TQH�iBQM `2[mB`2b /2i2`KBMBM; i?2 +QQ`/BM�i2b Q7 � HQ+�H /�i� +2HH
+QMbBbiBM; Q7 3 p2`iB+2b �M/ i?2M }M/BM; i?2 M2�`2bi QM2X

p
000

p
100

p
110

p
010

p
001

p
101

p
111

p
011

6B;m`2 Rj, _2;mH�` bi`m+im`2/ ;`B/ rBi? +m#2 +2HHb
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RX JmHiB/BK2MbBQM�H .�i�

p
000

x
l

y
l

z
l

1 - z
l

1 - x
l

1 - y
l

p
100

p
110

p
010

p
001

p
101

p
111

p
011

6B;m`2 R9, AHHmbi`�iBQM Q7 i`BHBM2�` BMi2`TQH�iBQM

GBM2�` BMi2`TQH�iBQM � p�Hm2 Q7 � 7mM+iBQM +�M #2 BMi2`TQH�i2/ �b � bmK Q7
p�Hm2b Q7 i?2 +HQb2bi TQBMib r2B;?i2/ #v i?2 `2H�iBp2 /Bbi�M+2b BMbB/2 i?2 HQ+�H
+2HHX >2M+2- i?2 HBM2�` BMi2`TQH�iBQM BM QM2 /BK2MbBQM +�M #2 r`Bii2M �b

vx = v0 (1− x) + v1x, URX9V
r?2`2 V (px) = vx �M/ px H�vb BMbB/2 �M BMi2`p�H Q7 FMQrM TQBMib p0 �M/
p1X AM i?`22 /BK2MbBQMb- Bi Bb TQbbB#H2 iQ T2`7Q`K i`BHBM2�` BMi2`TQH�iBQM BMbB/2
� HQ+�H +2HH Q7 3 M2�`2bi TQBMibX h`BHBM2�` BMi2`TQH�iBQM +�M �HbQ #2 mM/2`biQQ/
�b QM2 HBM2�` BMi2`TQH�iBQM #2ir22M irQ #BHBM2�` BMi2`TQH�iBQMbc BM Qi?2` rQ`/b-
Bi Bb b2p2M HBM2�` BMi2`TQH�iBQMbX 6QHHQrBM; 2tT`2bbBQM Bb i?2 ;2M2`�H 2[m�iBQM
Q7 i`BHBM2�` BMi2`TQH�iBQM BM � K�i`Bt 7Q`K

V (x, y, z) ≈ QC, URX8V
r?2`2 C Bb � K�i`Bt Q#i�BM2/ 7`QK FMQrM p2+iQ`b Up2`iB+2b Q7 i?2 HQ+�H +2HHV
�M/ Q Bb � bBM;H2@HBM2 K�i`Bt Q7 +Q2{+B2Mib +�H+mH�i2/ 7`QK /Bbi�M+2b BMbB/2
i?2 HQ+�H +2HH (j)X

C =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0 0 0 0 0
−1 0 0 0 1 0 0 0
−1 0 1 0 0 0 0 0
−1 1 0 0 0 0 0 0

1 0 −1 0 −1 0 1 0
1 −1 −1 1 0 0 0 0
1 −1 0 0 −1 1 0 0
−1 1 1 −1 1 −1 −1 1

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

v000
v001
v010
v011
v100
v101
v110
v111

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Q =
(
1 xl yl zl xlyl ylzl xlzl xlylzl

)

URXeV

e



RXkX a�KTHBM; �M/ AMi2`TQH�iBQM

*m#B+ AMi2`TQH�iBQM *m#B+ BMi2`TQH�iBQM �TT`QtBK�i2b p�Hm2b mbBM; +m#B+
TQHvMQKB�HbX h?2`2 �`2 irQ TQbbB#H2 bi`�i2;B2b 7Q` +m#B+ BMi2`TQH�iBQMc }`bi
mb2b p�Hm2b �M/ i�M;2Mib BM irQ bm``QmM/BM; TQBMib �M/ i?2 b2+QM/ miBHBx2b
i?2 p�Hm2 Q7 7Qm` bm``QmM/BM; TQBMibX h?2 }`bi K2i?Q/ Bb +HQb2Hv `2H�i2/ iQ
>2`KBi2 +m#B+bX A7 i?2 i�M;2Mib `2K�BM mMFMQrM- Bi Bb /2bB`�#H2 iQ 2biBK�i2
i?2K 7`QK 7Qm` bm``QmM/BM; TQBMib- r?B+? H2�/b iQ i?2 b2+QM/ �TT`Q�+? iQ
+m#B+ BMi2`TQH�iBQM- +HQb2Hv `2H�i2/ iQ *�iKmHH@_QK bTHBM2bX h?2 >2`KBi2
bTHBM2 Bb /2}M2/ �b

Q (t) =
(
t3 t2 t 1

)

⎛

⎜⎜⎜⎜⎝

2 −2 1 1
−3 3 −2 −1

0 0 1 0
1 0 0 0

⎞

⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎝

v0
v1
t0
t1

⎞

⎟⎟⎟⎟⎠
. URXdV

*QMiBMmBiv Q7 +m`p2b +QMbi`m+i2/ #v +QK#BMBM; KmHiBTH2 >2`KBi2 bTHBM2b Bb ;m�`@
�Mi22/ #v i?2 B/2MiBiv Q7 i�M;2Mib BM i?2 2M/TQBMib- b22 (9)X A7 i?2 i�M;2Mib
�`2 mMFMQrM- Bi Bb TQbbB#H2 iQ �TT`QtBK�i2 i?2K mbBM; }MBi2 /Bz2`2M+2bX h?2
BMi2`TQH�iBQM i?2M mb2b 7Qm` p�Hm2b BMbi2�/ Q7 irQ p�Hm2b �M/ irQ i�M;2MibX
h?2 };m`2 R8 BHHmbi`�i2b i?2 i`B+m#B+ BMi2`TQH�iBQMX h?2 7QHHQrBM; T�`�;`�T?
/2KQMbi`�i2b i?2 `2H�iBQM #2ir22M >2`KBi2 �M/ *�iKmHH@_QK bTHBM2b- b?QrBM;
?Qr i?2 i�M;2Mib �`2 �TT`QtBK�i2/X

p
-1

p
0

t
0

t
1

p
1

p
2

6B;m`2 R8, AHHmbi`�iBQM Q7 +m#B+ BMi2`TQH�iBQM

Ai Bb TQbbB#H2 iQ KQ/B7v i?2 7Q`KmH� URXdV �M/ bm#biBimi2 i?2 i�M;2Mib �M/
p�Hm2b BM i?2 `B;?i@?�M/ bB/2 p2+iQ` rBi? p�Hm2b Q7 7Qm` bm``QmM/BM; TQBMib
v−1, v0, v1, v2X �bbmKBM; i?2 /Bbi�M+2 #2ir22M 2�+? TQBMi Bb QM2- i?2 i�M;2Mib
+�M #2 `2T`2b2Mi2/ bm+? �b

t0 = v1 − v−1
2 , t1 = v2 − v0

2 . URX3V

d



RX JmHiB/BK2MbBQM�H .�i�

Ai Bb TQbbB#H2 iQ 2tT`2bb +Q2{+B2Mib Q7 i?2 TQHvMQKB�H Q (t) BM URXdV �b � bvbi2K
Q7 2[m�iBQMb �M/ bm#biBimi2 i?2 i�M;2Mib rBi? i?2 2tT`2bbBQMb 7`QK URX3VX

a = −1
2v−1 + 3

2v0 − 3
2v1 + 1

2v2

b = v−1 − 5
2v0 + 2v1 − 1

2v2

c = −1
2v−1 + 1

2v1

d = v0

URXNV

h?2 bvbi2K Q7 2[m�iBQMb URXNV +�M #2 +QMp2`i2/ #�+F BMiQ K�i`Bt 7Q`KX h?2
`2bmHi Q7 i?2 i`�Mb7Q`K�iBQM Bb i?2 7QHHQrBM; 2tT`2bbBQM �HbQ FMQrM �b *�iKmHH@
_QK bTHBM2X

vx = 0.5
(
x3 x2 x 1

)

⎛

⎜⎜⎜⎜⎝

−1 3 −3 1
2 −5 4 −1
−1 0 1 0

0 2 0 0

⎞

⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎝

v−1
v0
v1
v2

⎞

⎟⎟⎟⎟⎠
URXRyV

"QmM/�`v 1z2+ib h?2`2 �`2 irQ �TT`Q�+?2b iQr�`/ BMi2`TQH�iBM; #2ir22M
}`bi irQ Q` H�bi irQ 2H2K2Mib Q7 � HBbiX �++Q`/BM; iQ (8)- QM2 QTiBQM Bb iQ `2T2�i
i?2 }`bi �M/ H�bi p�Hm2 Q7 i?2 HBbi- i?2`27Q`2 p−1 = p0 �M/ p1 = p2X h?2 Qi?2`
�TT`Q�+? Bb iQ �TT`QtBK�i2 KBbbBM; p�Hm2b mbBM; � HBM2 }iiBM; }`bi irQ �M/
H�bi irQ TQBMib- i?mb p−1 = 2p0 − p1 �M/ p2 = 2p1 − p0X

AMi2`TQH�iBQM BM j. AMi2`TQH�iBQM BM i?`22 /BK2MbBQMb miBHBx2b p�Hm2b BM
TQBMib QmibB/2 Q7 i?2 HQ+�H +2HH Ui?Qb2 p�Hm2b +Q``2bTQM/ rBi? p�Hm2b v−1 � v2V
*QMb2[m2MiHv- i?2`2 �`2 kR BMi2`TQH�iBQMb M22/2/ BM iQi�HX h?Bb K2i?Q/ Bb MQi
bmBi�#H2 7Q` `2T2�i2/ BMi2`TQH�iBQMc � #2ii2` bQHmiBQM Bb T`QTQb2/ BM (e)- miBHBxBM;
T`2@+�H+mH�i2/ +Q2{+B2Mib 7Q` i?2 HQ+�H +m#2 iQ bT22/ mT `2T2�i2/ BMi2`TQH�@
iBQMX

RXj S�`iB�H .2`Bp�iBp2b �TT`QtBK�iBQM
�b b22M BM i?2 T`2pBQmb b2+iBQMb- bQK2iBK2b Bi Bb M2+2bb�`v iQ Q#i�BM � /2`Bp�@
iBp2 Q7 � 7mM+iBQMX P#i�BMBM; � /2`Bp�iBp2 Q7 � bvK#QHB+�H 7mM+iBQM Bb � `2H@
�iBp2Hv bi`�B;?i7Q`r�`/ T`Q+2bbX lM7Q`imM�i2Hv- bQK2iBK2b i?2`2 Bb MQ bvK@
#QHB+�H /2b+`BTiBQM Q7 i?2 7mM+iBQM �p�BH�#H2- �M/ Bi Bb M2+2bb�`v iQ rQ`F rBi?
b�KTH2/ 7mM+iBQM p�Hm2b BMbi2�/X

h?2`2 �`2 irQ K�BM TQbbB#H2 �TT`Q�+?2b ě i?2 }`bi Bb iQ BMi2`TQH�i2 i?2
7mM+iBQM Bib2H7 7`QK 7mM+iBQM p�Hm2b �M/ i?2M }M/ Bib /2`Bp�iBp2 Q` iQ 2biBK�i2
i?2 /2`Bp�iBp2 /B`2+iHv 7`QK FMQrM 7mM+iBQM p�Hm2bX h?2 b2+QM/ �TT`Q�+? r�b
�H`2�/v K2MiBQM2/ �M/ mb2/ BM b2+iBQM RXk *m#B+ AMi2`TQH�iBQM �M/ Bb �HbQ
FMQrM �b }MBi2 /Bz2`2M+2 �TT`QtBK�iBQMb Q7 /2`Bp�iBp2bX

3



RX9X LmK2`B+�H J2i?Q/b 7Q` P.1b

6BMBi2 .Bz2`2M+2 h?2 B/2� #2?BM/ i?Bb K2i?Q/ Bb iQ bm#biBimi2 i?2 /2`Bp�@
iBp2 rBi? �M �TT`QtBK�iBQMX h?2 7Q`KmH� 7Q` � }MBi2 /Bz2`2M+2 +�M #2 /2`Bp2/
7`QK h�vHQ`Ƕb i?2Q`2KX amTTQb2 i?2`2 Bb � mMB7Q`K /Bbi�M+2 h #2ir22M FMQrM
TQBMib x0, x1, x2, . . .- i?mb xi+1 = xi + h �M/ bmTTQb2 � 7mM+iBQM f Bb (n + 1)
iBK2b /Bz2`2MiB�#H2 �i � TQBMi xX �++Q`/BM; iQ h�vHQ`Ƕb i?2Q`2K

f (x + h) = f (x) + f ′ (x)
1! h + . . . + f (n) (x)

n! hn + Rn+1,x (x + h) . URXRRV

Ai Bb TQbbB#H2 iQ KQ/B7v URXRRV �M/ 2tT`2bb i?2 }`bi /2`Bp�iBp2X Ai Bb �HbQ TQbbB#H2
iQ 2tT`2bb i?2 2``Q` Q7 i?Bb �TT`QtBK�iBQM �b O (h) X amTTQb2 O (h) Bb bK�HH
2MQm;?- i?2 }`bi /2`Bp�iBp2 +�M #2 �TT`QtBK�i2/ #v

f ′ (x) = f (x + h)− f (x)
h

+ O (h) . URXRkV

h?Bb 2tT`2bbBQM Bb �HbQ +�HH2/ i?2 7Q`r�`/ /Bz2`2M+2X aBKBH�`Hv- i?2`2 Bb �M
2tT`2bbBQM 7Q` � #�+Fr�`/ �M/ +2Mi`�H /Bz2`2M+2X

f ′ (x) ≈ f (x)− f (x− h)
h

, f ′ (x) ≈ f (x + h)− f (x− h)
2h

URXRjV

GBF2rBb2- }MBi2 /Bz2`2M+2b +�M �TT`QtBK�i2 T�`iB�H /2`Bp�iBp2b Q7 � KmHiBp�`B@
�#H2 7mM+iBQM (d)X

∂f

∂x
≈ f (. . . , x + h, . . .)− f (. . . , x− h, . . .)

2h
URXR9V

�TT`QtBK�iBM; .2`Bp�iBp2 7`QK �M AMi2`TQH�i2/ 6mM+iBQM h?2 Qi?2`
�TT`Q�+? Bb }`bi iQ BMi2`TQH�i2 i?2 7mM+iBQM 7`QK b�KTH2 TQBMib �M/ i?2M /Bz2`@
2MiB�i2 i?2 BMi2`TQH�iBM; 7mM+iBQMX q?2M +?QQbBM; i?2 BMi2`TQH�iBQM K2i?Q/-
Bi Bb 2bb2MiB�H iQ i�F2 BMiQ �++QmMi i?2 r�v ?Qr i?2 b�KTH2 /�i� r�b Q#i�BM2/X
6Q` 2t�KTH2- Bi Bb TQbbB#H2 iQ 2biBK�i2 i?2 /2`Bp�iBp2 p�Hm2 #v KQ/B7vBM; i?2
7Q`KmH� URXdV 7Q` i`B+m#B+ BMi2`TQH�iBQMX

Q′ (t) =
(
t2 t 1

)
⎛

⎜⎝
6 −6 3 3
−6 6 −4 −2

0 0 1 0

⎞

⎟⎠

⎛

⎜⎜⎜⎜⎝

v0
v1
t0
t1

⎞

⎟⎟⎟⎟⎠
URXR8V

RX9 LmK2`B+�H J2i?Q/b 7Q` P.1b
PM2 Q7 i?2 pBbm�HBx�iBQM i2+?MB[m2b mb2b T�`iB+H2 i`�+BM; iQ pBbm�HBx2 i?2 ~Qr
Q7 � p2+iQ` }2H/X h?2 i`�+BM; `2[mB`2b 2p�Hm�iBM; �M BMi2;`�H r?B+? +�M #2 `2@
/m+2/ iQ �M BMBiB�H p�Hm2 T`Q#H2K 7Q` �M Q`/BM�`v /Bz2`2MiB�H 2[m�iBQMX aBM+2 Bi
Bb `2[mB`2/ iQ bQHp2 bm+? 2[m�iBQMb 7Q` b�KTH2/ p2+iQ` }2H/b- Bi Bb M2+2bb�`v iQ

N



RX JmHiB/BK2MbBQM�H .�i�

bQHp2 i?2b2 2[m�iBQMb MmK2`B+�HHvX h?2`2 �`2 i?`22 K2i?Q/b /Bb+mbb2/ BM i?Bb
b2+iBQM- r?B+? +�M #2 �TTHB2/ iQ i?2 /Bz2`2MiB�H 2[m�iBQMb �M/ i?mb bQHp2 i?2
BMi2;`�H- �HHQrBM; iQ i`�+2 T�`iB+H2b BMbB/2 � p2+iQ` }2H/X �HH /Bb+mbb2/ K2i?@
Q/b �`2 K2K#2`b Q7 i?2 _mM;2@Emii� 7�KBHv Q7 P`/BM�`v /Bz2`2MiB�H 2[m�iBQM
UP.1V bQHp2`bR (3- N)X

1mH2` J2i?Q/ 1mH2` K2i?Q/ /BpB/2b iBK2 BMiQ mMB7Q`K BMi2`p�Hb h +�HH2/
iBK2 bi2TbX amTTQb2 i?2`2 Bb � T�`iB+H2 �i �M BMBiB�H TQbBiBQM y0 BM � p2+iQ`
}2H/ V �i � iBK2 t0X AM 2�+? `mM- i?2 K2i?Q/ KQp2b BM i?2 /B`2+iBQM Q7 i?2
i�M;2Mi p2+iQ` KmHiBTHB2/ #v i?2 iBK2 bi2TX

yn+1 = yn + h V (yn) URXReV

h?2 2``Q` K�/2 BM QM2 bi2T �HbQ FMQrM �b i?2 HQ+�H i`mM+�iBQM 2``Q` 7Q` i?2
1mH2` K2i?Q/ Bb O

(
h2)

�M/ +�M #2 +�H+mH�i2/ 7`QK i?2 `2K�BM/2` i2`K BM
h�vHQ`Ƕb i?2Q`2K BM G�;`�M;2 7Q`KX

>2mMǶb J2i?Q/ >2mMǶb K2i?Q/k Bb #�b2/ QM i?2 1mH2` K2i?Q/X Ai mb2b i?2
`2bmHi Q7 i?2 1mH2` K2i?Q/ �b �M BMi2`K2/B�i2 p�Hm2 yint �M/ i?2M +QK#BM2b
Bi rBi? i?2 p�Hm2 Q#i�BM2/ �i i?2 M2ti BMi2;`�iBQM TQBMiX h?2 }M�H p�Hm2
Bb +�H+mH�i2/ �b

yint
n+1 = yn + h V (yn)

yn+1 = yn + 1
2h

(
V (yn) + V

(
yint

n+1
))

.
URXRdV

h?�MFb iQ i?2 +Q``2+iBQM bi2T- i?2 2biBK�i2 Q7 i?2 HQ+�H i`mM+�iBQM 2``Q`
Bb O

(
h3)

X

_mM;2@Emii� J2i?Q/ �b r�b K2MiBQM2/ 2�`HB2`- �HH K2i?Q/b HBbi2/ ?2`2
�`2 K2K#2`b Q7 i?2 _mM;2@Emii� U_EV 7�KBHvX hQ #2 T`2+Bb2- i?2 i2+?MB[m2b
T`2b2Mi2/ ?2`2 �`2 �HH 2tTHB+Bi K2i?Q/bX �Hi?Qm;? 2�+? 2tTHB+Bi _E K2i?Q/
Bb +QM+2Tim�HHv i?2 b�K2- 2�+? Q7 i?2K /Bz2`b #v Q`/2` Q7 �++m`�+vX h?2 ;2M2`�H
+QM+2Ti Q7 _E K2i?Q/b i�F2b BMiQ �++QmMi i?2 BMi2;`�iBQM iBK2- �HHQrBM; 7Q`
BMi2;`�iBQM BM � iBK2@/2T2M/2Mij p2+iQ` }2H/ V (t, p)X q?2M rQ`FBM; rBi?
� iBK2@BM/2T2M/2Mi p2+iQ` }2H/- r?B+? �+ib i?2 b�K2 r�v �i �HH iBK2b- Bi
Bb TQbbB#H2 iQ mb2 i?2 b�K2 BMi2;`�iBQM K2i?Q/b �M/ B;MQ`2 i?2 iBK2 T�`�K2i2`-

Rh?2`2 Bb �MQi?2` 7�KBHv Q7 K2i?Q/b 7Q` bQHpBM; P.1b +�HH2/ HBM2�` KmHiBbi2T K2i?Q/b-
#mi i?2v �`2 MQi miBHBx2/ BM i?Bb i?2bBbX

k�HbQ FMQrM �b BKT`Qp2/ Q` KQ/B}2/ 1mH2`Ƕb K2i?Q/
j� iBK2@/2T2M/2Mi p2+iQ` }2H/ 7mM+iBQM V i�F2b QM2 KQ`2 iBK2@`2H�i2/ T�`�K2i2` tX

Ry



RX9X LmK2`B+�H J2i?Q/b 7Q` P.1b

i?2`27Q`2- V (t, p) = V (p)X h?2 ;2M2`�H 7`�K2rQ`F 7Q` 2tTHB+Bi _E K2i?Q/b
Bb ;Bp2M #v

yn+1 = yn + h
s∑

j=1
bjV (tn + cjh, zj)

zi = yi + h
i−1∑

j=1
ai,jV (tn + cjh, zj), i = 1, . . . , s .

URXR3V

h?2 +Q2}+B2Mib �`2 mbm�HHv /BbTH�v2/ BM � i�#H2 +�HH2/ "mi+?2` i�#H2�m,

c1
c2 a2,1
c3 a3,1 a3,2
XXX X X X
cs as,1 as,2 · · · as,s−1

b1 b2 · · · bs−1 bs

URXRNV

Ai Bb TQbbB#H2 iQ T`Qp2 i?�i i?2 2biBK�i2 Q7 i?2 HQ+�H i`mM+�iBQM 2``Q` Q7 i?2
K2i?Q/ Q7 Q`/2` m Bb O

(
hm+1)

(N)X S`Q#�#Hv i?2 KQbi TQTmH�` Bb i?2 bi�M/�`/
7Qm`i?@Q`/2` T`Q+2/m`2 rBi? 7QHHQrBM; BMi2`K2/B�i2 bi2Tb,

z0 = yn

z1 = yn + 1
2h V (tn, z1)

z2 = yn + 1
2h V

(
tn + 1

2h, z2
)

z3 = yn + h V
(
tn + 1

2h, z3
)

,

URXkyV

i?2`27Q`2-

yn+1 = yn + 1
6h (V (tn, z1) + 2V

(
tn + 1

2h, z2
)

+2V
(
tn + 1

2h, z3
)

+ V (tn + h, z4)).
URXkRV

h?2 "mi+?2` i�#H2�m 7Q` i?2 7Qm`i@Q`/2` _E K2i?Q/ Bb,

0
1
2

1
2

1
2 0 1

2
1 0 0 1

1
6

1
3

1
3

1
6

URXkkV

lbBM; �Mv Q7 i?2 T`2b2Mi2/ K2i?Q/b- Bi Bb M2++2b�`v iQ +?QQb2 i?2 +Q2}+B2Mi
hX aK�HH2` +Q2{+B2Mi H2�/b iQ bK�HH2` 2``Q`- #mi Bi Bb M2+2bb�`v iQ i�F2 KQ`2

RR



RX JmHiB/BK2MbBQM�H .�i�

bi2Tb iQ +Qp2` i?2 b�K2 �KQmMi Q7 bT�+2- r?B+? K�F2b i?2 BMi2;`�iBQM KQ`2
+QKTmi�iBQM�HHv 2tT2MbBp2X �/�TiBp2 _E K2i?Q/b Qz2` � bQHmiBQM iQ i?Bb
T`Q#H2KX h?2 +QM+2Ti Bb iQ 2biBK�i2 i?2 HQ+�H i`mM+�iBQM 2``Q` #v mbBM; irQ
K2i?Q/b- QM2 rBi? Q`/2` m �M/ i?2 Qi?2` rBi? Q`/2` m − 1X h?2b2 irQ
K2i?Q/b ?�p2 +QKKQM BMi2;`�iBQM bi2TbX *QMb2[m2MiHv- i?2 +QKTmi�iBQM�H
+Qbi Q7 mbBM; irQ K2i?Q/b Bb M2�` M2;HB;B#H2X *Q2{+B2Mib b Q7 i?2 HQr2`@Q`/2`
K2i?Q/b �`2 ?2`2 K�`F2/ �b b∗ �M/ +�M #2 7QmM/ mM/2` i?2 +Q2{+B2Mib b Q7
i?2 ?B;?2`@Q`/2` K2i?Q/ BM "mi+?2`b i�#H2�mX

c1
c2 a2,1
c3 a3,1 a3,2
XXX X X X
cs as,1 as,2 · · · as,s−1

b1 b2 · · · bs−1 bs

b∗
1 b∗

2 · · · b∗
s−1 b∗

s

URXkjV

h?2 HQ+�H i`mM+�iBQM 2``Q` +�M #2 2biBK�i2/ �b

en+1 = yn+1 − y∗
n+1 = h

s∑

j=1

(
bj − b∗

j

)
V (tn + cjh, zj). URXk9V

h?Bb �HHQrb F22TBM; i?2 2``Q` mM/2` � /2}M2/ i?`2b?QH/X q?2M i?2 2``Q`
Bb iQQ bK�HH- h +�M #2 BM+`2�b2/ iQ b�p2 iBK2- �M/ r?2M Bi Bb iQQ ?B;?- i?2
BMi2;`�iBQM bi2T +�M #2 `2T2�i2/ rBi? bK�HH2` hX (Ry) h?2 K2i?Q/ mb2/ BM i?Bb
i?2bBb Bb QM2 Q7 i?2 �/�TiBp2 _E K2i?Q/b +�HH2/ .Q`K�M/ĜS`BM+2 K2i?Q/ (RR)-
r?B+? T`Q/m+2b 7Qm`i?@ �M/ }7i?@Q`/2` �++m`�i2 bQHmiBQMbX

Rk



*?�Ti2` k
oBbm�HBx�iBQM J2i?Q/b

h?2 b2+QM/ +?�Ti2` BMi`Q/m+2b i?2 +QM+2Ti Q7 pBbm�HBx�iBQM TBT2HBM2- 7QHHQr2/
#v b2+iBQMb T`2b2MiBM; b2H2+i2/ pBbm�HBx�iBQM K2i?Q/bX h?Bb +?�Ti2` /`�rb
KQbiHv 7`QK bQm`+2b (Rk- Rj- R9)X

kXR oBbm�HBx�iBQM SBT2HBM2
h?2 pBbm�HBx�iBQM TBT2HBM2 Bb � KQ/2H- /BpB/BM; i?2 T`Q+2bb Q7 pBbm�HBx�iBQM
BMiQ b2p2`�H BM/2T2M/2Mi T�`ibX h?2 b2T�`�iBQM �HHQrb 7Q` KQ/mH�`Biv QM #Qi?
+QM+2Tim�H �M/ /2bB;M H2p2Hb �M/ ?�b #22M �/QTi2/ #v KQbi Q7 i?2 2tBbiBM;
pBbm�HBx�iBQM �TTbX (Rk) h?2 B/2� Bb iQ /BpB/2 i?2 r?QH2 pBbm�HBx�iBQM T`Q+2bb
BMiQ 7Qm` 7QHHQrBM; T�`ib ě /�i� BKTQ`iBM;- 2M`B+?BM;- K�TTBM; �M/ `2M/2`BM;X
h?2 TBT2HBM2 Bb BHHmbi`�i2/ BM };m`2 kRX

.�i� AKTQ`iBM; AKTQ`iBM; /�i� mbm�HHv K2�Mb +Q``2+iHv HQ�/BM; i?2 T�`@
iB+mH�` /�i�b2iX h?Bb QT2`�iBQM Q7i2M /2T2M/b QM i?2 BKTH2K2Mi�iBQM Q7 i?2
Q`B;BM�H /�i�b2i 7Q`K�i �M/ B/2�HHv Bb 2[mBp�H2Mi iQ `2�/BM; i?2 /�i�b2i }H2 7`QK
bQK2 biQ`�;2 U2X;X- /�i�#�b2- /BbFVX AM +�b2 i?2 BKTQ`i BMpQHp2b `2b�KTHBM; Q`
KQ/B7vBM; i?2 /�i�b2i- Bi Bb 2bb2MiB�H iQ i�F2 BMiQ �++QmMi i?�i �HH KQ/B}+�iBQMb
T2`7Q`K2/ i?Bb 2�`Hv BM i?2 pBbm�HBx�iBQM T`Q+2bb ?�p2 � bB;MB}+�Mi BKT�+i QM
i?2 [m�HBiv Q7 i?2 QmiTmi pBbm�HBx�iBQMX

6BHi2`BM; �M/ 1M`B+?BM; h?2 BKTQ`i2/ /�i�b2i Q7i2M +QMi�BM 2t+2bbBp2
�KQmMi Q7 BM7Q`K�iBQM- 7`QK r?B+? QMHv � bK�HH 7`�+iBQM Bb r?�i i?2 mb2`
r�Mib iQ pBbm�HBx2X �MQi?2` �TT`Q�+? Bb iQ T2`7Q`K bQK2 i`�Mb7Q`K�iBQM-
�HHQrBM; iQ pBbm�HBx2 bi`m+im`2b ?B//2M BMbB/2 i?2 /�i�b2iX h?2b2 irQ �+iBQMb
�`2 T2`7Q`K2/ BM i?2 b2+QM/ T?�b2 Q7 i?2 pBbm�HBx�iBQM TBT2HBM2 �M/ �`2 +�HH2/
/�i� }Hi2`BM; �M/ 2M`B+?BM;X �b � `2bmHi Q7 }Hi2`BM;- i?2 QmiTmi Q7 i?Bb bi2T
b?QmH/ #2 � `2H2p�Mi bm#b2i Q7 i?2 +QKTH2i2 /�i�b2iX 1M`B+?2/ /�i�b2i rBHH
#2 2�bB2` iQ mb2 BM H�i2` bi2Tb Q7 i?2 pBbm�HBx�iBQM TBT2HBM2X Ai Bb +`m+B�H iQ

Rj



kX oBbm�HBx�iBQM J2i?Q/b

Raw Data Dataset Enriched
Dataset

Visual
Elements Final Image

Import Filtering
and Enrichment

Mapping Rendering

6B;m`2 kR, AHHmbi`�iBQM Q7 i?2 pBbm�HBx�iBQM TBT2HBM2

i�F2 BMiQ �++QmMi i?2 bBx2 Q7 i?2 /�i�b2i bBM+2 Bi BM~m2M+2b i?2 K2KQ`v �M/
T`Q+2bbBM; T2`7Q`K�M+2 BM H�i2` bi2Tb Q7 i?2 TBT2HBM2X G�`;2` b2ib �HbQ `2[mB`2
KQ`2 }Hi2`BM;c Qi?2`rBb2- i?2 pBbm�HBx�iBQM `2bmHib BM +QMpQHmi2/ BK�;2bX

J�TTBM; h?2 i?B`/ bi2T BMpQHp2b K�TTBM; 2M`B+?2/ /�i�b2i QMiQ pBbm�H 2H@
2K2Mib- bm+? �b i?`22@/BK2MbBQM�H ;2QK2i`vX o�`BQmb pBbm�H 2H2K2Mib ?�p2
/Bz2`2Mi /2;`22b Q7 7`22/QK Q` 72�im`2b- r?B+? +�M 2M+Q/2 QM2 Q` KQ`2 �i@
i`B#mi2b Q7 i?2 2M`B+?2/ /�i�b2iX h?2 b2H2+i2/ K�TTBM; b?QmH/ ?�p2 b2p2`�H
/2bB`�#H2 T`QT2`iB2bX J�TTBM; b?QmH/ #2 BMp2`iB#H2- K2�MBM; Bi b?QmH/ #2 TQb@
bB#H2 7Q` i?2 mb2` iQ �bbB;M i?2 bi�i2 Q7 i?2 pBbm�H 2H2K2Mi U2X;X- bT2+B}+ +QHQ`V
iQ i?2 Q`B;BM�H �ii`B#mi2 p�Hm2X h?Bb T`QT2`iv BKTHB2b i?�i 2�+? �ii`B#mi2 p�Hm2
b?QmH/ ?�p2 � mMB[m2 2M+Q/BM;X JQ`2Qp2`- i?2 K�TTBM; b?QmH/ MQi #2 BMp2`i@
B#H2 Dmbi 7`QK i?2 K�i?2K�iB+�H TQBMi Q7 pB2rc Bi b?QmH/ #2 2�bv 7Q` i?2 mb2` iQ
BMi2`T`2i i?2 pBbm�HBx�iBQM- r?B+? +�M #2 �+?B2p2/ #v b2H2+iBM; i?2 �TT`QT`B�i2
+QK#BM�iBQM Q7 pBbm�H 72�im`2bX J�TTBM; b?QmH/ �HbQ `2bT2+i i?2 Q`;�MBx�iBQM
Q7 �ii`B#mi2 p�Hm2bX aQK2 �ii`B#mi2b �`2 #v i?2B` M�im`2 MQi +QKT�`�#H2X am+?
�ii`B#mi2b �`2 +�HH2/ MQKBM�H �ii`B#mi2bc +QMi`�`v iQ +QKT�`�#H2 �ii`B#mi2b-
r?B+? �`2 +�HH2/ Q`/BM�H �ii`B#mi2bX

_2M/2`BM; J�TTBM; T`Q+2bb +`2�i2b � pB`im�H b+2M2 +QMbBbiBM; Q7 p�`BQmb
pBbm�H 2H2K2MibX AM i?2 H�bi bi2T Q7 i?2 pBbm�HBx�iBQM TBT2HBM2- i?2 H�bi T�`�K@
2i2`b �`2 �//2/- bm+? �b pB2rTQ`i /BK2MbBQMb- HB;?ib- +�K2`� TQbBiBQMbX h?2
QmiTmi Q7 i?2 H�bi bi2T Bb i?2 �+im�H pBbm�HBx�iBQM BK�;2X Ai Bb +QKKQM iQ
�HHQr mb2`b iQ KQ/B7v bT2+B}+ T�`�K2i2`b Q7 i?2 b+2M2 �M/ i?2M `2+QKTmi2 i?2
QmiTmi BK�;2- �HHQrBM; 7Q` bBKTH2 KQ/B}+�iBQMb- 2X;X- +�K2`� KQp2K2MiX

kXk o2+iQ` :HvT?b
h?2 B/2� #2?BM/ p2+iQ` ;HvT?b Bb iQ `2T`2b2Mi p2+iQ`b BM BbQH�i2/ TQBMib mbBM;
bT2+B}+ pBbm�H 2H2K2MibX 1�+? ivT2 Q7 ;HvT?b ?�b KmHiBTH2 /2;`22b Q7 7`22/QK
U2X;X- +QHQ`- bBx2- `Qi�iBQMV- r?B+? +�M #2 mHiBK�i2Hv mb2/ 7Q` pBbm�HBxBM; QM2 Q7
i?2 p2+iQ` �ii`B#mi2b U2X;X- /B`2+iBQM- i2KT2`�im`2- bT22/VX �++Q`/BM; iQ i?2
MmK#2` Q7 /2;`22b Q7 7`22/QK- ;HvT?b +�M #2 +H�bbB}2/ BMiQ b2p2`�H +H�bb2b- i?2
bBKTH2bi #2BM; HBM2 ;HvT?b- 7QHHQr2/ #v KQ`2 +QKTH2t �``Qr ;HvT?b �M/ +QM2
;HvT?bX

R9



kXkX o2+iQ` :HvT?b

6B;m`2 kk, 1t�KTH2 Q7 ;HvT? pBbm�HBx�iBQM BM k. ě HBM2 ;HvT?b �M/ KQ/B}2/
k. +QM2 ;HvT?b

GBM2 :HvT?b h?2 }`bi �M/ �HbQ i?2 bBKTH2bi +H�bb Q7 ;HvT?b �`2 HBM2 ;HvT?b
rBi? i?2 7QHHQrBM; /2;`22b Q7 7`22/QKX

Ç H2M;i?
Ç `Qi�iBQM9

Ç +QHQ` �M/ i`�MbT�`2M+v
Ç i?B+FM2bb

h?2 H2M;i? Q7 i?2 ;HvT? mbm�HHv `2T`2b2Mib i?2 H2M;i? Q7 i?2 p2+iQ`X �Hi2`M�@
iBp2Hv- i?2 ;HvT?b �`2 �HH b+�H2/ iQ #2 �#Qmi i?2 b�K2 bBx2- �M/ p2+iQ` H2M;i?
Bb +Q/2/ T`BK�`BHv #v i?2 ;HvT? +QHQ`X AM #Qi? +�b2b- Bi Bb bmBi�#H2 iQ b+�H2 i?2
;HvT?b iQ T`2p2Mi +Hmii2` #mi �HbQ iQ T`2p2Mi i?2 ;HvT?b 7`QK #2BM; iQQ bK�HHX
�//BiBQM�H ?B;?HB;?iBM; Q7 i?2 +`BiB+�H `2;BQMb +�M #2 �+?B2p2/ #v +?QQbBM;
� bmBi�#H2 K�TTBM;- bm+? �b 2tTQM2MiB�H Q` HQ;�`Bi?KB+�HX h?2 2bb2MiB�H /`�r@
#�+F Q7 i?2 HBM2 ;HvT?b Bb i?2 BKTQbbB#BHBiv iQ /2`Bp2 i?2 2t�+i p2+iQ` /B`2+iBQM
7`QK BiX

*QM2 �M/ �``Qr :HvT?b GBM2 �M/ �``Qr ;HvT?b b?�`2 KmHiBTH2 /2;`22b Q7
7`22/QK- #mi �``Qr �M/ +QM2 ;HvT?b }M�HHv �// i?2 TQbbB#BHBiv iQ /Bz2`2MiB�i2
;HvT?b rBi? i?2 2t�+i QTTQbBi2 /B`2+iBQMbX

Ç H2M;i?
Ç /B`2+iBQM
Ç +QHQ` �M/ i`�MbT�`2M+v

Ç i?B+F2bb
Ç +QM2 #�b2 /BK2MbBQMb

9LQi iQ #2 +QM7mb2/ rBi? /B`2+iBQM- bBM+2 i?2 `Qi�iBQM Q7 � HBM2 ;HvT? Bb #v Bib M�im`2
mMbB;M2/c i?mb- Bi Bb MQi TQbbB#H2 iQ mM�K#B;mQmbHv /BbiBM;mBb? i?2 2t�+i /B`2+iBQM Q7 i?2
p2+iQ` `2T`2b2Mi2/ #v i?2 ;HvT?X

R8



kX oBbm�HBx�iBQM J2i?Q/b

�Hi?Qm;? i?2 +QM2 #�b2 /BK2MbBQMb +�M #2 +QmMi2/ �b BM/BpB/m�H /2;`22b Q7
7`22/QK- Bi Bb MQi `2+QKK2M/2/ iQ mb2 i?2K 7Q` 2M+Q/BM; �//BiBQM�H �ii`B#mi2b
bBM+2 i?2 +QM28 �H`2�/v +QMp2vb i?2 /B`2+iBQM Q7 i?2 +Q``2bTQM/BM; p2+iQ` �M/
�Mv 7m`i?2` K�MBTmH�iBQMb +QmH/ Q#HBi2`�i2 i?2 +QMp2v2/ BM7Q`K�iBQMX h?2
2bb2MiB�H �/p�Mi�;2 Q7 �``Qr ;HvT?b +QKT�`2/ iQ HBM2 ;HvT?b Bb i?2B` �#BHBiv
iQ 2M+Q/2 i?2 p2+iQ` /B`2+iBQMX PM2 Q7 i?2 /`�r#�+Fb Bb i?2 7�+i i?�i �``Qr
;HvT?b `2[mB`2 KQ`2 bT�+2 �M/ i?mb +`2�i2 +Hmii2` KQ`2 2�bBHvX

o2+iQ` :HvT? oBbm�HBx�iBQM S`Q#H2Kb h?2`2 �`2 b2p2`�H T`Q#H2Kb +QM@
M2+i2/ rBi? i?2 mb�;2 Q7 ;HvT?bc bQK2 Q7 i?2K r2`2 �H`2�/v K2MiBQM2/ 2�`HB2`X
6QHHQrBM; HBbi +QMi�BMb � /Bb+mbbBQM `2;�`/BM; irQ Q7 i?2 KQbi +QKKQM T`Q#@
H2Kb @ ;HvT? /2MbBiv �M/ bT�iB�H /Bbi`B#miBQMX h?2b2 irQ +?�`�+i2`BbiB+b �`2
bQK2r?�i bBKBH�`- #mi 2�+? Q7 i?2K Bb T`Q#H2K�iB+ BM � bHB;?iHv /Bz2`2Mi bBi@
m�iBQMX

.2MbBiv h?2 ;HvT? /2MbBiv Bb +HQb2Hv `2H�i2/ iQ b�KTHBM;X h?2 ?B;?2`
i?2 b�KTHBM;- i?2 bK�HH2` �`2� Bb `2b2`p2/ 7Q` 2�+? ;HvT?X >2M+2- ?B;?2`
b�KTHBM; H2�/b iQ � /2Mb2` +Hmii2`2/ BK�;2X h?2 b2+QM/ �TT`Q�+? Bb iQ
T`2b2`p2 i?2 ?B;?2` /2MbBiv �M/ b+�H2 2�+? ;HvT? /QrM iQ `2/m+2 +Hmii2`X
h?2 Bbbm2 rBi? BK�;2b T`Q/m+2/ #v i?2 b2+QM/ �TT`Q�+? Bb i?�i bK�HH2`
;HvT?b �`2 /B{+mHi iQ BMi2`T`2iX

� M2r T`Q#H2K rBi? Q++HmbBQM �`Bb2b BM i?`22 /BK2MbBQMb- r?2M M2�` ;HvT?b
Q#b+m`2 7m`i?2` QM2bX AM Qi?2` rQ`/b- Bi Bb MQi TQbbB#H2 iQ b22 BMbB/2 i?2
/�i�b2iX h?Bb T`Q#H2K +�M #2 bQHp2/ rBi? 7m`i?2` bm#b�KTHBM; Q` #v mb@
BM; i`�MbT�`2M+vX lbBM; i`�MbT�`2M+v b?QmH/- BM i?2Q`v- ?B;?HB;?i /2Mb2`
`2;BQMbX

.Bbi`B#miBQM � /Bbi`B#miBQM T`Q#H2K 2K2`;2b BM bBim�iBQMb r?2M ;HvT?b
�`2 HQ+�i2/ BM � `2;mH�` ;`B/X qBi? b+�H�` p�Hm2b- i?2 ?mK�M 2v2 ?�b
MQ T`Q#H2K T2`7Q`KBM; pBbm�H BMi2`TQH�iBQM #2ir22M `2;mH�`Hv /Bbi`B#mi2/
TQBMibX h?2 bBim�iBQM Bb /Bz2`2Mi r?2M Bi Bb `2[mB`2/ iQ BMi2`TQH�i2 #2@
ir22M p2+iQ`bX q?2M i?2 bm``QmM/BM; p2+iQ`b TQBMi BM /Bz2`2Mi /B`2+iBQMb-
Bi Bb +?�HH2M;BM; B7 MQi BKTQbbB#H2 7Q` ?mK�M pBbBQM iQ 2biBK�i2 ?Qr i?2
BMi2`TQH�i2/ p2+iQ` b?QmH/ HQQF HBF2- 2bT2+B�HHv B7 �HH Q7 i?2 bm``QmM/BM;
p2+iQ`b �HbQ p�`v BM bBx2X

_�M/QK /Bbi`B#miBQM Qz2`b � bQHmiBQM iQ i?Bb T`Q#H2KX h?2`2 Bb � +?�M+2
i?�i #Qi? Q7 i?2 T`Q#H2Kb K2MiBQM2/ �#Qp2 rBHH #2 2HBKBM�i2/ �M/ i?2
QmiTmi BK�;2 rBHH #2 T2`+2Bp2/ �b KQ`2 M�im`�HX

8Q` +QM2 ?2�/ BM +�b2 Q7 i?2 �``Qr ;HvT?

Re



kXjX ai`2�KHBM2b �M/ ai`2�FHBM2b

6B;m`2 kj, *QKT�`BbQM Q7 pBbm�HBx�iBQM mbBM; `2;mH�`Hv �M/ `�M/QKHv
/Bbi`B#mi2/ ;HvT?b

kXj ai`2�KHBM2b �M/ ai`2�FHBM2b
�M 2MiB`2 7�KBHv Q7 pBbm�HBx�iBQM K2i?Q/b Bb #�b2/ �`QmM/ i`�+BM; T�`iB+H2b
BMbB/2 � p2+iQ` }2H/ �M/ +QMbi`m+iBM; +m`p2b �HQM; i`�+2/ T�i?bX ai`2�KHBM2
Bb � +m`p2 pBbm�HBxBM; ~Qr BMbB/2 � bi�iBQM�`v }2H/c bi`2�FHBM2b pBbm�HBx2 � ~Qr
Qp2` iBK2 BM MQM@bi�iBQM�`v }2H/bX

� bi`2�KHBM2 P BM � p2+iQ` }2H/ V +�M #2 KQ/2H2/ �b � T�`�K2i`B+�H +m`p2
P : [0, e] → R3 r?2M 0 < e ∈ RX qBi? t ∈ [0, e]- bi`2�KHBM2b +�M #2 /2}M2/
rBi? i?2 2tT`2bbBQM

dP (t)
dt

× V (x, y, z) = 0. UkXRV

h?2 7Q`KmH� UkXRV /2b+`B#2b i?2 bi`2�KHBM2 �b � T�`�K2i`B+�H +m`p2 i�M;2Mi iQ
V (x, y, z) p2+iQ`b Q7 i?2 p2+iQ` }2H/ BM 2�+? TQBMi (x, y, z)X h?�i +�M �HbQ #2
2tT`2bb2/ �b �M Q`/BM�`v /Bz2`2MiB�H 2[m�iBQM

dP (t)
dt

= V (x, y, z) UkXkV

rBi? BMBiB�H +QM/BiBQM P (0) = s0X "v BMi2;`�iBM; UkXkV Qp2` t- Bi Bb TQbbB#H2 iQ
Q#i�BM bi`2�KHBM2 S = {P (t) , t ∈ [0, e]}- r?2`2

P (t) = P (0) +
∫ t

0
V (P (s)) ds UkXjV

rBi? P (0) = s0X (Rk) S�`�K2i2` t `2T`2b2Mib BMi2;`�iBQM iBK2 �M/ b?QmH/
MQi #2 +QM7mb2/ rBi? i?2 iBK2 T�`�K2i2` Q7 iBK2@/2T2M/2Mi p2+iQ` }2H/bX Ai
Bb TQbbB#H2 iQ bQHp2 i?2 2[m�iBQM UkXkV MmK2`B+�HHv mbBM; �Mv Q7 i?2 K2i?Q/b
BMi`Q/m+2/ BM b2+iBQM RX9 LmK2`B+�H J2i?Q/b 7Q` P.1bX

Rd



kX oBbm�HBx�iBQM J2i?Q/b

6B;m`2 k9, 1t�KTH2 Q7 bi`2�KHBM2 pBbm�HBx�iBQM

h?2`2 �`2 b2p2`�H i2+?MB+�H T�`�K2i2`b r?B+? M22/ iQ #2 +QMbB/2`2/c irQ
Q7 i?2K �`2 /Bb+mbb2/ #2HQr ě �M �TT`QT`B�i2 b2H2+iBQM Q7 b22/BM; TQBMib �M/
� K2i?Q/ Q7 ;2QK2i`v +QMbi`m+iBQMX 6B;m`2 k9 Bb �ii�+?2/ �b � /2KQMbi`�iBQM
Q7 bi`2�KHBM2 pBbm�HBx�iBQMX h?2`2 �`2 7Qm` p2`bBQMb Q7 i?2 b�K2 p2+iQ` }2H/
pBbm�HBx�iBQM miBHBxBM; � /Bz2`2Mi +QK#BM�iBQM Q7 +QHQ` +Q/BM; �M/ b�KTHBM;
TQBMibX

:2QK2i`v *QMbi`m+iBQM AMi2;`�iBM; i?2 bi`2�KHBM2 ;2M2`�i2b � HBbi Q7
TQBMib TQbBiBQM2/ �HQM; i?2 +m`p2X h?2 MmK#2` Q7 TQBMib 7Q`KBM; � bi`2�KHBM2
Bb BMp2`b2Hv T`QTQ`iBQM�H iQ i?2 bi2T bBx2 �M/ /B`2+iHv T`QTQ`iBQM�H iQ i?2 mTT2`
#QmM/ Q7 i?2 iBK2 T�`�K2i2`X h?2`27Q`2- i?2 /2MbBiv Q7 i?2 ;2QK2i`v +�M #2
BM~m2M+2/ #v +?�M;BM; i?2 bi2T bBx2 Q` #v �/DmbiBM; i?2 2``Q` iQH2`�M+2 HBKBib
iQ BM~m2M+2 i?2 +?QB+2 Q7 i?2 bi2T bBx2 BM +�b2 � K2i?Q/ rBi? �/�TiBp2 bi2T

R3



kXjX ai`2�KHBM2b �M/ ai`2�FHBM2b

bBx2 Bb mb2/X PM i?2 Qi?2` ?�M/- i�FBM; HQM;2` bi2Tb rBHH HBF2Hv `2bmHi BM KQ`2
bB;MB}+�Mi /2pB�iBQMb Q7 i?2 +QKTmi2/ bi`2�KHBM2 7`QK i?2 2tT2+i2/ T�i?X

.`�rBM; /2Mb2Hv b�KTH2/ +m`p2b Bb +QKTmi�iBQM�HHv KQ`2 2tT2MbBp2X h?2
bQHmiBQM iQ i?Bb T`Q#H2K Bb iQ b2T�`�i2 i?2 ;2QK2i`v +QMbi`m+iBQM 7`QK i?2
BMi2;`�iBQM T`Q+2bbX "�b2/ QM i?2 QmiTmi Q7 i?2 BMBiB�H BMi2;`�iBQM- Bi Bb TQbbB#H2
iQ +QMbi`m+i i?2 ;2QK2i`v #v Bi2`�iBM; Qp2` i?2 QmiTmi TQBMib �M/ �//BM; � M2r
HBM2 #2ir22M irQ +QMb2+miBp2 TQBMib r?2M i?2 /Bbi�M+2 #2ir22M i?2K 2t+22/b
� +?Qb2M KBMBKmK p�Hm2X AM +�b2 �Mv irQ +QMb2+miBp2 TQBMib �`2 iQQ +HQb2-
i?2 TQBMi 7m`i?2` BM i?2 HBbi Bb bFBTT2/- �M/ i?2 T`Q+2bb Bb `2T2�i2/ rBi? i?2
7QHHQrBM; TQBMiX

:2QK2i`v a22/BM; h?2`2 Bb � `�M;2 Q7 i2+?MB[m2b 7Q` +?QQbBM; �TT`QT`B�i2
b22/BM; TQBMibX �++Q`/BM; iQ (R8) i?2`2 �`2 i?`22 K�BM +`Bi2`B� 7Q` +?QQbBM;
`2H2p�Mi b22/BM; TQBMib ě +Qp2`�;2- mMB7Q`KBiv- �M/ +QMiBMmBivX

*Qp2`�;2 1�+? TQBMi BM bT�+2 b?QmH/ #2 rBi?BM � +2`i�BM /Bbi�M+2 Q7
i?2 +HQb2bi bi`2�KHBM2X h?Bb `2[mB`2K2Mi �bbm`2b i?�i �HH BMi2`2biBM; `2@
;BQMb �M/ mMB[m2 T?2MQK2MQMb �`2 +Qp2`2/X 6m`i?2`- Bi Bb `2[mB`2/ i?�i
bi`2�KHBM2b +Qp2` i?2 2MiB`2 p2+iQ` }2H/X *Qp2`�;2 Bb bBKTHv �+?B2p2/ #v
;2M2`�iBM; M2r bi`2�KHBM2b- r?B+? Bb MQi �++2Ti�#H2 BM +QMp2`;2Mi `2;BQMb-
r?2`2 i?2 bi`2�KHBM2b DQBM iQ;2i?2` ;2M2`�iBM; +Hmii2`X

lMB7Q`KBiv ai`2�KHBM2b b?QmH/ #2 mMB7Q`KHv /Bbi`B#mi2/ Qp2` i?2 2MiB`2
�`2�X h?�i Bb 2bT2+B�HHv /B{+mHi iQ �+?B2p2 BM i?`22@/BK2MbBQM�H bT�+2 bBM+2
i?2 b22/BM; TQBMib rQmH/ #2 pB2r@/2T2M/2MiX h?Bb Bbbm2 ?�b #22M 7m`i?2`
/Bb+mbb2/ BM (Re)X

*QMiBMmBiv GQM;2` bi`2�KHBM2b �`2 T`272``2/ #Qi? 7`QK i?2 �2bi?2iB+ �M/
mb2`@7`B2M/Hv TQBMib Q7 pB2rX Ai Bb 2�bB2` iQ BMi2`T`2i HQM;2` bi`2�KHBM2bc
i?2v ;Bp2 �M BKT`2bbBQM Q7 � +QMiBMmQmb ~QrX h?2 /`�r#�+F Bb i?�i HQM;2`
bi`2�KHBM2b i2M/ iQ +QK2 iQ;2i?2` BM +QMp2`;2Mi `2;BQMb �M/ i?mb 7�BH i?2
T`2pBQmb mMB7Q`KBiv +`Bi2`BQMX >2M+2- Bi Bb M22/2/ iQ #�H�M+2 i?2 +QMiBMmBiv
rBi? i?2 +Qp2`�;2 �M/ mMB7Q`KBivX

S`Q#�#Hv i?2 KQbi bi`�B;?i7Q`r�`/ �TT`Q�+? Bb iQ +?QQb2 `2;mH�`Hv Q` `�M@
/QKHv /Bbi`B#mi2/ b22/BM; TQBMibX "Qi? Q7 i?Qb2 K2i?Q/b �`2 p�HB/c i?2 QMHv
/`�r#�+F Bb i?�i i?2v #Qi? 7�BH i?2 mMB7Q`KBiv +`Bi2`BQMX �HbQ- MQi2 i?2 7�+i
i?�i +HQb2 bi`2�KHBM2b i2M/ iQ #2 T�`�HH2H �M/ /Q MQi +QMi`B#mi2 �Mv M2r BM7Q`@
K�iBQM BMiQ i?2 BK�;2X h?2`2 ?�b #22M �//BiBQM�H `2b2�`+? `2;�`/BM; bi`�i2@
;B2b 7Q` +?QQbBM; �TT`QT`B�i2 b22/BM; TQBMib (R8- Rd)X h?2b2 bi`�i2;B2b QTi 7Q`
+?QQbBM; b22/BM; TQBMib #�b2/ QM i?2 `2bmHi Q7 /2i2+iBQM Q7 �`2�b +�HH2/ +`BiB+�H
TQBMibXe am+? bi`�i2;B2b �`2 Q7i2M +�HH2/ ~Qr@;mB/2/ bi`2�KHBM2 b22/BM;X

e1tTH�M�iBQM Q7 r?�i +`BiB+�H TQBMib �`2 +�M #2 7QmM/ BM (R3)X

RN



kX oBbm�HBx�iBQM J2i?Q/b

kX9 a+�H�` oBbm�HBx�iBQM
1p2M i?Qm;? i?Bb i?2bBb Bb KQbiHv 7Q+mb2/ �`QmM/ pBbm�HBxBM; p2+iQ` }2H/b- Bi
Bb Q7i2M +QMp2MB2Mi iQ pBbm�HBx2 � b+�H�` }2H/ /2`Bp2/ 7`QK i?2 Q`B;BM�H p2+iQ`
}2H/X h?2 b+�H�` }2H/ +QmH/ /2b+`B#2 � [m�MiBiv bm+? �b �#bQHmi2 bT22/ p�Hm2
Q` i2KT2`�im`2X h?2 �`2� Q7 b+�H�` pBbm�HBx�iBQM Bb � p�bi iQTB+- �M/ i?Bb
b2+iBQM /Bb+mbb2b QMHv i?`22 b2H2+i2/ i2+?MB[m2b ě b+�H�` ;HvT?b- BbQbm`7�+2b-
�M/ TH�M2bX 6Q` 7m`i?2` BM7Q`K�iBQM- b22 (R9)X

a+�H�` :HvT?b a+�H�` ;HvT?b �`2 bBKBH�` iQ p2+iQ` ;HvT?b- �Hi?Qm;? i?2B`
72�im`2b U/2;`22b Q7 7`22/QKV b?QmH/ #2 �/2[m�i2 7Q` `2T`2b2MiBM; MQi QMHv
i?2 p�Hm2b #mi �HbQ i?2 K2�MBM; Q7 i?2 2tTH�BM2/ p�`B�#H2X h?2 7mM/�K2Mi�H
72�im`2b Q7 b+�H�` ;HvT?b �`2 bBx2 �M/ +QHQ`X Ai Bb TQbbB#H2 iQ K�T /Bz2`2Mi
�ii`B#mi2b iQ /Bz2`2Mi 72�im`2b �M/ HQQF 7Q` �Mv /2T2M/2M+B2bX

AbQbm`7�+2b AbQbm`7�+2b mb2 � bm`7�+2 �b � 72�im`2 7Q` KQ/2HBM; �M/ +QM@
M2+iBM; �`2�b BM bT�+2 r?2`2 i?2 [m�MiBiv Q` �ii`B#mi2 Bb 2[m�H iQ � }t2/
p�Hm2X � r2HH@FMQrM �H;Q`Bi?K 7Q` +QMbi`m+iBM; BbQbm`7�+2b Bb J�`+?BM;
+m#2bX

SH�M2b �MQi?2` r�v iQ pBbm�HBx2 b+�H�` p�Hm2b BM bT�+2 Bb iQ +QMbi`m+i
� TH�BM �M/ +QHQ`@+Q/2 i?2 p�Hm2b QM Bib bm`7�+2X h?2 +QMbi`m+iBQM Q7 bmBi@
�#H2 +QHQ`K�Tb Bb /Bb+mbb2/ BM i?2 7QHHQrBM; b2+iBQMX

kX8 *QHQ`
*QHQ` `2K�BMb QM2 Q7 i?2 72�im`2b U/2;`22b Q7 7`22/QKV Q7 2�+? Q7 i?2 pBbm�H@
Bx�iBQM K2i?Q/b T`2b2Mi2/ �#Qp2X h?2`2 �`2 +2`i�BM T`BM+BTH2b �bbQ+B�i2/ rBi?
/2bB;MBM; �M �TT`QT`B�i2 +QHQ`K�T- r?B+? +�M #2 7m`i?2` �TTHB2/ iQ Qi?2` /2@
;`22b Q7 7`22/QK #2?�pBM; bBKBH�`Hv iQ +QHQ`X *QHQ`K�T M +�M #2 ;2M2`�HBx2/
�b � 7mM+iBQM �bbQ+B�iBM; 2�+? p�Hm2 v ∈ V iQ � +QHQ` c ∈ *QHQ`bX

M : V → *QHQ`b UkX9V

Ai Bb � +QKKQM T`�+iB+2 iQ HBKBi i?2 `�M;2 Q7 p�Hm2b V iQ [vmin, vmax] �M/
/2bB;M i?2 +QHQ` K�TTBM; #�b2/ QM i?Bb HBKBi2/ `�M;2X h?Bb �TT`Q�+? Bb MQi
�Hr�vb bmBi�#H2c mbBM; ;HQ#�HHv /2i2`KBM2/ HBKBib +QmH/ `2M/2` bQK2 Q7 i?2
�`2�b �b mMB7Q`KHv b?�/2/ `2;BQMb r?2M BM `2�HBiv i?2 p�Hm2b BMbB/2 i?2 �`2�b
+QmH/ p�`v #v �M �KQmMi iQQ bK�HH iQ #2 /BbiBM;mBb?�#H2 r?2M +QKT�`2/ iQ i?2
;HQ#�H `�M;2 Q7 i?2 +QHQ`K�TX h?Bb T?2MQK2MQM Bb T�`iB+mH�`Hv T`Q#H2K�iB+ BM
+QK#BM�iBQM rBi? xQQKBM;X AM i?Bb +�b2- Bi Bb KQ`2 �TT`QT`B�i2 iQ /2i2`KBM2
i?2 HQ+�H HBKBib �M/ �/�Ti i?2 +QHQ` K�TTBM; iQ i?2 /BbTH�v2/ �`2�X

q?2M rQ`FBM; rBi? p2+iQ` pBbm�HBx�iBQM i2+?MB[m2b- +QHQ` mbm�HHv `2T`2@
b2Mib QM2 Q7 i?2 p2+iQ` �ii`B#mi2bd- KQbi Q7i2M Bi Bb i?2 bBx2 Q7 i?2 p2+iQ`X AM

dp2HQ+Biv- i2KT2`�im`2 Q` �Mv Qi?2` b+�H�` p�Hm2

ky



kX8X *QHQ`

6B;m`2 k8, :HvT? pBbm�HBx�iBQM rBi? +QHQ`@+Q/2/ bBx2 �M/ /B`2+iBQM

+QK#BM�iBQM rBi? BMi`Q/m+2/ K2i?Q/b- 2X;X- p2+iQ` ;HvT?b BM irQ /BK2MbBQMb-
Bi Bb TQbbB#H2 iQ 2M+Q/2 i?2 p2+iQ` Q`B2Mi�iBQM mbBM; i?2 >ao U?m2- b�im`�iBQM-
p�Hm2V +QHQ` KQ/2H U>aoVX AM i?`22 /BK2MbBQMb- Bi rQmH/ #2 M2+2bb�`v iQ mb2
� +QHQ` KQ/2H r?B+? +QmH/ #2 T`QD2+i2/ QMiQ � bT?2`2X �M 2t�KTH2 Q7 i?Bb
K2i?Q/ Bb };m`2 k8 /BbTH�vBM; QM2 p2+iQ` rBi? /Bz2`2Mi i2+?MB[m2bX AM i?2
b2+QM/ BK�;2- i?2 bBx2 Q7 i?2 p2+iQ`b Bb +Q/2/ #v +QHQ`X AM i?2 H�bi BK�;2- i?2
#�+F;`QmM/ +Q``2bTQM/b iQ i?2 p2+iQ` `Qi�iBQM r?B+? +�M #2 2�bBHv p2`B}2/ #v
+QKT�`BM; i?2 ;HvT? Q`B2Mi�iBQM iQ i?2 K�i+?BM; TQbBiBQM QM i?2 +QHQ` r?22H
BM i?2 };m`2 keX

6B;m`2 ke, aHB+2 Q7 i?2 >ao +QHQ` bT�+2 K�TT2/ QMiQ � +B`+H2

S`BM+BTH2b Q7 .2bB;MBM; � *QHQ`K�T �++Q`/BM; iQ (Rk)- ǳ� +QHQ`@K�TTBM;
pBbm�HBx�iBQM Bb 2z2+iBp2 B7- #v HQQFBM; �i i?2 ;2M2`�i2/ +QHQ`b- r2 +�M 2�bBHv �M/
�++m`�i2Hv K�F2 bi�i2K2Mib �#Qmi i?2 Q`B;BM�H /�i�b2i i?�i r�b +QHQ` K�TT2/ǴX
h?2`2 �`2 }p2 7mM/�K2Mi�H T`BM+BTH2b r?B+? b?QmH/ #2 `2bT2+i2/ BM Q`/2` iQ
�+?B2p2 �M QTiBK�H +QHQ` K�TTBM;,

RX Ai ?�b iQ #2 TQbbB#H2 iQ /2`Bp2 i?2 Q`B;BM�H /�i�b2i p�Hm2 �i �HH TQBMibX
*QMb2[m2MiHv- i?2 K�TTBM; 7mM+iBQM Kmbi #2 BMD2+iBp2c BM Qi?2` rQ`/b-
2�+? +QHQ` Kmbi `2T`2b2Mi QMHv QM2 p�Hm2X h?2 +QHQ`b Kmbi #2 pBbm�HHv
/BbiBM+i 7`QK QM2 �MQi?2`X

kR



kX oBbm�HBx�iBQM J2i?Q/b

U�V _�BM#Qr K�T U#V :`�vb+�H2 K�T

U+V hrQ@?m2 K�T U/V 6Qm`@?m2 K�T

U2V >2�i K�T U7V .Bp2`;BM; K�T

6B;m`2 kd, 1t�KTH2 +QHQ`K�Tb

kX h?2 K�TTBM; Kmbi �HHQr +QKT�`BM;3 p�Hm2b �i /Bz2`2Mi TQBMibX h?Bb
T`BM+BTH2 /Q2b MQi 2M�#H2 /2i2`KBMBM; i?2 �KQmMi Q7 /Bz2`2M+2c Bi QMHv
�HHQrb B/2MiB7vBM; r?B+? p�Hm2 Bb H�`;2` Q` bK�HH2`X

jX Ai Kmbi #2 TQbbB#H2 iQ /2i2`KBM2 r?�i Bb i?2 /Bz2`2M+2 #2ir22M irQ
;Bp2M TQBMibX *QMi`�`v iQ i?2 T`2pBQmb TQBMi- i?2 Q`/2` Q7 i?2 Q`B;BM�H
p�Hm2b Bb MQi `2H2p�MiX

9X h?2 K�TTBM; b?QmH/ 2M�#H2 HQ+�iBM; �`2�b rBi? �Mv ;Bp2M p�Hm2X PM+2
�;�BM- i?Bb `2[mB`2b i?2 K�TTBM; iQ #2 BMD2+iBp2X �bbB;MBM; � +Q``2bTQM/@
BM; +QHQ` iQ i?2 ;Bp2M p�Hm2 K�v `2[mB`2 � +QHQ` H2;2M/X

8X Ai b?QmH/ #2 TQbbB#H2 iQ �TT`QtBK�i2 i?2 `�i2 Q7 +?�M;2N #2ir22M irQ
;Bp2M TQBMibX

h?2 +QHQ`K�T /2bB;M Kmbi `2~2+i i?2 pBbm�HBx�iBQM Tm`TQb2 �M/ i?2 +?�`@
�+i2` Q7 i?2 /�i�b2iX PM2 Q7 i?2 2t�KTH2b +QmH/ #2 � pBbm�HBx�iBQM Q7 � /�i�b2i
+QMi�BMBM; ;`�/m�HHv +?�M;BM; p�Hm2bX AM +�b2 i?2 mb2` 2tT2+ib HBM2�` +?�M;2b
BM i?2 BK�;2- i?2 mb2/ +QHQ` K�TTBM; b?QmH/ BM/B+�i2 i?�iX

*QHQ`K�T /2bB;Mb *2`i�BM +QHQ`K�Tb- 2X;X- i?2 `�BM#Qr +QHQ`K�T- �`2 Q7@
i2M Qp2`mb2/X �b � KQ`2 bmBi�#H2 �Hi2`M�iBp2- (RN) BMi`Q/m+2b /Bp2`;BM; +QH@
Q`K�Tb- T`2b2Mib i?2B` �/p�Mi�;2b �M/ T`QTQb2b �M �H;Q`Bi?K �HHQrBM; i?2B`
+QMbi`m+iBQMX SQbbB#H2 +QHQ`K�T /2bB;Mb �`2,

_�BM#Qr *QHQ`K�T h?2 `�BM#Qr K�T Bb � rB/2Hv �/QTi2/ +QHQ`K�T
/2bTBi2 b2p2`�H bB;MB}+�Mi b2i#�+FbX "2bB/2b i?2 p�`vBM; HmKBM�M+2 Q7 i?2
+QHQ`b- i?2 mb2` ?�b iQ FMQr i?2 Q`/2` Q7 iQM2b mb2/ BM i?2 `�BM#Qr K�TX
3#�b2/ QM i?2 +QHQ`
Nh?2 K�i?2K�iB+�H �M�HQ;v Q7 i?Bb Bb i?2 ;`�/B2Mi 2tT`2bbBM; i?2 �KQmMi �M/ /B`2+iBQM

Q7 � +?�M;2X 6Q` i?Bb i?2bBb- Bi Bb bm{+B2Mi iQ 2biBK�i2 i?2 `�i2 Q7 +?�M;2 Tm`2Hv #�b2/ QM
i?2 pBbm�HBx�iBQMX

kk



kX8X *QHQ`

:`�vb+�H2 *QHQ`K�T � ;`�vb+�H2 K�T Bb +H2�M2` i?�M i?2 `�BM#Qr K�TX
PM i?2 M2;�iBp2 bB/2- +QKT�`BM; irQ ;`�vb+�H2 p�Hm2b Bb MQi 2�bvc i?2
+QHQ`K�T /Q2b MQi T`QpB/2 2MQm;? pBbm�HHv mMB[m2 p�Hm2bX

hrQ@?m2 �M/ 6Qm`@?m2 *QHQ`K�Tb � irQ@ Q` 7Qm`@?m2 K�T b?QmH/
+Qp2` i?2 /Bb�/p�Mi�;2b Q7 ;`�vb+�H2 K�Tb #v BMi`Q/m+BM; � ?m2 BMiQ i?2
bvbi2KX >m2 �HHQrb 2�bB2` Q`/2`BM; Q7 i?2 p�Hm2bX >Qr2p2`- i?2 +QHQ`K�T
biBHH Qz2`b i?2 b�K2 /vM�KB+ `�M;2X h?2 7Qm`@?m2 K�T +QmH/ bQHp2 i?Bb
T`Q#H2K #v BMi`Q/m+BM; � T�B` Q7 2MiB`2Hv /BbiBM+iBp2 +QHQ`bc ?Qr2p2`- i?2
`2bmHi +QmH/ 2M/ mT +HQb2` iQ i?2 `�BM#Qr K�T- H�+FBM; +H�`BivX

>2�i *QHQ`K�Tb � ?2�i K�T Bb � bT2+B}+ ivT2 Q7 +QHQ` K�T /2bB;M2/ iQ
bvK#QHBx2 i?2 i2KT2`�im`2 Q7 i?2 pBbm�HBx2/ Q#D2+iX Ai mb2b HmKBM�M+2 iQ
?B;?HB;?i ?B;? p�Hm2bc Qi?2` p�Hm2b �`2 KQbiHv bmTT`2bb2/X

.Bp2`;BM; *QHQ`K�Tb � /Bp2`;BM; K�T Bb bmBi�#H2 7Q` /�i� rBi? /Bp2`;@
BM; p�Hm2bX h?2 K�T Bb bBKBH�` iQ i?2 irQ@?m2 K�Tb rBi? �M �//2/ i?B`/
+QHQ` 7Q` i?2 M2mi`�H bT2+i`mK Umbm�HHv i?2 p�Hm2b �`QmM/ x2`QVX h?Bb
+QMbi`m+iBQM �HHQrb ?B;?HB;?iBM; i?2 2ti`2K2 p�Hm2b �i #Qi? 2M/b Q7 i?2
bT2+i`mK- bmTT`2bbBM; i?2 K2�M p�Hm2bX

kj





*?�Ti2` j
h2+?QMQHQ;v

h?Bb +?�Ti2` T`2b2Mib i?2 �p�BH�#H2 pBbm�HBx�iBQM i2+?MQHQ;vX h?2 BMBiB�H b2+@
iBQM /Bb+mbb2b TH�i7Q`Kb r?B+? ?�p2 iQ #2 bmTTQ`i2/ #v i?2 /2p2HQT2/ �TTHB@
+�iBQMX h?2 b2+QM/ T�`i BMi`Q/m+2b i?2 �p�BH�#H2 pBbm�HBx�iBQM bQ7ir�`2X h?2
}M�H b2+iBQM +QMi�BMb �//BiBQM�H MQi2b QM i?2 �p�BH�#H2 bQ7ir�`2 �M/ T`2b2Mib
bQK2 Q7 i?2 �Hi2`M�iBp2 bQHmiBQMbX

jXR h�`;2i SH�i7Q`Kb
�++Q`/BM; iQ i?2 �bbB;MK2Mi- Bi Bb `2[mB`2/ i?�i i?2 �TTHB+�iBQM rBHH #2 b+�H�#H2
iQ bmTTQ`i pBbm�HBx�iBQM QM irQ mM+QMp2MiBQM�H TH�i7Q`Kb ě a�:1k �M/ j.
KQMBiQ`X >2`2 Bb � /2b+`BTiBQM Q7 i?2 TH�i7Q`Kb 7Q` H�i2` �M�HvbBbX

a�:1 h?2 a�:1 2MpB`QMK2Mi r�b /2bB;M2/ iQ 2M�#H2 i2�KrQ`F BM 7`QMi Q7
H�`;2 b?�`2/ b+`22MbX h?2 i�bF rQmH/ mbm�HHv `2[mB`2 /BbTH�vBM; �M BKK2Mb2
�KQmMi Q7 BM7Q`K�iBQM BM � ?B;? `2bQHmiBQMX h?2 a�:1k 2MpB`QMK2Mi Bb �M
BKTH2K2Mi�iBQM #�b2/ QM r2# i2+?MQHQ;B2bc �TTHB+�iBQMb 7Q` i?Bb 2MpB`QMK2Mi
�`2 HBF2rBb2 /2p2HQT2/ mbBM; r2# i2+?MQHQ;B2b �M/ C�p�a+`BTi T`Q;`�KKBM;
H�M;m�;2 (ky)X

j. KQMBiQ` AM Q`/2` iQ bmTTQ`i j. i2H2pBbBQMb �M/ KQMBiQ`b- i?2 bvbi2K
Kmbi #2 +�T�#H2 Q7 T`Q/m+BM; �M BK�;2 �M/ � /2Ti? K�T Q7 i?2 b+2M2X �Hi2`M�@
iBp2Hv- � `2M/2`BM; Q7 i?2 b+2M2 7`QK irQ /Bz2`2Mi TQBMib Bb 2tT2+i2/X aQK2 Q7
i?2 KQMBiQ`b �HHQr pB2rBM; i?2 bT�+2 ǳ#2?BM/Ǵ i?2 /BbTH�v2/ Q#D2+i @ BM i?Qb2
+�b2b- � +QK#BM�iBQM Q7 BK�;2b 7`QK /Bz2`2Mi �M;H2b �M/ � /2Ti? K�T Bb `2@
[mB`2/X .m2 iQ KBbbBM; /Q+mK2Mi�iBQM 7Q` bQK2 Q7 i?2 /2pB+2b- /2i2`KBMBM;
i?2 #2bi T�`�K2i2`b 7Q` i?2 pBbm�HBx2/ b+2M2 `2[mB`2b bQK2 2tT2`BK2Mi�iBQMX

k8



jX h2+?QMQHQ;v

jXk �p�BH�#H2 aQ7ir�`2
Ai Bb TQbbB#H2 iQ /BpB/2 i?2 �p�BH�#H2 bQ7ir�`2 BMiQ irQ +�i2;Q`B2bX h?2 }`bi
;`QmT `2T`2b2Mib �TTHB+�iBQMb 2M�#HBM; pBbm�HBx�iBQMc ?Qr2p2`- Bi Bb MQi i?2
K�BM 7mM+iBQM�HBiv Q7 i?2 bQ7ir�`2X h?2 b2+QM/ ;`QmT +QMi�BMb bQ7ir�`2 7Q@
+mb2/ bQH2Hv QM pBbm�HBx�iBQMX q2HH@FMQrM `2T`2b2Mi�iBp2b Q7 i?2 }`bi ;`QmT
�`2 J�iH�# Q` J�i?2K�iB+�c i?2 b2+QM/ ;`QmT Bb `2T`2b2Mi2/ #v S�`�pB2r-
J�v�oB Q` oBbAiX 6Q` #`2pBiv- i?2 }`bi ;`QmT rBHH #2 `272``2/ iQ �b +QKTm@
i�iBQM�H bQ7ir�`2- i?2 b2+QM/ ;`QmT �b pBbm�HBx�iBQM bQ7ir�`2X lbBM; 2tBbiBM;
bQ7ir�`2 2M�#H2b

Ç miBHBxBM; BKTH2K2Mi2/ �H;Q`Bi?Kb-

Ç BM+Q`TQ`�iBM; 2ti2MbBQMb BMiQ rQ`FBM; pBbm�HBx�iBQM TBT2HBM2- �M/

Ç #mBH/BM; � pBbm�HBx�iBQM QM iQT Q7 rQ`FBM; `2M/2`2` �M/ 7`QMi2M/X

*QKTmi�iBQM�H aQ7ir�`2 *QKTmi�iBQM�H bvbi2Kb- bm+? �b J�i?2K�iB+�-
�`2 #�b2/ �`QmM/ i?2B` T`QT`B2i�`v T`Q;`�KKBM; H�M;m�;2- r?B+? �HHQrb 7Q`
2z2+iBp2 K�MBTmH�iBQM �M/ �//BiBQM�H i`�Mb7Q`K�iBQMb Q7 i?2 Q`B;BM�H /�i�b2iX
.2T2M/BM; QM i?2 �p�BH�#H2 72�im`2b Q7 i?2 +QKTmi�iBQM�H bQ7ir�`2- Bi Bb TQb@
bB#H2 iQ mb2 �H`2�/v #mBHi@BM pBbm�HBx�iBQM iQQHbX h?2b2 7mM+iBQM�HBiB2b mbm�HHv
`2[mB`2 T`2T`Q+2bbBM; i?2 Q`B;BM�H /�i�b2i BMiQ � +mbiQK 7Q`K�ic ?Qr2p2`- i?2
i`�Mb7Q`K�iBQM +�M #2 T2`7Q`K2/ mbBM; Qi?2` #mBHi@BM K2i?Q/bX J�iH�# bmT@
TQ`ib pBbm�HBx�iBQMb mbBM; �HH K2i?Q/b K2MiBQM2/ BM +?�Ti2` k- #Qi? BM irQ
�M/ i?`22 /BK2MbBQMbX J�i?2K�iB+� ?�b i?2 b�K2 +�T�#BHBiB2b- 2t+2Ti 7Q` pB@
bm�HBxBM; bi`2�KHBM2b BM i?`22 /BK2MbBQMbX �Hi?Qm;?- Bi Bb TQbbB#H2 iQ �// i?�i
7mM+iBQM�HBiv mbBM; Qi?2` #mBHi@BM K2i?Q/b (kR)X h?2 bvbi2Kb bmTTQ`i +`2�iBM;
� +mbiQK mb2` BMi2`7�+2 7Q` K�M�;BM; i?2 pBbm�HBx�iBQMX

oBbm�HBx�iBQM aQ7ir�`2 S`Q;`�Kb S�`�pB2r- J�v�oB- �M/ oBbAi �`2 QT2M@
bQm`+2 T`QD2+ib #�b2/ QM QT2M@bQm`+2 bQ7ir�`2 +�HH2/ h?2 oBbm�HBx�iBQM hQQHFBi
UohEV (kk- kj- k9)X h?Bb bQ7ir�`2 Bb � bi�i2@Q7@i?2@�`i iQQH 7Q` j. pBbm�HBx�iBQM
`2M/2`BM; �M/ BKTH2K2Mib � p�bi `�M;2 Q7 �H;Q`Bi?Kb �M/ pBbm�HBx�iBQM K2i?@
Q/bX h?2 ohE T`QD2+i Bb r`Bii2M BM *YY �M/ Qz2`b �M BMi2`7�+2 iQ p�`BQmb
Qi?2` H�M;m�;2b bm+? �b Svi?QMX h?2 +Q`2 Q7 i?2 ohE Bb � TBT2HBM2 rQ`FBM;
QM bBKBH�` T`BM+BTH2b �b i?Qb2 BMi`Q/m+2/ BM b2+iBQM kXR (k8)X h?2`2 �`2 b2p2`�H
�TT`Q�+?2b iQ +`2�iBM; � pBbm�HBx�iBQM rBi? pBbm�HBx�iBQM bQ7ir�`2 UohEV,

ai�M/�HQM2 �TTHB+�iBQM Ai Bb TQbbB#H2 iQ mb2 ohE 7Q` /2p2HQTBM; � bi�M@
/�HQM2 �TTHB+�iBQMX ohE Qz2`b �M �SA BM b2p2`�H T`Q;`�KKBM; H�M;m�;2bX
� M2r �TTHB+�iBQM +QmH/ BKTH2K2Mi +mbiQK lA Q` #mBH/ 2ti2MbBQMb QM iQT
Q7 i?2 }t2/ ohE pBbm�HBx�iBQM TBT2HBM2X

SHm;BMb �M/ 1ti2MbBQMb h?2 �Hi2`M�iBp2 Bb iQ BKTH2K2Mi � THm;BM BMiQ
�M 2tBbiBM; �TTHB+�iBQM- �HHQrBM; iQ `2�/ � +mbiQK }H2 7Q`K�i Q` BKTH2K2Mi

ke



jXjX �Hi2`M�iBp2 _2bQm`+2b

+mbiQK /�i�b2i 2M`B+?K2Mic i?2 �TTHB+�iBQM rQmH/ ?�M/H2 i?2 `2bi Q7 i?2
pBbm�HBx�iBQM TBT2HBM2- BM+Hm/BM; lA K�MBTmH�iBQMbX h?2 ;2M2`�H �TT`Q�+?
Bb iQ 2ti2M/ i?2 �p�BH�#H2 �TTHB+�iBQMb #v �//BM; M2r 7mM+iBQM�HBiB2bX

h?2 /2bB;M Q7 ohE Bb ?2�pBHv Q#D2+i@Q`B2Mi2/XRy Ai bmTTQ`ib K�Mv }H2 7Q`@
K�ibRR- �Hi?Qm;? Bi Bb +QKKQM iQ r`Bi2 � +mbiQK `2�/2` iQ bmTTQ`i MQM@
bi�M/�`/ }H2 7Q`K�ibX *mbiQK `2�/2`b �`2 �HbQ bmBi�#H2 7Q` T�`bBM; bi�M/�`/
7Q`K�ib i?�i bmTTQ`i +mbiQK /�i� Q`;�MBx�iBQM- 2X;X- 6Aha }H2 7Q`K�iX

jXj �Hi2`M�iBp2 _2bQm`+2b
h?Bb b2+iBQM T`2b2Mib `2bQm`+2b 7Q` /2bB;MBM; �M BM/2T2M/2Mi �TTHB+�iBQMX � /B7@
72`2Mi �TT`Q�+? Bb iQ /2bB;M �M 2MiB`2Hv M2r pBbm�HBx�iBQM �TTHB+�iBQM rBi?Qmi
miBHBxBM; �Mv 2tBbiBM; pBbm�HBx�iBQM 7`�K2rQ`FbX PM2 Q7 i?2 /QrMbB/2b Q7 mbBM;
�M 2tBbiBM; 7`�K2rQ`F Q` +QKTmi�iBQM�H bvbi2K Bb i?�i Bi `2[mB`2b i?2 FMQrH@
2/;2 Q7 i?2 bvbi2KX ohE Bb FMQrM 7Q` Bib bi22T H2�`MBM; +m`p2- �M/ KQbi
Q7 i?2 +QKTmi�iBQM�H bvbi2Kb �`2 T`QT`B2i�`v- r?B+? T`2+Hm/2b �Mv /2p2HQT@
K2Mi Q7 � bi�M/�HQM2 �TTHB+�iBQMX AKTH2K2MiBM; �M �TTHB+�iBQM rBi?Qmi mbBM;
� pBbm�HBx�iBQM 7`�K2rQ`F

Ç T`QpB/2b +QMi`QH Qp2` i?2 2MiB`2 pBbm�HBx�iBQM TBT2HBM2-

Ç 2M�#H2b mbBM; i2+?MQHQ;B2b �H`2�/v 7�KBHB�` iQ /2p2HQT2`b- �M/

Ç `2KQp2b �Mv /2bB;M HBKBib Qi?2`rBb2 TQb2/ #v i?2 mM/2`HvBM; 7`�K2rQ`FX

h?2 7QHHQrBM; HBbi T`2b2Mib � p�`B2iv Q7 �Hi2`M�iBp2 i2+?MQHQ;B2b- KQ/mH2b- �M/
7`�K2rQ`Fb bmBi�#H2 7Q` /2p2HQTBM; bi�M/�HQM2 �TTHB+�iBQMbX

a+BSv �M/ LmKSv a+BSv T`QpB/2b MmK2`B+�H `QmiBM2b 7Q` MmK2`B+�H BM@
i2;`�iBQM- �M/ LmKSv Bb i?2 7mM/�K2Mi�H T�+F�;2 7Q` b+B2MiB}+ +QKTmiBM;
rBi? Svi?QM- �KQM; Qi?2` i?BM;b Bi +QMi�BMb iQQHb 7Q` K�MBTmH�iBM; KmH@
iB/BK2MbBQM�H �``�vb �M/ BMi2;`�iBM; *f*YY �M/ 6Q`i`�M +Q/2 (kd- k3)X

PT2M:G �M/ q2#:G PT2M:G Bb rB/2Hv �/QTi2/ �SA /2bB;M2/ 7Q` ?B;?@
T2`7Q`K�M+2 ;`�T?B+b bQ7ir�`2 �TTHB+�iBQMbX Ai b2`p2b �b � H�v2` #2ir22M
i?2 �TTHB+�iBQM �M/ i?2 ;`�T?B+b ?�`/r�`2 2tTQbBM; Bib 72�im`2b �M/ 2M@
�#HBM; T�`�HH2H +QKTmi�iBQMbX q2#:G Bb � KmHiB@TH�i7Q`K r2# bi�M/�`/ 7Q`
HQr@H2p2H �SAb 7Q` j. ;`�T?B+b- #�b2/ QM PT2M:G 1aX q2#:G kXy +QMi2ti
�HHQrb `2M/2`BM; mbBM; �M �SA r?B+? +QM7Q`Kb +HQb2Hv iQ i?2 PT2M:G 1a
jXy (kN)X

Ryh?2 bi`m+im`2 Bb T2`?�Tb bHB;?iHv Qp2`/2bB;M2/X
RR6Q` KQ`2 BM7Q`K�iBQM `2;�`/BM; }H2 7Q`K�ib- b22 (ke)X

kd



jX h2+?QMQHQ;v

i?`22XDb i?`22XDb Bb � 7`�K2rQ`F #�b2/ QM q2#:G i?�i BKTH2K2Mib bQK2
Q7 i?2 pBbm�H T`BKBiBp2bX J�M�;BM; i?2 ;2QK2i`v Q7 i?2 b+2M2- Bi bT22/b mT
i?2 /2p2HQTK2Mi T`Q+2bb #v T`QpB/BM; �M �#bi`�+i H�v2` �#Qp2 i?2 q2#:G
�SAX (jy)

T8XDb T8XDb Bb � C�p�a+`BTi HB#`�`v 2M�#HBM; bF2i+?BM; rBi? +Q/2X h?2 HB@
#`�`v /`�rb BMbTB`�iBQM 7`QK S`Q+2bbBM;Rk- �M/ Bi Bb #�b2/ QM bBKBH�` T`BM@
+BTH2b (jR)X �HH BK�;2b BM +?�Ti2` k r2`2 +`2�i2/ rBi? T8XDbX

Rk6Q` KQ`2 BM7Q`K�iBQM b22 T`Q+2bbBM;XQ`;X

k3



*?�Ti2` 9
�M�HvbBb

h?2 pBbm�HBx�iBQM �TTHB+�iBQM Bb � +QK#BM�iBQM Q7 K�i?2K�iB+�H �M/ pBbm�HBx�@
iBQM K2i?Q/b BKTH2K2Mi2/ mbBM; bmBi�#H2 i2+?MQHQ;vX h?Bb +?�Ti2` T`2b2Mib
�M �M�HvbBb �M/ 2p�Hm�iBQM Q7 i?2b2 K2i?Q/b #�b2/ QM bT2+B}+ +`Bi2`B� /2}M2/
#v i?2 �bbB;MK2MiX aBM+2 bQK2 Q7 i?2 +`Bi2`B� �`2 HBMF2/- Q` `2H�i2 iQ KQ`2 i?�M
QM2 Q7 i?2 �bT2+ib Q7 i?2 pBbm�HBx�iBQM T`Q+2bb- i?2 /Bb+mbbBQM M22/b iQ #2 Q`;�@
MBx2/ iQ T`QpB/2 � KQ`2 M�im`�H mM/2`bi�M/BM;X h?2 Q`;�MBx�iBQM Bb #�b2/ QM
i?2 pBbm�HBx�iBQM TBT2HBM2X h?2 +`Bi2`B� mb2/ i?`Qm;?Qmi i?2 �M�HvbBb BM+Hm/2
T?vbB+�H �++m`�+v �M/ �/Dmbi�#BHBiv Q7 mb2/ K2i?Q/b- +H�`Biv Q7 i?2 QmiTmi
pBbm�HBx�iBQM- T2`7Q`K�M+2- �M/ TQ`i�#BHBivX

9XR AKTQ`iBM;
h?2 }`bi bi2T BM i?2 pBbm�HBx�iBQM TBT2HBM2 Bb i?2 /�i� BKTQ`iX h?2 BKTQ`i
BMpQHp2b i`�Mb7Q`KBM; i?2 `�r /�i� BMiQ �M BMi2`M�H `2T`2b2Mi�iBQMX .m`BM; i?Bb
bi2T- MQ /�i� Q` K2i� BM7Q`K�iBQM b?QmH/ #2 HQbiX h?2 BMi2`M�H `2T`2b2Mi�iBQM
b?QmH/ #2 /2bB;M2/ iQ T`QpB/2 �/2[m�i2 T2`7Q`K�M+2 7Q` i?2 KQbi 7`2[m2MiHv
T2`7Q`K2/ �+iBQMbX *QMb2[m2MiHv- Bi Bb M2+2bb�`v iQ /2i2`KBM2 r?�i i?2 KQbi
7`2[m2MiHv T2`7Q`K2/ �+iBQMb �`2X h?2 7QHHQrBM; pBbm�HBx�iBQM K2i?Q/b �`2
+QMbB/2`2/,

:HvT?b h?2 ;HvT?b �`2 +QMbi`m+i2/ #�b2/ QM i?2 p�Hm2b BM BbQH�i2/ TQBMibX
h?2 BMi2`M�H `2T`2b2Mi�iBQM Kmbi �HHQr Q#i�BMBM; i?2 p�Hm2 BM �Mv �`#Bi`�`v
TQBMi BMbB/2 Q7 i?2 /�i�b2iX

ai`2�KHBM2b ai`2�KHBM2b �`2 +QMbi`m+i2/ rBi? MmK2`B+�H BMi2;`�iBQM bi�`i@
BM; BM i?2 b22/BM; TQBMibX .m`BM; 2�+? bi2T Q7 i?2 BMi2;`�iBQM- Bi Bb M2+@
2bb�`v iQ `2i`B2p2 i?2 p�Hm2 BM i?2 +m``2Mi �M/ Qi?2` bm``QmM/BM; TQBMib-
#�b2/ QM i?2 +?Qb2M MmK2`B+�H K2i?Q/X

h?2 7mM/�K2Mi�H �M/ i?2 KQbi 7`2[m2MiHv T2`7Q`K2/ QT2`�iBQM Bb i?2 BMi2`@
TQH�iBQMX h?2 }`bi +?�Ti2` T`2b2Mi2/ i?`22 TQbbB#H2 BMi2`TQH�iBQM K2i?Q/bX

kN



9X �M�HvbBb

K2i?Q/ BMi2`K2/B�i2 p�Hm2bR9 HQ+�H p�Hm2b �++m`�+v

L2�`2bi@M2B;?#Q` y 3 HQr
h`BHBM2�` e 3 K2/BmK
h`B+m#B+ ky e9 ?B;?

h�#H2 9R, � i�#H2 Q7 +QMbB/2`2/ BMi2`TQH�iBQM K2i?Q/b

1�+? Q7 i?2 K2i?Q/b T`QpB/2b `2bmHib rBi? /Bz2`2Mi �++m`�+vX h?2 i`�/2@Qz
Q7 ?B;?2` �++m`�+v Bb � ?B;?2` +QKTmi�iBQM�H +QKTH2tBivX h?2 �+im�H BMi2`TQ@
H�iBQM +QMbBbib Q7 irQ bi�;2bX

RX AM i?2 }`bi bi�;2- i?2 p�Hm2b BMbB/2 Q7 i?2 HQ+�H +2HH �`2 Q#i�BM2/X AM +�b2
� bi`2�KHBM2/ T�`�HH2H p2`bBQM Q7 i?2 BMi2`TQH�iBQM K2i?Q/Rj Bb mb2/- i?2
HQ+�H +Q2{+B2Mib �`2 T`2+�H+mH�i2/X

kX AM i?2 b2+QM/ bi2T- i?2 +�H+mH�iBQM Bb T2`7Q`K2/ #�b2/ QM i?2 HQ+�H +QQ`@
/BM�i2bX

h?2 +?QB+2 Q7 i?2 BMi2`TQH�iBQM K2i?Q/ /2T2M/b QM r?2i?2` i?2 `2T2�i2/
BMi2`TQH�iBQM Bb T2`7Q`K2/ BMbB/2 bBM;H2 Q` KmHiBTH2 +2HHbX

aBM;H2 *2HH AM +�b2 i?2 `2T2�i2/ BMi2`TQH�iBQM i�F2b TH�+2 BMbB/2 � bBM;H2
/�i� +2HH- i?2 }`bi bi2T Q7 i?2 BMi2`TQH�iBQM ě i?2 HQQFmT Q7 i?2 HQ+�H p�Hm2b
ě +�M #2 T2`7Q`K2/ QMHv QM+2 �M/ i?2 b2+QM/ bi2T Bb `2T2�i2/ 7Q` 2p2`v
BM/BpB/m�H b2i Q7 HQ+�H +QQ`/BM�i2bX 6m`i?2`KQ`2- i?2 BMi2`TQH�iBQM +�M #2
bT2/ mT #v T2`7Q`KBM; i?2 +�H+mH�iBQM BM � K�i`Bt 7Q`KR8- r?B+? +�M #2
2{+B2MiHv +�H+mH�i2/ mbBM; /2/B+�i2/ ?�`/r�`2X AM i?Bb +�b2- Bi Bb pB�#H2
iQ 2KTHQv KQ`2 bQT?BbiB+�i2/ �M/ T?vbB+�HHv KQ`2 �++m`�i2 BMi2`TQH�iBQM
K2i?Q/b bm+? �b i`B+m#B+ BMi2`TQH�iBQMX

JmHiBTH2 *2HHb q?2M i?2 `2T2�i2/ BMi2`TQH�iBQM i�F2b TH�+2 �KQM; /B7@
72`2Mi HQ+�H +2HHb- i?2 HQQFmT Q7 i?2 p�Hm2b T`2+2/2b 2�+? +�H+mH�iBQMX aBM+2
� T�`�HH2H p2`bBQM Q7 i?2 +�H+mH�iBQM rQmH/ `2[mB`2 `2+�H+mH�iBM; i?2 HQ+�H
+Q2{+B2Mib 7Q` 2p2`v HQ+�H +2HH- bT22/BM; mT i?2 �+im�H +�H+mH�iBQM mbBM;
/2/B+�i2/ ?�`/r�`2 Bb MQ HQM;2` #2M2}+B�HX AM i?Bb +�b2- Bi Bb �/pBb�#H2
iQ mb2 K2i?Q/b r?B+? rQ`F rBi? � bK�HH2` MmK#2` Q7 HQ+�H p�Hm2bX h?2
M2�`2bi@M2B;?#Q` K2i?Q/ /Q2b MQi `2[mB`2 �Mv T`2+�H+mH�i2/ p�Hm2b- �M/

Rja22 b2+iBQMb RXk GBM2�` BMi2`TQH�iBQM �M/ RXk AMi2`TQH�iBQM BM j.X
R9h?2 MmK#2` Q7 BMi2`K2/B�i2 p�Hm2b Bb �Hr�vb QM2 H2bb i?�M i?2 iQi�H MmK#2` Q7 QM2@

/BK2MbBQM�H BMi2`TQH�iBQMbX AM +�b2 � T�`�HH2H p2`bBQM Q7 i?2 +QKTmi�iBQM Bb T2`7Q`K2/-
BMbi2�/ Q7 +�H+mH�iBM; i?2 BMi2`K2/B�i2 p�Hm2b- irQ K�i`Bt KmHiBTHB+�iBQMb �`2 T2`7Q`K2/X

R8h?2 T�`�HH2H +QKTmi�iBQM Q7 � i`BHBM2�` BMi2`TQH�iBQM Bb #�b2/ QM i?2 2[m�iBQMb URX8V �M/
URXeV 7`QK i?2 b2+iBQM RXk GBM2�` BMi2`TQH�iBQMX h?2 K�i`Bt C Bb +�H+mH�i2/ QMHv QM+2- �M/
i?2 K�i`Bt Q Bb `2+�H+mH�i2/ 7Q` 2p2`v b2i Q7 HQ+�H +QQ`/BM�i2bX J�i`B+2b mb2/ 7Q` i`B+m#B+
BMi2`TQH�iBQM �`2 /Bz2`2Mi- #mi i?2 T`BM+BTH2 `2K�BMb i?2 b�K2X

jy



9XkX 6BHi2`BM; �M/ 1M`B+?BM;

i?2 i`BHBM2�` K2i?Q/ `2[mB`2b +�H+mH�iBM; bBt BMi2`K2/B�i2 p�Hm2bX h?2 i`B@
HBM2�` K2i?Q/ �TT2�`b iQ #2 i?2 #2bi QTiBQM- #�H�M+BM; #Qi? T2`7Q`K�M+2
�M/ �++m`�+vX

h?2 /�i� T`QpB/2/ rBi? i?2 �bbB;MK2Mi Bb � `2;mH�`Hv b�KTH2/ /�i�b2iX h?2
b�KTHBM; Bb MQi mMB7Q`K BM 2�+? �tBb- i?2 bi2T BM x@ �M/ y@/B`2+iBQM Bb 1 �M/ BM
i?2 z@/B`2+iBQM Bi Bb −0.1X h?2 MmK#2` Q7 p�Hm2b BM i?2 /�i�b2i Bb 600 ·600 ·206X
h?2 bT22/ p�Hm2b �`2 BM/B+�i2/ BM KBHHBQMb Q7 K2i2`b T2` b2+QM/c i?2 TQbBiBQMb
BM KBHHBQMb Q7 K2i2`bX lMH2bb Bi Bb `2[mB`2/ iQ pBbm�HBx2 � bK�HH b2;K2Mi Q7 i?2
/�i�b2i- i?2 BMi2`TQH�iBQM rBHH KQbiHv i�F2 TH�+2 �KQM; K�Mv /Bz2`2Mi HQ+�H
+2HHbX h?mb- i?2 KQbi bmBi�#H2 K2i?Q/ rQmH/ #2 i?2 i`BHBM2�` BMi2`TQH�iBQMXRe

�//BiBQM�H :`B/ hvT2b amTTQ`i h?Bb i?2bBb T`BK�`BHv 7Q+mb2b QM `2;m@
H�`Hv �M/ mMB7Q`KHv b�KTH2/ /�i�X �//BiBQM�HHv- Bi KB;?i �HbQ #2 TQbbB#H2 iQ
2ti2M/ i?2 bmTTQ`i iQ Qi?2` ivT2b Q7 ;`B/bX h?2 mMbi`m+im`2/ ;`B/b `2[mB`2
� +QKTH2i2Hv /Bz2`2Mi �TT`Q�+?c i?2 K2i?Q/b K�MBTmH�iBM; bm+? /�i� r2`2
MQi BMi`Q/m+2/ �M/ `2�+? #2vQM/ i?2 b+QT2 Q7 i?Bb i?2bBbX qBi? i?2 BMi`Q@
/m+2/ K2i?Q/b- i?2 bmTTQ`i +�M #2 2�bBHv 2ti2M/2/ iQ `2+iBHBM2�` ;`B/b Q` �Mv
Qi?2` i?`22@/BK2MbBQM�H ;`B/b r?2`2 �HH Q7 i?2 �t2b �`2 T2`T2M/B+mH�` iQ 2�+?
Qi?2`X

9Xk 6BHi2`BM; �M/ 1M`B+?BM;
h?2 BMi2`M�H `2T`2b2Mi�iBQM Q7 i?2 /�i�b2i bmTTQ`ib � bT2+B}+ +H�bb Q7 ;`B/b
�M/ � 7�bi �M/ �++m`�i2 BMi2`TQH�iBQMX h?2 b2+QM/ bi�;2 Q7 i?2 pBbm�HBx�iBQM
TBT2HBM2 BMpQHp2b i`�Mb7Q`KBM; i?2 BKTQ`i2/ /�i�b2iX h?2 /�i�b2i i`�Mb7Q`@
K�iBQM H2�/b iQ }Hi2`BM; Qmi �HH Q7 i?2 BMbB;MB}+�Mi T�`ib �M/ ?B;?HB;?iBM;
BKTQ`i�Mi �`2�bX �//BiBQM�HHv- i?2 /�i� bi`m+im`2 Bb �/Dmbi2/ iQ ;m�`�Mi22
2�b2 Q7 mb2 BM i?2 7QHHQrBM; bi�;2b Q7 i?2 pBbm�HBx�iBQM TBT2HBM2X

9XkXR 6BHi2`BM;
6B`bi- Bi Bb M22/2/ iQ }Hi2` Qmi �HH i?2 BMbB;MB}+�Mi �`2�b �M/ `2+Q;MBx2 r?�i
b?QmH/ #2 H27i BM i?2 /�i�b2iX h?2 +`BiB+�H 7�+iQ`b �`2 QM+2 �;�BM i?2 T2`7Q`@
K�M+2 �M/ T?vbB+�H �++m`�+v Q7 i?2 QmiTmi /�i�b2iX h?2`2 �`2 irQ �TT`Q�+?2b,

�miQK�iB+ .2i2+iBQM h?2 }`bi QTiBQM Bb �M �miQK�iB+ `2+Q;MBiBQM Q7
i?2 +`BiB+�H T�`ib #�b2/ QM /�i�b2i �M�HvbBbX a2;K2MiBM; i?2 BKTQ`i�Mi
�`2�b #�b2/ QM +m`H Q` /Bp2`;2M+2 Bb TQbbB#H2X h?Bb T`Q+2/m`2 +QmH/ #2 7Q`
2t�KTH2 7QHHQr2/ #v }Hi2`BM; Qmi i?2 �`2�b rBi? HQr2` p2HQ+BiB2bX � bBKBH�`
2z2+i +�M #2 �+?B2p2/ #v �/QTiBM; i2+?MB[m2b Q7 ~Qr@;mB/2/ pBbm�HBx�iBQMX

ReAM +�b2 i?2 `2T2�i2/ BMi2`TQH�iBQM BMbB/2 � bBM;H2 +2HH Bb `2[mB`2/- i?2 i`BHBM2�` BMi2`TQH�@
iBQM rBHH T2`7Q`K i?2 b�K2 �b B7 Bi r�b BMi2`TQH�iBM; K�Mv iBK2b �KQM; /Bz2`2Mi +2HHbc i?mb
i?2 T2`7Q`K�M+2 b?QmH/ #2 bm{+B2MiX

jR



9X �M�HvbBb

h?2b2 i2+?MB[m2b K2MiBQM2/ BM b2+iBQM kXj :2QK2i`v a22/BM; i`v iQ B/2MiB7v
+`BiB+�H TQBMib BM i?2 p2+iQ` }2H/b rBi? KQ`2 bQT?BbiB+�i2/ K2i?Q/bX

J�Mm�H a2H2+iBQM h?2 b2+QM/- KQ`2 bi`�B;?i7Q`r�`/ �TT`Q�+? Bb iQ H2i
i?2 mb2` /2+B/2 r?B+? T�`ib b?QmH/ #2 }Hi2`2/ QmiX Ai Bb TQbbB#H2 iQ ?B;?HB;?i
i?2 bB;MB}+�Mi T�`ib #�b2/ QM i?2 T`QT2`iv `2T`2b2Mi2/ #v i?2 p2+iQ` }2H/
Bib2H7- 2X;X- ?B;?HB;?i i?2 �`2�b r?2`2 i?2 i2KT2`�im`2 Q` bT22/ `2�+?2b i?2
?B;?2bi p�Hm2bX h?Bb 2z2+i +�M #2 mM/2`biQQ/ �b pBbm�H }Hi2`BM; 2M�#H2/ #v
+Q``2+i K�TTBM; Q7 i?2 p�Hm2b QMiQ i?2 pBbm�H 2H2K2Mib BM i?2 i?B`/ bi2T Q7
i?2 pBbm�HBx�iBQM TBT2HBM2X Ai Bb �HbQ TQbbB#H2 iQ BMi`Q/m+2 i?2 +QM+2Ti Q7
i?`2b?QH/BM;- r?B+? Bb MQi bi`B+iHv �TTHB+�#H2 QMHv iQ i?2 K�Mm�H �TT`Q�+?X
h?`2b?QH/BM; �HHQrb iQ }Hi2` Qmi p�Hm2b #2HQr Q` �#Qp2 � T�`iB+mH�` p�Hm2X

_2HvBM; QM �M �miQK�i2/ T`Q+2bb iQ `2+Q;MBx2 bB;MB}+�Mi 2p2Mib Q` �`2�b
Bb [mBi2 +QKKQM- 2bT2+B�HHv B7 i?2 �KQmMi Q7 i?2 /�i� 2t+22/b � +QKT`2?2M@
bB#H2 [m�MiBivX h?2 }`bi K2i?Q/ `2HB2b QM �miQK�i2/ /2i2+iBQM Q7 i?2 +`BiB+�H
TQBMib BM i?2 /�i�b2iX h?2 b2+QM/ �TT`Q�+? miBHBx2b T`2bmK�#Hv r2�F2` iQQHb
bm+? �b i?`2b?QH/BM; �M/ `2HB2b K�BMHv QM i?2 i?B`/ bi2T Q7 i?2 pBbm�HBx�iBQM
TBT2HBM2 ě i?2 K�TTBM; bi2T ě iQ ?B;?HB;?i QMHv i?2 bB;MB}+�Mi �`2�bX

aBM+2 i?2 }`bi �TT`Q�+? miBHBx2b KQ`2 +QKTH2t }Hi2`BM; �H;Q`Bi?Kb- Bi +QmH/
#`BM; KQ`2 b�iBb7vBM; `2bmHib- �Hi?Qm;? i?2 K2i?Q/b mb2/ 7Q` ~Qr@;mB/2/ pB@
bm�HBx�iBQM �`2 QM+2 �;�BM #2vQM/ i?2 b+QT2 Q7 i?Bb i?2bBbX 6Q` bBKTHB+Biv- i?2
b2+QM/ �TT`Q�+? Bb +?Qb2M ?2`2X "�b2/ QM i?2 T`2pBQmb /2+BbBQM- i?2 �p�BH�#H2
iQQHb 7Q` /�i�b2i }Hi2`BM; �`2,

Ç i?`2b?QH/BM;
Ç K�Mm�H b2H2+iBQM Q7 � bm#b2i Q7 i?2 /�i�b2i
Ç pBbm�H }Hi2`BM; BM i?2 K�TTBM; bi�;2 Q7 i?2 TBT2HBM2

9XkXk 1M`B+?BM;
�b � T�`i Q7 i?2 2M`B+?K2Mi T`Q+2bb- � M2r /�i�b2i Bb ;2M2`�i2/ #v i`�Mb@
7Q`KBM; i?2 }Hi2`2/ /�i�X h?2 bi`m+im`2 Q7 i?2 2M`B+?2/ b2i b?QmH/ b�iBb7v i?2
7QHHQrBM; +QM/BiBQMb,

Ç 2�b2 Q7 mb2 BM i?2 7QHHQrBM; TBT2HBM2 bi�;2b
Ç #�H�M+BM; K2KQ`v �M/ T2`7Q`K�M+2 2{+B2M+v
Ç T?vbB+�H �++m`�+v

1�b2 Q7 mb2 h?2 }`bi +QM/BiBQM +�M #2 b�iBb}2/ #v /2i2`KBMBM; i?2 /�i�
`2[mB`2K2Mib Q7 i?2 BM/BpB/m�H pBbm�HBx�iBQM K2i?Q/bX AM i?2 B/2�H bi�i2- i?2
2M`B+?2/ /�i�b2i rQmH/ BM+Hm/2 QMHv i?2 /�i� `2[mB`2/ #v i?2 mb2/ pBbm�HBx�iBQM
K2i?Q/X

jk



9XkX 6BHi2`BM; �M/ 1M`B+?BM;

Subset

Data for Glyphs, Planes, and Isosurfaces

Data for Streamlines

Internal Representation
of the Dataset

Filtering

Enriching

6B;m`2 9R, AHHmbi`�iBQM Q7 i?2 }Hi2`BM; �M/ 2M`B+?K2Mi T`Q+2bb

:HvT?b :HvT?b- #Qi? p2+iQ` �M/ b+�H�`- `2[mB`2 p�Hm2b �M/ TQbBiBQMb Q7
i?2 pBbm�HBx2/ TQBMibX

ai`2�KHBM2b 1�+? bi`2�KHBM2 `2[mB`2b � HBbi Q7 +Q``2bTQM/BM; TQbBiBQMb-
p�Hm2b �M/ iBK2bi�KTbX

SH�M2b �M/ AbQbm`7�+2b SH�M2b �M/ BbQbm`7�+2b `2[mB`2 p�Hm2b �M/ TQbB@
iBQMbX

"�H�M+BM; 1{+B2M+v �M/ S?vbB+�H �++m`�+v Ai Bb M2+2bb�`v iQ /2+B/2
?Qr i?2 /�i� Bb ;QBM; iQ #2 Q#i�BM2/ �M/ biQ`2/X h?2`2 �`2 irQ bQHmiBQMb iQ
i?Bb T`Q#H2KX

RX h?2 }`bi �TT`Q�+? b2T�`�i2b i?2 +�H+mH�iBQM 7`QK i?2 biQ`2/ /�i�X AM
i2`Kb Q7 `2T`2b2Mi�iBQM- i?2 /�i� +�M #2 biQ`2/ BM i?2 7Q`K Q7 �``�vb Q7
~Q�iBM; TQBMi MmK#2`bX h?2 /�i� Bb Q#i�BM2/ 7`QK � bQm`+2- 2X;X- i?2
BMi2`TQH�iQ`X

kX h?2 b2+QM/ �TT`Q�+? /vM�KB+�HHv `2i`B2p2b i?2 bT2+B}+ p�Hm2 2p2`v iBK2
Bi Bb `2[m2bi2/X

h?2 /vM�KB+ `2T`2b2Mi�iBQMb 7Q` BM/BpB/m�H /�i� ivT2b �`2 i?2 7QHHQrBM;,

SQbBiBQMb h?2 `�M/QKHv b�KTH2/ TQBMib +�M #2 biQ`2/ BM i?2 7Q`K Q7
� Tb2m/Q@`�M/QK ;2M2`�iQ` rBi? � }t2/ b22/X _2;mH�` b�KTHBM; +�M #2
/2b+`B#2/ BM i2`Kb Q7 i?2 #QmM/�`B2b �M/ �+im�H b�KTHBM; p�Hm2b- 2M#HBM;
2�bv `2+QMbi`m+iBQMX

o�Hm2b h?2 p�Hm2b +�M #2 biQ`2/ �b i?2 BMi2`TQH�iQ` Bib2H7- /vM�KB+�HHv
T2`7Q`KBM; i?2 BMi2`TQH�iBQM 2p2`v iBK2 �Mv p�Hm2 Bb `2[m2bi2/X

hBK2b aiQ`BM; i?2 iBK2b rBi? � /vM�KB+ `2T`2b2Mi�iBQM K2�Mb i?2 bi`2�K@
HBM2 BMi2;`�iBQM rQmH/ ?�p2 iQ #2 T2`7Q`K2/ 2p2`v iBK2 � iBK2bi�KTb p�Hm2
Bb `2[m2bi2/X

jj



9X �M�HvbBb

A7 �TT`QT`B�i2Hv BKTH2K2Mi2/- � /vM�KB+ `2T`2b2Mi�iBQM Q7 p�Hm2b �M/ TQBMib
+QmH/ #2 i?2 bQHmiBQM 2M�#HBM; pBbm�HBx�iBQMb rBi? � K�bbBp2 MmK#2` Q7 pBbm�H
2H2K2MibX h?2 i`�/2@Qz Q7 K2KQ`v 2{+B2M+v- BM i?Bb +�b2- Bb i?2 +QKTmi�@
iBQM�H T2`7Q`K�M+2X �M �//BiBQM�H [m2biBQM Bb r?2i?2` � K2KQ`v 2{+B2Mi
`2T`2b2Mi�iBQM Bb M22/2/ �7i2` �HHX �b BHHmbi`�i2/ BM i?2 };m`2 9R- i?2 bi`m+im`2
Q7 /�i� 7Q` bi`2�KHBM2 pBbm�HBx�iBQM Bb /Bz2`2Mi 7`QK i?2 /�i� bi`m+im`2 mb2/
7Q` ;HvT?b- TH�M2b- �M/ BbQbm`7�+2b- i?2`27Q`2 Bi rBHH #2 i`2�i2/ �b � b2T�`�i2
+�b2X

.�i� 7Q` :HvT?b- SH�M2b- �M/ AbQbm`7�+2b Ai Bb HBF2Hv i?�i � pBbm�H@
Bx�iBQM +QMi�BMBM; � ?B;?2` MmK#2` Q7 ;HvT?b Q` ?m;2 BbQbm`7�+2b rBHH H�+F
+H�`BivXRd h?2 Qi?2` 7�+i Bb i?�i /�i� BM i?2 7Q`K Q7 �``�vb Q7 ~Q�iBM;
TQBMi MmK#2`b �`2 bBKTH2` iQ K�MBTmH�i2 �M/ i?mb T`272`2/ BM i?2 7QHHQr@
BM; bi�;2b Q7 i?2 pBbm�HBx�iBQM TBT2HBM2X h?2 T?vbB+�H �++m`�+v Q7 #Qi?
�TT`Q�+?2b Bb i?2 b�K2X *QMb2[m2MiHv- i?2 /�i� T`2T�`2/ 7Q` ;HvT? �M/
BbQbm`7�+2 pBbm�HBx�iBQM �`2 #2bi `2T`2b2Mi2/ �b �``�vb Q7 i?2 �+im�H p�Hm2b
�M/ TQBMibX

.�i� 7Q` ai`2�KHBM2b h`�Mb7Q`KBM; i?2 /�i�b2i 7Q` bi`2�KHBM2 pBbm�H@
Bx�iBQM BMpQHp2b 2p�Hm�iBM; i?2 BMi2;`�H UkXjV 7`QK b2+iBQM kXj ai`2�KHBM2b
�M/ ai`2�FHBM2b rBi? BMBiB�H p�Hm2b +Q``2bTQM/BM; iQ +?Qb2M b22/BM; TQBMibX
h?2 b22/BM; TQBMib �`2 Q#i�BM2/ /m`BM; i?2 }Hi2`BM; bi2TX �b r�b T`2@
b2Mi2/ BM i?2 b2+iBQM RX9 LmK2`B+�H J2i?Q/b 7Q` P.1b- i?2`2 �`2 b2p2`�H
BMi2;`�iBQM K2i?Q/b rBi? � p�`vBM; /2;`22 Q7 �++m`�+vX J2i?Q/b rBi?
?B;?2` �++m`�+v i�F2 KQ`2 BMi2`K2/B�i2 bi2Tb �M/ �`2 KQ`2 +QKTmi�iBQM@
�HHv 2tT2MbBp2X lbBM; HQr2` Q`/2` K2i?Q/b- i?2 b�K2 H2p2H Q7 �++m`�+v +�M
#2 �+?B2p2/ #v i�FBM; bK�HH2` BMi2;`�iBQM bi2Tb- r?B+? rBHH +QMb2[m2MiHv
H2�/ iQ ?B;?2` +QKTmi�iBQM�H +QbiX aBM+2 T?vbB+�H �++m`�+v Bb i?2 T`BQ`Biv-
Bi Bb bmBi�#H2 iQ mb2 � K2i?Q/ Q7 ?B;?2` Q`/2` iQ 2Mbm`2 i?2 `B;?i #�H�M+2
#2ir22M T2`7Q`K�M+2 �M/ �++m`�+vX
AMi2;`�iBQM T`Q/m+2b � HBbi Q7 TQbBiBQMb �M/ iBK2b KQ/2HBM; � T�`�K2i`B+
+m`p2X h?2 p�Hm2b Q7 i?2 p2+iQ` }2H/ �HQM; i?2 +m`p2 +�M #2 �//BiBQM�HHv
Q#i�BM2/ 7`QK i?2 BMi2`TQH�iQ`X h?2 mb2 Q7 i?2 BMi`Q/m+2/ /vM�KB+ `2T@
`2b2Mi�iBQM rQmH/ `2[mB`2 BMi2;`�iBM; i?2 bi`2�KHBM2 2p2`v iBK2 � TQbBiBQM
Q7 i?2 +m`p2 Bb `2[m2bi2/X aBM+2 i?2 BMi2;`�iBQM Bb � p2`v +QKTmi�iBQM�HHv
BMi2MbBp2 i�bF- Bi Bb KQ`2 2{+B2Mi iQ BMi2;`�i2 i?2 +m`p2 QM+2 �M/ biQ`2 i?2
p�Hm2b BM i?2 7Q`K Q7 ~Q�iBM; TQBMi �``�vbX

9Xj J�TTBM;
AM i?2 i?B`/ bi�;2- i?2 /�i� Bb K�TT2/ QMiQ � ;2QK2i`v Q7 b2H2+i2/ pBbm�HBx�iBQM
K2i?Q/bX h?2 +?QB+2 Q7 i?2 pBbm�HBx�iBQM K2i?Q/b �M/ i?2B` �ii`B#mi2b b?QmH/
#2 #�b2/ QM i?2 7QHHQrBM; +`Bi2`B�,

Rdh?mb- i?2 }Hi2`BM; Q7 i?2 /�i�b2i r�b T`Q#�#Hv MQi bm{+B2MiX
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9XjX J�TTBM;

K2i?Q/ 72�im`2b T`Qb +QMb

GBM2 :HvT?b

H2M;i?
/B`2+iBQM
+QHQ`
i`�MbT�`2M+v
i?B+FM2bb

bBKTH2 BKTH2K2Mi�iBQM /Q MQi +QMp2v /B`2+iBQM

*QM2 :HvT?b

H2M;i?
/B`2+iBQM
+QHQ`
i`�MbT�`2M+v
i?B+FM2bb
+QM2 #�b2 /BK2MbBQMb

+QMp2v /B`2+iBQM i�F2 mT KQ`2 bT�+2

�``Qr :HvT?b

H2M;i?
/B`2+iBQM
+QHQ`
i`�MbT�`2M+v
i?B+FM2bb
�``Qr /BK2MbBQMb

+QMp2v /B`2+iBQM i�F2 mT KQ`2 bT�+2-
+QKTHB+�i2/ ;2QK2i`v

ai`2�KHBM2b

H2M;i?
i`�D2+iQ`v
+QHQ`
i`�MbT�`2M+v
i?B+FM2bb

;QQ/ `2T`2b2Mi�iBQM Q7 i?2
~Qr +QKTHB+�i2/ ;2QK2i`v

SH�M2 am`7�+2b +QHQ`
i`�MbT�`2M+v bBKTH2 ;2QK2i`v �#H2 iQ +QMp2v QMHv QM2

�ii`B#mi2

AbQbm`7�+2b
TQbBiBQM
+QHQ`
i`�MbT�`2M+v

�#H2 iQ pBbm�HBx2 /�i� QM
MQM@TH�M�` ;2QK2i`v

i?2 pBbm�HBx�iBQM +QmH/ H�+F
+H�`Biv

h�#H2 9k, *QMbB/2`2/ pBbm�HBx�iBQM K2i?Q/b

Ç i?2 �#BHBiv Q7 i?2 K2i?Q/ iQ +QMp2v � `2[mB`2/ �ii`B#mi2 Q7 i?2 /�i�b2i
Ç +H�`Biv Q7 i?2 pBbm�HBx�iBQM

h?2 i�#H2 9k /Q+mK2Mib i?2 72�im`2b Q7 i?2 BM/BpB/m�H K2i?Q/bX h?2 �ii`B#mi2b
Q7 i?2 /�i�b2i iQ #2 `2T`2b2Mi2/ #v i?2 K2i?Q/b �`2,

Ç /B`2+iBQM Q7 i?2 p2+iQ`b
Ç K�;MBim/2 Q7 i?2 p2+iQ`b
Ç � iQTQHQ;B+�H +QMiBMmBiv Q7 i?2 p2+iQ` }2H/

h?2 i�#H2 9j T`2b2Mib TQbbB#H2 K�TTBM; #2ir22M i?2 /�i� �ii`B#mi2b �M/
72�im`2b Q7 i?2 K2i?Q/bX h?2 7QHHQrBM; bi2T Bb iQ /2i2`KBM2 r?B+? K2i?Q/b
`2T`2b2Mi BM/BpB/m�H �ii`B#mi2b i?2 #2biX

j8



9X �M�HvbBb

K2i?Q/b /B`2+iBQM K�;MBim/2 iQTQHQ;B+�H +QMiBMmBiv

GBM2 :HvT?b `Qi�iBQM H2M;i?
+QHQ`
i`�MbT�`2M+v
i?B+F2Mbb

;`QmTb +�M +`2�i2 �M 2z2+i Q7 +QMiBMmQmb ~Qr

*QM2 �M/ �``Qr :HvT?b /B`2+iBQM

ai`2�KHBM2b i`�D2+iQ`v
+QHQ`
i`�MbT�`2M+v
i?B+F2bb

;2QK2i`v Q7 i?2 bi`2�KHBM2 M�iBp2Hv
`2T`2b2Mib i?2 ~Qr Q7 i?2 p2+iQ` }2H/

SH�M2 am`7�+2b Ĝ +QHQ`
i`�MbT�`2M+v Ĝ

AbQbm`7�+2b Ĝ
TQbBiBQM
+QHQ`
i`�MbT�`2M+v

Ĝ

h�#H2 9j, J�TTBM; K2i?Q/ 72�im`2b iQ /�i� �ii`B#mi2b

9XjXR .B`2+iBQM
h?Bb b2+iBQM /Bb+mbb2b TQbbB#H2 `2T`2b2Mi�iBQMb Q7 i?2 /B`2+iBQM �ii`B#mi2X h?2
;Q�H Bb iQ /2i2`KBM2 i?2 KQbi bmBi�#H2 pBbm�HBx�iBQM K2i?Q/bX h?2 i�#H2 98
bmKb mT i?2 `2bmHib Q7 i?2 7QHHQrBM; �M�HvbBbX

:HvT?b :HvT?b T`Q/m+2 i?2 KQbi bi`�B;?i7Q`r�`/ pBbm�HBx�iBQM Q7 /B`2+@
iBQM �i bT2+B}+ TQBMibX q?2M Bi Bb /B{+mHi iQ pBbm�HHv BMi2`TQH�i2 #2ir22M
M2B;?#Q`BM; ;HvT?b- i?2 bBim�iBQM +�M #2 bQHp2/ rBi? i?2 7QHHQrBM; K2i?@
Q/b,

Ç `�M/QK /Bbi`B#miBQM
Ç bm#b�KTHBM; i?2 `2;mH�` ;`B/

am#b�KTHBM; i?2 `2;mH�` ;`B/ `2/m+2b i?2 bT�+2 �HHQ+�i2/ 7Q` 2�+? ;HvT?X
A7 i?2 p2+iQ` }2H/ Bb MQi p2`v im`#mH2Mi- Bi KB;?i #2 TQbbB#H2 iQ }M/ i?2
br22i bTQi Q7 b�KTHBM; rBi?Qmi K�FBM; i?2 ;HvT?b iQQ bK�HHX lMHBF2 HBM2
;HvT?b- �``Qr Q` +QM2 ;HvT?b +�M +QMp2v bB;M2/ /B`2+iBQMX h?2 /`�r#�+F
Bb i?�i i?2v #Qi? i�F2 mT KQ`2 bT�+2- �M/ �``Qr ;HvT?b ?�p2 � KQ`2
+QKTH2t ;2QK2i`vX aBM+2 HBM2 ;HvT?b i�F2 mT H2bb bT�+2- i?2 �HHQ+�i2/ �`2�
7Q` BM/BpB/m�H ;HvT?b +�M �HbQ #2 `2/m+2/X GBM2 ;HvT?b �`2 KQ`2 bmBi�#H2
7Q` bBim�iBQMb BM r?B+? � /2Mb2` b�KTHBM; Bb `2[mB`2/X

ai`2�KHBM2b ai`2�KHBM2b mb2 i?2B` i`�D2+iQ`v iQ `2T`2b2Mi i?2 /B`2+iBQMX
h?2 bi`2�KHBM2 pBbm�HBx�iBQM +�M #2 �/Dmbi2/ #v KQ/B7vBM; i?2 b22/BM;
TQBMib �M/ +?�M;BM; i?2 H2M;i? Q7 i?2 +m`p2bX �b r�b BMi`Q/m+2/ BM b2+iBQM
kXj :2QK2i`v a22/BM;- i?2`2 �`2 i?`22 TQbbB#H2 b22/BM;b,

je



9XjX J�TTBM;

Ç `2;mH�` b22/BM;
Ç `�M/QK b22/BM;
Ç KQ`2 bQT?BbiB+�i2/ b22/BM; T`Q/m+2/ #v ~Qr@;mB/2/ K2i?Q/b

h?2 +`Bi2`B� T`2b2Mi2/ BM b2+iBQM kXj :2QK2i`v a22/BM; �`2 MQi b�iBb}2/
r?2M � `2;mH�` b22/BM; Bb mb2/X h?2 T`Q#H2K Bb i?�i HQM;2` bi`2�KHBM2b
+Qp2` QMHv i?2 �`2�b +QMM2+i2/ iQ i?2 b22/BM; TQBMib �M/ i?2 `2;mH�` b22/@
BM; /Q2b MQi i�F2 BMiQ �++QmMi i?2 7mim`2 i`�D2+iQ`v Q7 i?2 bi`2�KHBM2bX
�HbQ- i?2 H2M;i? Q7 i?2 bi`2�KHBM2b +QMi`B#mi2b iQ i?2 T`Q#H2KX GQM;2`
bi`2�KHBM2b i2M/ iQ +QK2 iQ;2i?2` BM +QMp2`;2Mi �`2�b �M/ +QMiBMm2 rBi?
i?2 b�K2 i`�D2+iQ`vX a?Q`i2` bi`2�KHBM2b /Q MQi +Qp2` Km+? bT�+2c ?Qr@
2p2`- i?2v KB;?i T`Q/m+2 � KQ`2 mMB7Q`KHv /Bbi`B#mi2/ pBbm�HBx�iBQMX
_�M/QK b�KTHBM; KB;?i T2`7Q`K #2ii2` i?�M i?2 `2;mH�` b�KTHBM;X h?2
K2i?Q/b Q7 ~Qr@;mB/2/ pBbm�HBx�iBQM Qz2` � KQ`2 ;2M2`�H bQHmiBQM iQ i?Bb
T`Q#H2KX � bB;MB}+�Mi /`�r#�+F Bb i?�i BKTH2K2MiBM; i?2b2 K2i?Q/b
rQmH/ `2[mB`2 KQ`2 BM@/2Ti? �M�HvbBbX

SH�M2 am`7�+2b �M/ AbQbm`7�+2b � K2i?Q/ �HHQrBM; /B`2+iBQM 2M+Q/@
BM; rBi? +QHQ` r�b T`2b2Mi2/ BM b2+iBQM kX8 *QHQ`c ?Qr2p2`- i?2 T`2b2Mi2/
K2i?Q/ Bb `�`2Hv mb2/X AbQbm`7�+2b rQ`F #2ii2` rBi? b+�H�` pBbm�HBx�iBQMc
i?2v �`2 MQi bmBi�#H2 7Q` T`2b2MiBM; � p2+iQ` [m�MiBiv- bm+? �b /B`2+iBQMX

9XjXk J�;MBim/2
h?2 ;Q�H Bb iQ }M/ i?2 KQbi bmBi�#H2 72�im`2b 7Q` pBbm�HBxBM; i?2 p2+iQ` K�;@
MBim/2X J�;MBim/2 Bb �HbQ i?2 �ii`B#mi2 r?B+? rBHH #2 T`272`�#Hv mb2/ 7Q` i?2
pBbm�H }Hi2`BM;- �b r�b /Bb+mbb2/ BM b2+iBQM 9XkXR 6BHi2`BM;X h?2 �`2�b �`2 ;QBM;
iQ #2 ?B;?HB;?i2/ #�b2/ QM i?2 K�;MBim/2 Q7 i?2 +QMi�BM2/ p2+iQ`bX h?2 i�#H2
98 +QMi�BMb � b+Q`2 7Q` 2p2`v K2i?Q/ #�b2/ QM i?2 7QHHQrBM; �M�HvbBbX

:HvT?b h?2 K�;MBim/2 Bb Q7i2M pBbm�HBx2/ rBi? i?2 i?B+FM2bb Q` Qp2`�HH
bBx2 Q7 i?2 ;HvT?X �Hi2`M�iBp2Hv- �HH Q7 i?2 ;HvT?b �`2 b2i iQ #2 i?2 b�K2 bBx2-
�M/ +QHQ` K�TTBM; Bb mb2/XR3 h?2 `2bBxBM; 2M�#H2b pBbm�H }Hi2`BM;X PM i?2
Qi?2` ?�M/- mbBM; +QHQ` K�TTBM; rBi?Qmi `2bBxBM; T`Q/m+2b +H2�`2` BK�;2bX
*QK#BMBM; #Qi? �TT`Q�+?2b Bb TQbbB#H2X �M �//BiBQM�H T`Q#H2K �TT2�`b
r?2M i?2 i?2 �`2� Q7 BMi2`2bi +QMi�BMb ?B;? +QMi`�bi p�Hm2bX "2+�mb2 Q7
i?2 pBbm�H }Hi2`BM; 2z2+i- i?2 p�Hm2b �i QM2 Q7 i?2 2M/b Q7 i?2 bT2+i`mK
�`2 ;QBM; iQ #2+QK2 mM`2�/�#H2X h?Bb T`Q#H2K +�M #2 bQHp2/ #v BMp2`iBM;
i?2 bBx2 `mH2- ?B;?HB;?iBM; i?2 `2;BQMb rBi? i?2 p�Hm2b �i i?2 QTTQbBi2 2M/
Q7 i?2 bT2+i`mKX *QHQ` +Q/BM; b?QmH/ �HbQ #2 BMp2`iB#H2X h?2 �M�HvbBb Q7
bmBi�#H2 +QHQ`K�Tb Bb BM � b2T�`�i2 b2+iBQMX

R3h`�MbT�`2M+v +�M #2 mb2/ �b � b2T�`�i2 72�im`2- �Hi?Qm;?- Bi +�M #2 mM/2`biQQ/
�b � +QKTQM2Mi Q7 i?2 +QHQ`X

jd



9X �M�HvbBb

ai`2�KHBM2b ai`2�KHBM2bǶ +QHQ` +�M #2 mb2/ iQ +QMp2v i?2 p2+iQ` K�;MB@
im/2X �Hi2`M�iBp2 72�im`2 rBi? i?2 �#BHBiv iQ 2M+Q/2 i?2 K�;MBim/2 Bb i?B+F@
M2bbc ?Qr2p2`- BMi`Q/m+BM; i?2 bi`2�KHBM2bǶ i?B+FM2bb �b �M �//BiBQM�H 72�@
im`2 rQmH/ +�mb2 +Hmii2` bBM+2 bi`2�KHBM2b �H`2�/v i�F2 mT � HQi Q7 bT�+2X

SH�M2 am`7�+2b �M/ AbQbm`7�+2b SH�M2 bm`7�+2b mbm�HHv mb2 +QHQ` iQ 2M@
+Q/2 i?2 p2+iQ` K�;MBim/2 �M/ i?�MFb iQ i?2 bBKTHB+Biv Q7 i?2 ;2QK2i`v-
i?2 pBbm�HBx�iBQM mbm�HHv rQ`Fb [mBi2 r2HHX h?2 QMHv /QrMbB/2 Bb i?�i i?2
pBbm�HBx�iBQM Bb HBKBi2/ iQ i?2 �`2� Q7 i?2 TH�M2XRN AbQbm`7�+2b +�M `2T`2b2Mi
i?2 K�;MBim/2 rBi? i?2B` ;2QK2i`v ě i?2 bm`7�+2 H2�/b i?`Qm;? TQbBiBQMb
rBi? i?2 b�K2 K�;MBim/2X >Qr2p2`- +QMbi`m+iBM; i?2b2 bm`7�+2b `2[mB`2b
�H;Q`Bi?Kb r?B+? r2`2 MQi BMi`Q/m+2/ BM i?Bb i?2bBbX 6Q` bBKTHB+Biv- QMHv
i?2 +QHQ` K�TTBM; rBHH #2 mb2/X

.2bB;MBM; � *QHQ`K�T � b2i Q7 T`BM+BTH2b 7Q` /2bB;MBM; � +QHQ`K�T r2`2
BMi`Q/m+2/ BM i?2 b2+iBQM kX8 S`BM+BTH2b Q7 .2bB;MBM; � *QHQ`K�TX �HbQ- i?2
7QHHQrBM; 2z2+ib M22/ iQ #2 +QMbB/2`2/,

Ç q�`K2` +QHQ`b �ii`�+i KQ`2 �ii2MiBQM i?�M +QQH2` iQM2bX

Ç h?2 T2`+2Bp2/ HmKBM�M+2 Q7 irQ +QHQ`b +�M /Bz2` /2bTBi2 i?2K ?�pBM; i?2
b�K2 HmKBM�M+2 p�Hm2 BM i?2 >ao +QHQ` KQ/2HX "2+�mb2 Q7 i?Bb 2z2+i-
mb2`b +�M #2 KQ`2 �ii`�+i2/ iQ bQK2 Q7 i?2 +QHQ`b Qp2` i?2 Qi?2`bX

Ç h?2`2 �`2 b2p2`�H r2HH@FMQrM +QHQ`K�Tb- 2X;X- `�BM#Qr K�T- Q` ?2�i K�T-
r?B+? �`2 KQ`2 bmBi�#H2 7Q` +2`i�BM ivT2b Q7 +QMi2tiX

6B;m`2 kd BM b2+iBQM kX8 *QHQ` BHHmbi`�i2b bBt r2HH@FMQrM +QHQ`K�TbX h?2 KQbi
+QKKQM �+iBQMb BMpQHp2 ?B;?HB;?iBM; i?2 /Bbi`B#miBQM Q7 i?2 p2HQ+BiB2b �M/
HQ+�iBM; i?2 �`2�b +QMi�BMBM; 2ti`2K2 p�Hm2bX

h?2 i�#H2 99 +QMi�BMb i?2 2p�Hm�iBQM Q7 i?2 T`2b2Mi2/ +QHQ`K�Tb #�b2/ QM
i?2 +`Bi2`B� BMi`Q/m+2/ BM kX8 S`BM+BTH2b Q7 .2bB;MBM; � *QHQ`K�TX �++Q`/BM;
iQ 2p2`v +`Bi2`BQM- i?2 K2i?Q/b �`2 Q`/2`2/ 7`QK rQ`bi iQ #2biX "�b2/ QM i?2
`2bmHib Q7 i?2 2p�Hm�iBQM- Bi Bb T`272`�#H2 iQ BKTH2K2Mi K�Tb bm+? �b /Bp2`;BM;
Q` ?2�i +QHQ`K�TX aBM+2 i?2 }M�H b+Q`2b Q7 �HH ?m2@#�b2/ K�Tb r2`2 [mBi2 +HQb2-
Bi Bb /2bB`�#H2 iQ /2p2HQT � iQQH �HHQrBM; K�Mm�H +QMbi`m+iBQM Q7 �Mv ?m2@#�b2/
+QHQ`K�TX

9XjXj hQTQHQ;B+�H *QMiBMmBiv
hQTQHQ;B+�H +QMiBMmBiv Q7 i?2 p2+iQ` }2H/ Bb � T`QT2`iv `2H�i2/ iQ T2`+2BpBM; i?2
p2+iQ` }2H/ �b � r?QH2X h?2 pBbm�HBx�iBQM `2p2�Hb i?2 ?B//2M bi`m+im`2 Q7 i?2

RNh?2 ?B;? b+Q`2 BM i?2 i�#H2 98 Q7 TH�M2 bm`7�+2b /Q2b MQi `2~2+i i?2 7�+i i?�i i?2
pBbm�HBx�iBQM Bb HBKBi2/ QMHv iQ � bBM;H2 TH�M2X
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+QHQ`K�T `2�/BM; p�Hm2b Q`/2`BM; /Bz2`2M+2 HQ+�iBM; �`2�b `�i2 Q7 +?�M;2 ∑
↑

_�BM#Qr 9 R k k k RR
:`�vb+�H2 R k R R R e
hrQ@?m2 R j k k R N
>2�i k j k j k Rk
.Bp2`;BM; j 9 j j R R9

h�#H2 99, 1p�Hm�iBQM Q7 +QHQ`K�T /2bB;Mb

K2i?Q/ /B`2+iBQM b+Q`2 K�;MBim/2 b+Q`2 iQTQHQ;B+�H +QMiBMmBiv b+Q`2 ∑
↑

GBM2 :HvT?b R k k 8
*QM2 :HvT?b k k R 8
�``Qr :HvT?b R k R 9
ai`2�KHBM2b k R j e
SH�M2 am`7�+2b k j y j
AbQbm`7�+2b k R y R

h�#H2 98, S`2bmK2/ mb�#BHBiv b+Q`2 Q7 K2i?Q/b 7Q` pBbm�HBxBM; BM/BpB/m�H �i@
i`B#mi2bX

~Qr BMbB/2 Q7 i?2 /�i�b2i- �M/ i?2 pBbm�HBx�iBQM K2i?Q/b ?�p2 iQ +�Tim`2 i?Bb
bi`m+im`2X �++Q`/BM; iQ i?2 i�#H2 9j- QMHv ;HvT?b �M/ bi`2�KHBM2b ?�p2 /2;`22b
Q7 7`22/QK rBi? i?2 �#BHBiv iQ pBbm�HBx2 BiX h?2 i�#H2 98 �bb2bb2b i?2 �#BHBiv
Q7 i?2 K2i?Q/b iQ +QMp2v i?2 iQTQHQ;B+�H +QMiBMmBiv #�b2/ QM i?2 7QHHQrBM;
�M�HvbBbX

:HvT?b h?2 ~Qr bi`m+im`2b +�M 2K2`;2 7`QK � pBbm�HBx�iBQM +QMi�BMBM;
� ?B;?2` MmK#2` Q7 ;HvT?bX h?Bb 2z2+i `2H�i2b iQ i?2 /Bb+mbbBQM �#Qmi
/B`2+iBQMX oBbm�HBx�iBQM rBi? KQ`2 ;HvT?b ;2M2`�HHv i2M/b iQ +QMi�BM b2+@
iBQMb r?2`2 �HH 2H2K2Mib TQBMi BM i?2 b�K2 /B`2+iBQMX >Qr2p2`- �b r�b
T`2b2Mi2/- /2Mb2` ;`B/b �HbQ `2/m+2 i?2 bT�+2 �HHQ+�i2/ 7Q` 2�+? ;HvT?X A7
i?2 pBbm�HBx�iBQM Q7 iQTQHQ;B+�H +QMiBMmBiv Bb i?2 T`BK�`v ;Q�H- Bi Bb QM+2
�;�BM �/pBb�#H2 iQ mb2 HBM2 ;HvT?b r?B+? M22/ H2bb bT�+2X

ai`2�KHBM2b ai`2�KHBM2b #v /2}MBiBQM 7QHHQr i?2 ~Qr Q7 i?2 p2+iQ` }2H/X
h?2`2 �`2 irQ /`�r#�+Fb- i?2 QM2 `2;�`/BM; +Qp2`�;2 r�b �H`2�/v /Bb+mbb2/
BM b2+iBQM 9XjXR .B`2+iBQMX h?2 Qi?2` QM2 Bb +QKTmi�iBQM�H +QKTH2tBivX
L2p2`i?2H2bb- i?2 bi`2�KHBM2b �`2 i?2 KQbi TQr2`7mH iQQH 7Q` pBbm�HBxBM;
i?2 iQTQHQ;B+�H +QMiBMmBivX
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9X �M�HvbBb

9XjX9 amKK�`v
h?2 i�#H2 98 +QMi�BMb i?2 }M�H mb�#BHBiv b+Q`2 7Q` 2�+? K2i?Q/X h?2 b+Q`2 +�M
#2 BMi2`T`2i2/ �b �M BM/B+�iQ` Q7 ?Qr mMBp2`b�H 2�+? K2i?Q/ BbX JQbi Q7 i?2
`2bmHib bi�v BM i?2 `�M;2 9ĜeX h?2 bBKBH�`Biv Q7 i?2 }M�H b+Q`2b /2MQi2b i?�i
2�+? Q7 i?2 �ii`B#mi2b Bb #2bi +QMp2v2/ #v � /Bz2`2Mi K2i?Q/X Ai Bb /2bB`�#H2
iQ BKTH2K2Mi i?2 K2i?Q/b r?B+? b+Q`2/ i?2 ?B;?2bi �KQmMi Q7 TQBMib 7Q`
BM/BpB/m�H �ii`B#mi2bX "�b2/ QM i?Bb +`Bi2`BQM- i?2 b2H2+i2/ K2i?Q/b �`2 +QM2
�M/ HBM2 ;HvT?b- TH�M2 bm`7�+2b- �M/ bi`2�KHBM2bX

9X9 _2M/2`BM;
h?2 ;Q�H Bb iQ /2p2HQT � `2M/2`BM; T�`i Q7 i?2 �TTHB+�iBQM- r?B+? rBHH `mM BM i?2
a�:1k 2MpB`QMK2Mi �M/ rBHH bmTTQ`i /2Ti? `2M/2`BM;X h?2 `2M/2`2` b?QmH/
T`Q/m+2 BK�;2b rBi? bm{+B2Mi +H�`BivX �//BiBQM�HHv- i?2 `2M/2`2` b?QmH/ bmT@
TQ`i i?2 7QHHQrBM; �+iBQMb,

Ç pB2rTQ`i K�MBTmH�iBQM- BM+Hm/BM; b+�HBM;- `Qi�iBQM- +?�M;BM; i?2 pB2r@
TQ`i bBx2

Ç KBMQ` �/DmbiK2Mib Q7 i?2 ;2QK2i`v- 2X;X- +?�M;BM; i?2 i?B+FM2bb Q7 pBbm�H
2H2K2Mib- �/DmbiBM; i?2 H2M;i? Q7 bi`2�KHBM2b

Ç b�pBM; `2M/2`2/ BK�;2b
Ç ;2M2`�iBM; � /2Ti? K�T 7Q` � j. KQMBiQ`

h?2 mM/2`HvBM; i2+?MQHQ;v �M/ i?2 Qp2`�HH �TTHB+�iBQM �`+?Bi2+im`2 /B+i�i2
i?2 bi`m+im`2 Q7 i?2 `2M/2`2`X �b r�b BMi`Q/m+2/ BM b2+iBQM j h2+?QMQHQ;v-
i?2`2 �`2 i?`22 /BbiBM+i �TT`Q�+?2b iQ BKTH2K2MiBM; i?2 �TTHB+�iBQM ě mbBM;
�M 2tBbiBM; 7`�K2rQ`F UohEV- +QKTmi�iBQM�H bQ7ir�`2 UJ�i?2K�iB+�V- �M/
+`2�iBM; � +mbiQK �TTHB+�iBQM rBi?Qmi �Mv pBbm�HBx�iBQM 7`�K2rQ`F Ua+BSv
Y q2#:GVX h?2 i�#H2 9e �bb2bb2bky �HH i?`22 �TT`Q�+?2b �++Q`/BM; iQ i?2
7QHHQrBM; +`Bi2`B�,

.Q+mK2Mi�iBQM h?2 b+Q`2 `2~2+ib i?2 [m�HBiv- +QKTH2i2M2bb- �M/ +H�`Biv
Q7 i?2 /Q+mK2Mi�iBQMX "QMmb TQBMib �`2 �r�`/2/ 7Q` bi2T@#v@bi2T 2t�K@
TH2bX

G2�`M�#BHBiv h?2 b+Q`2 BM/B+�i2b ?Qr bi`�B;?i7Q`r�`/ �+?B2pBM; i�bFb
Bb �M/ `2~2+ib i?2 bi22TM2bb Q7 i?2 H2�`MBM; +m`p2X

GB+2MbBM; _2~2+ib r?2i?2` i?2 bQ7ir�`2 mb2b QT2M bQm`+2 HB+2Mb2 UT`272`@
�#H2VX

*QKKmMBiv SQBMib �`2 �r�`/2/ #�b2/ QM i?2 2ti2Mi Q7 i?2 2tBbiBM;
+QKKmMBivX h?2 +QKKmMBiv Bb 2p�Hm�i2/ #�b2/ QM �p�BH�#H2 2t�KTH2b �M/
bmTTQ`i QM i?2 BMi2`M2iX

kyh?2 b2H2+iBQM Q7 i?2 �bb2bK2Mi +`Bi2`B� Bb BMbTB`2/ #v (jk)X
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9X9X _2M/2`BM;

+`Bi2`BQM ohE J�i?2K�iB+� a+BSv Y q2#:G

.Q+mK2Mi�iBQM R k k
G2�`M�#BHBiv R R R
GB+2MbBM; R y R
*QKKmMBiv R R k
�++2bbB#BHBiv R y R
SQ`i�#BHBiv k R k
1ti2M/�#BHBiv R k k
amTTQ`i2/ 7Q`K�ib R R y
.2p2HQTK2Mi +QKTH2tBiv k j R
6�KBHB�`Biv y R k
∑
↑ RR Rk R9

h�#H2 9e, �bb2bbK2Mi Q7 BKTH2K2Mi�iBQM QTiBQMb

�++2bbB#BHBiv hQ r?�i 2ti2Mi Bb i?2 bQ7ir�`2 7`22Hv �p�BH�#H2- �`2 i?2`2
#BM�`v /Bbi`B#miBQMb �p�BH�#H2 Q` Bb i?2 bQm`+2 +Q/2 �p�BH�#H2\

SQ`i�#BHBiv *�M i?2 �TTHB+�iBQM #2 `mM QM GBMmt- qBM/Qrb- K�+Pa �M/
Bb Bi TQbbB#H2 iQ /2p2HQT �M �TTHB+�iBQM 7Q` a�:1k 2MpB`QMK2Mi\

1ti2M/�#BHBiv >Qr 2�bBHv +�M i?2 2tBbiBM; bQ7ir�`2 #2 2ti2M/2/ rBi? �/@
/BiBQM�H T�`ib\ Ab Bi TQbbB#H2 iQ BKTH2K2Mi �//BiBQM�H pBbm�HBx�iBQM K2i?@
Q/b\

amTTQ`i2/ 7Q`K�ib >Qr p�bi Bb i?2 `�M;2 Q7 7Q`K�ib M�iBp2Hv bmTTQ`i2/
#v i?2 bQ7ir�`2\ >Qr 2�bv Bb Bi iQ /2p2HQT � THm;BM 2M�#HBM; BKTQ`i Q7
�//BiBQM�H 7Q`K�ib\

.2p2HQTK2Mi +QKTH2tBiv q?�i Bb i?2 Qp2`�HH +QKTH2tBiv Q7 /2p2HQTBM;
i?2 �TTHB+�iBQM mbBM; i?2 +?Qb2M bQ7ir�`2\

6�KBHB�`Biv _2~2+ib ?Qr 7�KBHB�` i?2 �mi?Q` Q7 i?Bb i?2bBb Bb rBi? i?2
b2H2+i2/ i2+?MQHQ;vX

h?2 }M�H `2bmHib �`2 +HQb2- KQbi Q7 i?2 /Bz2`2M+2b #�H�M+2 Qmi �M/ i?2
/2+BbBp2 7�+iQ` KB;?i #mi Dmbi i?2 H�bi +`Bi2`BQM ě i?2 7�KBHB�`BivX >Qr2p2`-
rBi?Qmi i?2 H�bi 7�+iQ`- i?2 +QK#BM2/ b+Q`2 biBHH TQBMib iQ i?2 i?B`/ QTiBQM
ě /2p2HQTBM; i?2 �TTHB+�iBQM rBi?Qmi �M mM/2`HvBM; pBbm�HBx�iBQM 7`�K2rQ`FX
h?2 QMHv K�DQ` /QrMbB/2 Q7 i?Bb �TT`Q�+? Bb i?2 /2p2HQTK2Mi +QKTH2tBivX
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9X �M�HvbBb

+ F1 - Dataset Visualization
+ F2 - Support for Different Visualization Methods
+ F3 - Allow Visualization of Individual Components
+ F4 - 3D Data Slice Visualization
+ F5 - Support for Viewport Manipulations 

Functional Requirements

U�V 6mM+iBQM�H `2[mB`2K2Mib

+ N1 - Portability between OS/SAGE2 Enviroment
+ N2 - English Documentation
+ N3 - Good Rendering and Computing Performance

Non-functional Requirements

U#V LQM@7mM+iBQM�H `2[mB`2K2Mib

6B;m`2 9k, _2[mB`2K2Mib KQ/2H

9X8 amKK�`v
h?2 /�i�b2i Bb HQ�/2/ BMiQ �M BMi2`M�H `2T`2b2Mi�iBQMX h?2 BMi2`M�H `2T`2@
b2Mi�iBQM ?�b iQ �HHQr � 7�bi BMi2`TQH�iBQM mbBM; i?2 i`BHBM2�` K2i?Q/X h?2
bmTTQ`i2/ ivT2 Q7 ;`B/ Bb T`BK�`BHv i?2 `2;mH�` ;`B/c M2p2`i?2H2bb- i?2 bmTTQ`i
+�M #2 2ti2M/2/ iQ Qi?2` ivT2b Q7 ;`B/b- r?2`2 i?2 mb2 Q7 i`BHBM2�` BMi2`TQH�iBQM
Bb TQbbB#H2X *?Qb2M }Hi2`BM; i2+?MB[m2b BM+Hm/2 i?`2b?QH/BM;- K�Mm�H b2H2+iBQM
Q7 � bm#b2i Q7 i?2 /�i�b2i �M/ K�BMHv pBbm�H }Hi2`BM; BM i?2 K�TTBM; bi�;2
Q7 i?2 TBT2HBM2X h?2 2M`B+?BM; T`Q+2bb BMpQHp2b i`�Mb7Q`KBM; i?2 /�i�b2i BMiQ
� 7Q`K�i bmBi�#H2 7Q` i?2 b2H2+i2/ pBbm�HBx�iBQM K2i?Q/XkR 1�+? K2i?Q/ `2@
[mB`2b /Bz2`2Mi /�i� BMTmibX h?2 T?vbB+�H �++m`�+v �M/ T2`7Q`K�M+2 Q7 ;HvT?
�M/ bm`7�+2 K2i?Q/b �`2 ;Bp2M #v i?2 mb2/ BMi2`TQH�iBQM K2i?Q/X h?2 bi`2�K@
HBM2 K2i?Q/ `2[mB`2b BMi2;`�iBQM- r?B+? Bb T2`7Q`K2/ #v ?B;?2` Q`/2` MmK2`B+
BMi2;`�iBQM K2i?Q/bX h?2 bm#ivT2b Q7 BM/BpB/m�H pBbm�HBx�iBQM K2i?Q/b +?Qb2M
7Q` BKTH2K2Mi�iBQM �`2 +QM2 �M/ HBM2 ;HvT?b- TH�M2 bm`7�+2b- �M/ bi`2�KHBM2bX
Ai Bb `2+QKK2M/2/ i?�i i?2 �TTHB+�iBQM 2M�#H2b +`2�iBM; p�`BQmb ?m2@#�b2/
+QHQ`K�TbX h?2 T`272``2/ /2bB;M Q7 i?2 `2M/2`2` mb2b QMHv q2#:G �b i?2 mM@
/2`HvBM; HB#`�`v- �M/ i?2 +QKTmi�iBQM�H T�`i Q7 i?2 �TTHB+�iBQM miBHBx2b a+BSv
KQ/mH2b 7Q` T2`7Q`KBM; +�H+mH�iBQMbX

9Xe 6mM+iBQM�H �M/ LQM@7mM+iBQM�H _2[mB`2K2Mib
6mM+iBQM�H `2[mB`2K2Mib i�`;2i i?2 pBbm�HBx�iBQM +�T�#BHBiB2b Q7 i?2 �TTHB+�@
iBQMX h?2 `2[mB`2K2Mib Q`/2`2/ 7`QK i?2 KQbi ;2M2`�H iQ i?2 KQ`2 /2i�BH2/
BM+Hm/2 /�i�b2i pBbm�HBx�iBQM- bmTTQ`i 7Q` /Bz2`2Mi pBbm�HBx�iBQM K2i?Q/b- 2M@
�#HBM; pBbm�HBx�iBQM Q7 BM/BpB/m�H +QKTQM2Mib- 2M�#HBM; pBbm�HBx�iBQM Q7 � j.
bHB+2- �M/ bmTTQ`i 7Q` pB2rTQ`i K�MBTmH�iBQMbX

.�i�b2i oBbm�HBx�iBQM h?2 �TTHB+�iBQM rBHH T`QpB/2 iQQHb 7Q` pBbm�HBxBM;
� /�i�b2iX h?2 /�i�b2i rBHH ?�p2 � bT2+B}+ 7Q`K�i- �M/ i?2 �TTHB+�iBQM rBHH
#2 +�T�#H2 Q7 T`Q/m+BM; � `2M/2`BM; Q7 i?2 /�i�b2i pBbm�HBx�iBQMX

kR"�b2/ QM i?2 +?Qb2M HB#`�`B2b- i?2 mb2/ BMi2;`�iBQM K2i?Q/ Bb i?2 .Q`K�M/ĜS`BM+2
K2i?Q/ 7`QK RX9 _mM;2@Emii� J2i?Q/X

9k



9XdX lb2 *�b2b

amTTQ`i 7Q` .Bz2`2Mi oBbm�HBx�iBQM J2i?Q/b h?2 �TT rBHH bmTTQ`i
KmHiBTH2 pBbm�HBx�iBQM K2i?Q/bX h?2 bmTTQ`i2/ K2i?Q/b �`2 ;HvT?- bi`2�K@
HBM2 �M/ H�v2` K2i?Q/bX

�HHQr oBbm�HBx�iBQM Q7 AM/BpB/m�H *QKTQM2Mib h?2 �TTHB+�iBQM rBHH
2M�#H2 pBbm�HBxBM; BM/BpB/m�H p2+iQ` +QKTQM2MibX

j. .�i� aHB+2 oBbm�HBx�iBQM h?2 �TTHB+�iBQM rBHH bmTTQ`i K2i?Q/b 7Q`
b2H2+iBM; � bm#b2i Q7 i?2 +QKTH2i2 /�i�b2i �M/ 2M�#H2 pBbm�HBx�iBQM Q7 � j.
bm#b2i Q7 i?2 +QKTH2i2 /�i�b2iX

amTTQ`i 7Q` oB2rTQ`i J�MBTmH�iBQMb h?2 �TTHB+�iBQM `2M/2`2` rBHH
#2 +�T�#H2 Q7 ?�M/HBM; pB2rTQ`i K�MBTmH�iBQMb- bm+? �b xQQKBM; �M/
+?�M;BM; TQBMi Q7 pB2rX

h?2 MQM@7mM+iBQM�H `2[mB`2K2Mib i�`;2i i?2 `2[m2bib r?B+? /Q MQi BM~m2M+2
i?2 7mM+iBQM�HBiv Q7 i?2 �TTHB+�iBQMc ?Qr2p2`- i?2B` b�iBb7�+iBQM Bb M2+2bb�`v 7Q`
� +Q``2+i 7mM+iBQMBM; Q7 i?2 �TTHB+�iBQMX

SQ`i�#BHBiv #2ir22M Pafa�:1k 1MpB`QMK2Mi h?2 �TTHB+�iBQM rBHH
#2 TQ`i�#H2 #2ir22M /Bz2`2Mi PaǶ �M/ a�:1k 2MpB`QMK2MiX h?2 TQ`i�@
#BHBiv +�M #2 ;m�`�Mi22/ #v mbBM; r2# i2+?MQHQ;B2b 7Q` i?2 `2M/2`BM; T�`i
Q7 i?2 �TTHB+�iBQMX h?2 bmTTQ`i2/ PaǶ �`2 qBM/Qrb- GBMmt- �M/ K�+PaX

1M;HBb? .Q+mK2Mi�iBQM 1M;HBb? mb2` /Q+mK2Mi�iBQM rBHH #2 T`QpB/2/
7Q` i?2 �TTHB+�iBQMX

:QQ/ `2M/2`BM; �M/ *QKTmiBM; T2`7Q`K�M+2 h?2 �TTHB+�iBQM rBHH
#2 /2bB;M2/ �M/ BKTH2K2Mi2/ BM � r�v i?�i i?2 T2`7Q`K�M+2 Q7 i?2 �TTHB@
+�iBQM rBHH MQi +�mb2 �Mv mb�#BHBiv T`Q#H2KbX

9Xd lb2 *�b2b
lb2 +�b2b 7m`i?2` BHHmbi`�i2 i?2 7mM+iBQM�H `2[mB`2K2MibX 6B;m`2 9j HBbib i?2
�M�Hvx2/ mb2 +�b2bX

l*R ě .�i� oBbm�HBx�iBQM h?2 ;Q�H Bb iQ +`2�i2 � pBbm�HBx�iBQM Q7 � M2r
/�i�b2iX h?2 mb2` miBHBx2b �M 2/BiQ` 7Q` b2iiBM; mT i?2 TBT2HBM2 �M/ � `2M/2`2`
7Q` pB2rBM; i?2 pBbm�HBx�iBQMX

h?2 K�BM b+`BTi oBbm�HBxBM; i?2 /�i�b2i

RX h?2 mb2` r�Mib iQ pBbm�HBx2 � M2r p2+iQ` }2H/ /�i�b2iX
kX h?2 mb2` mTHQ�/b i?2 /�i�b2i BMiQ i?2 �TTHB+�iBQMX
jX h?2 �TTHB+�iBQM +?2+Fb i?2 7Q`K�i Q7 i?2 /�i�b2iX h?Bb b+`BTi +QMiBM@

m2b B7 i?2 7Q`K�i Q7 i?2 mTHQ�/2/ }H2 Bb p�HB/X
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9X �M�HvbBb

user

UC4 - Setting
Visualization Pipeline

UC3 - Processing
Dataset

UC2 - Manipulating
3D View

UC5 - Selecting
Area of Interest

UC1 - Data Visualization

Application

«include»

«include»

«include»

«include»

6B;m`2 9j, lb2 +�b2 KQ/2H

9X AM+Hm/2 US`Q+2bbBM; .�i�b2iV
8X h?2 mb2` QT2Mb i?2 QmiTmi }H2 BM i?2 `2M/2`2`X
eX AM+Hm/2 UJ�MBTmH�iBM; j. oB2rV

�Hi2`M�iBp2 _Qmi2 6�BH2/ mTHQ�/

RX h?Bb b+`BTi bi�`ib BM i?2 i?B`/ TQBMi Q7 i?2 Q`B;BM�H b+`BTiX
kX A7 i?2 7Q`K�i Q7 i?2 mTHQ�/2/ }H2 Bb MQi p�HB/- i?2 �TTHB+�iBQM mT/�i2b

i?2 bi�imb Q7 i?2 /�i�b2i iQ BMp�HB/X
jX h?2 �TTHB+�iBQM H2�p2b i?2 }H2 QM i?2 b2`p2`X

l*k ě J�MBTmH�iBM; j. oB2r h?2 `2M/2`2` �HHQrb pB2rBM; �M/ K�MBT@
mH�iBM; i?2 QmiTmi KQ/2HbX h?2 `2M/2`2/ T`QT2`iB2b Q7 i?2 pBbm�HBx�iBQM +�M
#2 +?�M;2/ BM � K2MmX

RX qBi? QT2M2/ `2M/2`2`- i?2 mb2` Bb pB2rBM; i?2 j. KQ/2Hb Q7 � T�`iB+mH�`
pBbm�HBx�iBQMX h?2 ;Q�H Bb iQ K�MBTmH�i2 i?2 pBbm�HBx�iBQMX

kX h?2 mb2` M�pB;�i2b iQ i?2 i�`;2i �+iBQM BM i?2 K2Mm �M/ +?�M;2b i?2
+m``2Mi p�Hm2X

jX h?2 �TTHB+�iBQM BMbi�MiHv b?Qrb i?2 2z2+ib Q7 i?2 T2`7Q`K2/ �+iBQMX

l*j ě S`Q+2bbBM; .�i�b2i S`Q+2bbBM; i?2 /�i�b2i BMpQHp2b �bb2K#HBM;
i?2 /2b+`BTiBQM Q7 i?2 pBbm�HBx�iBQM TBT2HBM2 �M/ 2t2+miBM; i?2 TBT2HBM2X h?2
QmiTmi Q7 i?2 pBbm�HBx�iBQM TBT2HBM2 Bb � }H2 +QMi�BMBM; i?2 +�H+mH�i2/ ;2QK2i`vX

RX qBi? �M QT2M2/ 2/BiQ`- i?2 mb2` r�Mib iQ T`Q+2bb � /�i�b2iX
kX AM+Hm/2 Ua2iiBM; oBbm�HBx�iBQM SBT2HBM2V
jX h?2 mb2` H�mM+?2b i?2 2t2+miBQM Q7 i?2 pBbm�HBx�iBQM TBT2HBM2X
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9X3X .QK�BM KQ/2H

9X lb2` �r�Bib i?2 QmiTmi- i?2 �TTHB+�iBQM T`Q+2bb2b b2H2+i2/ /�i�b2i �+@
+Q`/BM; iQ i?2 /2b+`BTiBQM Q7 i?2 TBT2HBM2X

8X h?2 mb2` +�M /B`2+iHv /BbTH�v i?2 QmiTmiƘpBbm�HBx�iBQM BM `2M/2`2` Q`
/QrMHQ�/ i?2 QmiTmi biQ`2/ BM � }H2X

l*9 ě a2iiBM; oBbm�HBx�iBQM SBT2HBM2 h?2 Tm`TQb2 Q7 i?2 pBbm�HBx�iBQM
TBT2HBM2 Bb iQ /2}M2 i?2 Q`/2` Q7 T2`7Q`K2/ QT2`�iBQMb- 2X;X- b2H2+iBM; �`2�b Q7
BMi2`2bi- mbBM; pBbm�HBx�iBQM K2i?Q/bX h?2 /2b+`BTiBQM +�M #2 �bb2K#H2/ BM i?2
2/BiQ`X

RX qBi? �M QT2M2/ 2/BiQ`- i?2 mb2` r�Mib iQ b2i mT i?2 /2b+`BTiBQM Q7 i?2
pBbm�HBx�iBQM TBT2HBM2X

kX h?2 mb2` b2H2+ib � /�i�b2iX
jX AM+Hm/2 Ua2H2+iBM; �`2� Q7 AMi2`2biV
9X h?2 mb2` b2H2+ib � pBbm�HBx�iBQM K2i?Q/ �TT`QT`B�i2 7Q` i?2 b2H2+i2/ �`2�

Q7 BMi2`2biX 6QHHQrBM; +QK#BM�iBQMb �`2 bmBi�#H2,
�V � k. bHB+2 Bb bmBi�#H2 7Q` +QMbi`m+iBM; H�v2` KQ/2HX
#V � j. bHB+2b Bb bmBi�#H2 7Q` +QMbi`m+iBM; ;HvT? �M/ bi`2�KHBM2 KQ/2HbX

8X PTiBQM�HHv- i?2 mb2` +�M b2i mT �//BiBQM�H �ii`B#mi2b 7Q` i?2 j. KQ/2HbX
eX PTiBQM�HHv- i?2 mb2` +�M �bbB;M � +mbiQK +QHQ`K�T iQ i?2 b2H2+i2/ j.

KQ/2HbX
dX AM i?2 H�bi bi2T- i?2 mb2` �//b Q` b2H2+ib �M 2tBbiBM; QmiTmi b+2M2X
3X h?2 mb2 +�b2 Bb }M�HBx2/ #v b�pBM; i?2 /2b+`BTiBQM Q7 i?2 pBbm�HBx�iBQM

TBT2HBM2 BM i?2 �TTHB+�iBQMX

l*8 ě a2H2+iBM; �`2� Q7 AMi2`2bi a2H2+iBM; i?2 �`2� Q7 BMi2`2bi 2M�#H2b
pBbm�HBxBM; QMHv � bm#b2i Q7 i?2 /�i�b2iX h?Bb �#BHBiv Bb T�`iB+mH�`Hv mb27mH
r?2M /2�HBM; rBi? #B; /�i�b2ibX

RX qBi? �M QT2M2/ 2/BiQ`- i?2 mb2` r�Mib iQ b2H2+i i?2 �`2� Q7 BMi2`2biX
kX h?2 mb2` M22/b iQ /2+B/2 r?2i?2` i?2 �`2� Q7 BMi2`2bi Bb � k. Q` j. bHB+2

Q7 bT�+2X �HH K2i?Q/b +�M QT2`�i2 BMbB/2 �Mv �`2� Q7 BMi2`2biX >Qr2p2`-
i?2 H�v2` K2i?Q/ T`Q/m+2b QMHv � KQ/2H Q7 � bBM;H2 H�v2` 7Q` � ;Bp2M
�`2�X h?2 ;HvT? �M/ bi`2�KHBM2 K2i?Q/b �`2 KQ`2 bmBi�#H2 7Q` j. /�i�
bHB+2b

jX A7 M22/2/- i?2 mb2` bT2+B}2b i?2 b�KTHBM; Q7 i?2 �`2� Q7 BMi2`2biX
9X h?2 2/BiQ` /BbTH�vb � `2T`2b2Mi�iBQM Q7 i?2 b2H2+i2/ �`2� Q7 BMi2`2biX

9X3 .QK�BM KQ/2H
h?Bb b2+iBQM T`2b2Mib i?2 +H�bb2b BM i?2 /QK�BM KQ/2HX h?2 /QK�BM KQ/2H
BHHmbi`�i2b Q#D2+ib 7`QK i?2 `2�H rQ`H/ �M/ `2H�iBQMb #2ir22M i?2K `2H�i2/ iQ
i?2 iQTB+ Q7 pBbm�HBx�iBQMX h?2 `2H�iBQMb �`2 7m`i?2` BHHmbi`�i2/ BM };m`2 99X
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o2+iQ` 6B2H/ .�i�b2i h?2 +H�bb `2T`2b2Mib � T�+F�;2 Q7 /�i�X h?2 /�i�
r�b Q#i�BM2/ �b � `2bmHi Q7 K2�bm`2K2Mib Q` bBKmH�iBQMbX h?2 /�i�b2i
+QMbBbib Q7 TQbBiBQMb �M/ p�Hm2bX h?2 p2+iQ` }2H/ p�Hm2b �ii`B#mi2 `2T`2b2Mib
i?2 p�Hm2b Q7 i?2 +QMi�BM2/ p2+iQ`bX .�i� TQbBiBQMb �`2 i?2 bT�iB�H TQbBiBQMb
Q7 BM/BpB/m�H p2+iQ`bX h?2 /�i�b2i ?�b i?2 7QHHQrBM; bi�i2b,

*?2+FBM; h?2 �TTHB+�iBQM Bb T2`7Q`KBM; i?2 p�HB/�iBQMX
o�HB/ h?2 /�i�b2i +�M #2 mb2/ #v i?2 �TTHB+�iBQMX
AMp�HB/ h?2 7Q`K�i Bb +Q``mTi2/- �M/ i?2 �TTHB+�iBQM +�MMQi mb2 i?2
/�i�b2iX

oBbm�HBx�iBQM SBT2HBM2 h?2 +H�bb `2T`2b2Mib � b2i Q7 K2i?Q/b �TTHB2/
iQ � /�i�ib2iX 1�+? TBT2HBM2 +QMi�BMb � /2b+`BTiBQM Q7 i?2 pBbm�HBx�iBQM
TBT2HBM2 mb2/ 7Q` i?2 T`Q+2bb2/ /�i�b2iX h?2 T`Q+2bbBM; Bb biQ`2/ BM � MQi2@
#QQF }H2- �M/ /m`BM; i?2 T`Q+2bbBM;- p�`BQmb pBbm�HBx�iBQM K2i?Q/b �`2
mb2/X h?2 T`Q+2bbBM; ?�b i?2 7QHHQrBM; bi�i2b,

*`2�i2/ h?2 T`Q+2bbBM; r�b +`2�i2/- KB;?i #2 2KTivX
_mMMBM; h?2 T`Q+2bbBM; Bb `mMMBM;c i?2 K2i?Q/b �`2 T2`7Q`K2/ �+@
+Q`/BM; iQ i?2 BM+Hm/2/ /2b+`BTiBQMX
6BMBb?2/ h?2 T`Q+2bbBM; Bb +QKTH2i2/- j. KQ/2Hb 7Q` mb2/ K2i?Q/b
�`2 �p�BH�#H2X

AMi2`TQH�iBQM J2i?Q/ h?2 +H�bb `2T`2b2Mib �M BMi2`TQH�iBQM K2i?Q/
mb2/ BM � pBbm�HBx�iBQM K2i?Q/X h?2 K2i?Q/b /Bz2` #v Q`/2` Q7 �++m`�+vX

AMi2;`�iBQM J2i?Q/ h?2 +H�bb `2T`2b2Mib �M BMi2;`�iBQM K2i?Q/ mb2/
7Q` bi`2�KHBM2 +QMbi`m+iBQMX h?2 K2i?Q/b /Bz2` #v Q`/2` Q7 �++m`�+vX h?2
BMi2;`�iBQM Bb T2`7Q`K2/ 7Q` � iBK2 `�M;2 bT2+B}2/ #v �ii`B#mi2b bi�`i �M/
2M/ iBK2X

�`2� Q7 AMi2`2bi h?2 +H�bb `2T`2b2Mib �M �`2� Q7 QT2`�iBQM 7Q` +QMM2+i2/
pBbm�HBx�iBQM K2i?Q/bX S`272``2/ �`2�b Q7 BMi2`2bi HB2 BMbB/2 i?2 p2+iQ` }2H/
/�i�b2i TQbBiBQMbc ?Qr2p2`- Bi Bb TQbbB#H2 iQ +QMbi`m+i Qi?2` �`2�bX h?2 �`2�
Bb � `2+i�M;mH�` bT�+2 rBi? � +m#QB/ b?�T2X Ai Bb /2}M2/ #v i?2 TQbBiBQM Q7
QM2 Q7 Bib +Q`M2`b �M/ i?2 /BK2MbBQMb Q7 Bib 2/;2bX

oBbm�HBx�iBQM J2i?Q/ h?2 +H�bb `2T`2b2Mib pBbm�HBx�iBQM K2i?Q/b mb2/
BM i?2 T`Q+2bbBM;X 1�+? pBbm�HBx�iBQM K2i?Q/ mb2b �M BMi2`TQH�iBQM K2i?Q/
iQ �TT`QtBK�i2 i?2 /�i� #2ir22M FMQrM p�Hm2bX h?2 pBbm�HBx�iBQM K2i?Q/
rQ`Fb BM � b2H2+i2/ �`2� Q7 BMi2`2biX

ai`2�KHBM2 J2i?Q/ h?2 +H�bb `2T`2b2Mib � mb2 Q7 i?2 bi`2�KHBM2
K2i?Q/X h?2 K2i?Q/ +QMbi`m+ib bi`2�KHBM2b bi�`iBM; #�b2/ QM i?2
b�KTHBM; Q7 i?2 �`2� Q7 BMi2`2biX h?2 i`�D2+iQ`v Q7 2�+? bi`2�KHBM2
Bb Q#i�BM2/ 7`QK �M BMi2;`�iBQM K2i?Q/X

9e
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:HvT? J2i?Q/ h?2 +H�bb `2T`2b2Mib i?2 mb2 Q7 i?2 ;HvT? pBbm�HBx�@
iBQM K2i?Q/X h?2 K2i?Q/ b2H2+ib i?2 p�Hm2b #�b2/ QM i?2 b�KTHBM; Q7
i?2 �`2� Q7 BMi2`2bi �M/ K�Tb i?2 p�Hm2b QMiQ � ;HvT? ;2QK2i`vX
G�v2` J2i?Q/ h?2 +H�bb `2T`2b2Mib i?2 mb2 Q7 pBbm�HBx�iBQM QM � TH�M2
bm`7�+2X h?2 bm`7�+2 Bb � bHB+2 Q7 i?2 �`2� Q7 BMi2`2bi �M/ Bb /2}M2/ #v
i?2 bHB+2 �tBb �M/ bHB+2 +QQ`/BM�i2X h?2 K2i?Q/ T2`7Q`Kb BMi2`TQH�iBQM
BM � ;Bp2M �`2� �M/ K�Tb i?2 p�Hm2b QMiQ � TH�M2 ;2QK2i`vX

j. JQ/2H h?2 +H�bb `2T`2b2Mib � KQ/2H +`2�i2/ #v � T�`iB+mH�` pBbm�H@
Bx�iBQM K2i?Q/X "2bB/2b ;2QK2i`v- 2�+? KQ/2H biQ`2b }Hi2`2/ p�Hm2b �M/
TQbBiBQMb r?B+? �`2 K�TT2/ QMiQ i?2 ;2QK2i`vX *QHQ` KQ/2 `272`b iQ i?2
ivT2 Q7 mb2/ 2M+Q/BM;c i?2 +QHQ` +�M 2M+Q/2 i?2 �#bQHmi2 p�Hm2 Q7 biQ`2/
p�Hm2b Q` b2H2+i2/ BM/BpB/m�H +QKTQM2MibX

ai`2�KHBM2 JQ/2H h?2 +H�bb `2T`2b2Mib � b2i Q7 j. bi`2�KHBM2 Q#@
D2+ibX �b � T`Q/m+i Q7 i?2 bi`2�KHBM2 K2i?Q/- 2p2`v bi`2�KHBM2 KQ/2H
+QMi�BMb BMi2;`�iBQM iBK2b UiBK2bi�KTbVX 1p2`v iBK2bi�KT +Q``2bTQM/b
iQ � bBM;H2 TQBMi �M/ p�Hm2c BM Qi?2` rQ`/b- i?2 MmK#2` Q7 iBK2bi�KTb
Bb 2[m�H iQ i?2 MmK#2` Q7 TQBMib Q` p�Hm2bX h?2 +H�bb ?�b �M �ii`B#mi2
bT2+B7vBM; i?2 i?B+FM2bb Q7 i?2 bi`2�KHBM2b �M/ � b2;K2Mi ;2QK2i`v ě
� K2b? +Q``2bTQM/BM; iQ � b2;K2Mi #2ir22M irQ TQBMibX
:HvT? JQ/2H h?2 +H�bb `2T`2b2Mib � b2i Q7 j. ;HvT? Q#D2+ibX 1�+?
;HvT? ?�b � i?2 b�K2 BMBiB�H bBx2 �M/ miBHBx2b � #�bB+ ;HvT? ;2QK2i`vX
h?2 ;2QK2i`v Q7 BM/BpB/m�H ;HvT?b Bb i`�Mb7Q`K2/ �++Q`/BM; iQ i?2
`2T`2b2Mi2/ p�Hm2X
G�v2` JQ/2H h?2 KQ/2H `2T`2b2Mib � bBM;H2 H�v2` Q#D2+iX �//BiBQM@
�HHv- i?2 H�v2` QMHv +QMi�BMb � bT2+B}+�iBQM Q7 i?2 H�v2` ;2QK2i`vX

*QHQ`K�T h?2 +H�bb `2T`2b2Mib � bBM;H2 +QHQ`K�T- bT2+B7vBM; i?2 `�M;2
Q7 +QHQ`b mb2/ 7Q` p�Hm2 2M+Q/BM;X h?2 b�KTHBM; �ii`B#mi2 `2T`2b2Mib i?2
MmK#2` Q7 mb2/ +QHQ`bX 1p2`v +QHQ`K�T miBHBx2b irQ +QHQ`b �i � KBMBKmKX
h?2 �ii`B#mi2 +QHQ` Q`/2` ;Bp2b i?2 Q`/2` Q7 +QHQ`bX

*QHQ` h?2 +H�bb `2T`2b2Mib � bBM;H2 +QHQ` �M/ biQ`2b i?2 +QHQ` p�Hm2bX

a+2M2 h?2 j. KQ/2Hb �`2 �bb2K#H2/ BMiQ b+2M2bX h?2 KQ/2Hb +QMi�BM2/
BM � b+2M2 /2i2`KBM2 i?2 b+2M2 /BK2MbBQMbX h?2 +QMi2Mib �`2 b+�H2/ iQ }i
i?2 b+�H2/ /BK2MbBQMbX h?2 /�i� K�TT2/ QMiQ j. KQ/2Hb �b � b2i +QMi�BM
KBMBK�H �M/ K�tBK�H p�Hm2b- r?B+? �`2 2ti`�+i2/ �M/ K�`F2/ �b b+2M2
HBKBi p�Hm2bX

oBbm�HBx�iBQM h?2 +H�bb `2T`2b2Mib �M 2MiBiv T2`7Q`KBM; i?2 pBbm�H `2M@
/2`BM; Q7 i?2 b+2M2X h?2 pBbm�HBx�iBQM ?�b � pB2rTQ`i bBx2 �M/ `2M/2`b i?2
b+2M2 #�b2/ QM i?2 TQBMi Q7 pB2rX
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3D Model

- values
- positions
- color mode

- size
- glyph geometry

Glyph Model

- layer geometry

Layer Model

- thickness
- segment geometry
- integration times

Streamline Model

Vector Field Dataset

- vector field values
- data positions

Scene

- dimensions
- limit values
- scaled dimensions

Visualization

- point of view
- viewport size

Colormap

- sampling
- color order

Streamline Method

- seeding points sampling

Area of Interest

- position
- dimensions

Glyph Method

- seeding points sampling

Layer Method

- slice axis 
- slice coordinate

0..*

1

1

1..*

1..*

10..*

1

1

0..*

1
1

1

1

1 1

1

1..*

1..*

2..*

processedBy

consistsOf

uses

produces

uses

produces produces

consistsOf

coloredWith

performs

operatesIn

Visualization Pipeline

- description

Integration Method

- accuracy
- start time
- end time

Interpolation Method

- accuracy

0..*

1..*1..*

1

Visualization Method

Color

- color values

6B;m`2 99, .QK�BM KQ/2H
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h?2 /2bB;M Q7 i?2 �TTHB+�iBQM KQbiHv 7QHHQrb i?2 `2H�iBQMb?BTb 2bi�#HBb?2/ BM
i?2 /QK�BM KQ/2HX h?2 �TT Bb /2bB;M2/ �b � b2`p2`@+HB2Mi T`QD2+iX h?Bb /2@
bB;M �HHQrb b2T�`�iBM; i?2 BMi2MbBp2 +QKTmi�iBQMb 7`QK i?2 `2M/2`2` �M/ Qi?2`
�//BiBQM�H +QKTQM2MibX h?2 H�vQmi �M/ `2H�iBQMb?BTb #2ir22M BM/BpB/m�H +QK@
TQM2Mib �`2 BHHmbi`�i2/ BM i?2 };m`2 8RX �//BiBQM�HHv- i?2 bQHmiBQM 7Q` a�:1k
2MpB`QMK2Mi Bb BHHmbi`�i2/ BM i?2 b�K2 };m`2X h?2 /2bB;M Q7 i?2 a�:1 �T@
THB+�iBQM BMi`Q/m+2b QM2 �//BiBQM�H +QKTQM2Mi- r?B+? Bb +HQb2Hv bBKBH�` iQ i?2
r2# �TTHB+�iBQM +QKTQM2MiX

Client

Web Application

Pipeline
Editor

3D Renderer

Server

Server
Application

Computation
Backend

ComputationInterface

ProcessingInterface

ManagementInterface

PipelineInterfaceCanvasInterface

U�V q2# �TT

SAGE2 App

3D Renderer

SAGE Application

CanvasInterface

U#V a�:1k �TT

6B;m`2 8R, *QKTQM2Mib �M/ BMi2`7�+2b
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8XR *QKTmi�iBQM "�+F2M/
h?2 +QKTmi�iBQM #�+F2M/ +QKTQM2Mi BKTH2K2Mib i?2 }`bi irQ bi�;2b Q7 i?2
pBbm�HBx�iBQM TBT2HBM2 ě HQ�/BM; �M/ 2M`B+?BM;X h?2 Qp2`�HH bi`m+im`2 Q7 i?2
+QKTmi�iBQM #�+F2M/ Bb BHHmbi`�i2/ BM i?2 };m`2b 8k �M/ 8jX h?2 bi`m+im`2 Q7
i?2 +QKTmi�iBQM +QKTQM2Mi BbQH�i2b i?2 mM/2`HvBM; K�i?2K�iB+�H QT2`�iBQMb
UMmK2`B+ KQ/mH2V 7`QK TBT2HBM2 K�M�;2K2Mi U2/BiQ` KQ/mH2VX

8XRXR 1/BiQ` KQ/mH2
h?2 bi`m+im`2 Q7 i?2 2/BiQ` +QKTQM2Mi Bb #�b2/ QM i?2 H�vQmi Q7 i?2 pBbm�HBx�@
iBQM TBT2HBM2X h?2 TBT2HBM2 +QMbBbib Q7 �iQKB+ T`Q+2/m`2b- 2X;X- HQ�/BM; /�i�b2i-
T2`7Q`KBM; �M BMi2;`�iBQMX 6m`i?2`KQ`2- i?2 TBT2HBM2 +�M #2 /2bB;M2/ iQ 7QHHQr
� }t2/ Q`/2` Q7 QT2`�iBQMb Q` bmTTQ`i /vM�KB+ Q`/2`BM; Q7 T`Q+2/m`2bXkk

6Bt2/ TBT2HBM2 6Bt2/ TBT2HBM2b T`Q+2bb �HH /�i�b2ib rBi? i?2 b�K2 Q`/2`
Q7 QT2`�iBQMbX aBM+2 i?2 Q`/2` Q7 i?2 T`Q+2/m`2b Bb FMQrM BM �/p�M+2- i?2
/2bB;M Q7 bm+? TBT2HBM2 +�M #2 [mBi2 bi`�B;?i7Q`r�`/X

.vM�KB+ TBT2HBM2 h?2 Qi?2` QTiBQM Bb iQ BKTH2K2Mi � /vM�KB+ TBT2HBM2X
h?Bb /2bB;M �HHQrb /2i2`KBMBM; i?2 Q`/2` Q7 T`Q+2/m`2b �i `mMiBK2c i?mb-
i?2 mb2` +�M +?QQb2 i?2 T`Q+2/m`2b �M/ i?2B` Q`/2` �++Q`/BM; iQ ?Bb Q` ?2`
M22/bX >Qr2p2`- i?Bb /2bB;M Bb KQ`2 BMi`B+�i2X

6Q` +mbiQKBb�#BHBiv `2�bQMb- i?2 /2bB;M Q7 � /vM�KB+ TBT2HBM2 Bb mb2/X h?2
TBT2HBM2 Bb #2bi `2T`2b2Mi2/ �b � /B`2+i2/ �+v+HB+ ;`�T?- �b Bb BHHmbi`�i2/ BM
};m`2 89X h?2 MQ/2b BM i?2 ;`�T? `2T`2b2Mi �iQKB+ QT2`�iBQMb- �M/ 2/;2b
`2T`2b2Mi i?2 ~Qr Q7 BMTmi �M/ QmiTmi /�i� #2ir22M BM/BpB/m�H QT2`�iBQMbX
h?2 bQm`+2b BM i?2 ;`�T? +Q``2bTQM/ iQ T`Q+2/m`2b `2[mB`BM; MQ BMTmi- bm+?
�b HQ�/BM; /�i�b2i- Q` bT2+B7vBM; i?2 �`2� Q7 BMi2`2biX h?2 bBMFb `2T`2b2Mi i?2
QMHv T`Q+2bb rBi? MQ /�i� QmiTmi ě i?2 `2M/2`BM; T`Q+2/m`2X h?2 i�#H2 8R
HBbib i?2 bmTTQ`i2/ T`Q+2/m`2b- +Q``2bTQM/BM; /�i� bi`m+im`2 `2T`2b2Mi�iBQMb-
�M/ i?2 `2[mB`2/ BMTmib �M/ QmiTmibX aQK2 Q7 i?2 T`Q+2/m`2b +�M i�F2 � KBt
Q7 /Bz2`2Mi ivT2b �b �M BMTmiX _QmM/ #`�+F2ib BM/B+�i2 i?2 BMTmi Bb QTiBQM�HX
q?2M �HH BMTmib �`2 QTiBQM�H- �i H2�bi QM2 Bb `2[mB`2/- `2;�`/H2bb Q7 Bib FBM/X

SBT2HBM2 T`Q+2bbBM; h?2 TBT2HBM2 T`Q+2bbBM; Bb /2KQMbi`�i2/ BM i?2 �H;Q@
`Bi?K RX 6B`bi- i?2 �H;Q`Bi?K +?2+Fb i?2 TBT2HBM2 /2b+`BTiBQM �M/ +QMbi`m+ib
i?2 ;`�T?X AM i?2 b2+QM/ bi2T- � iQTQHQ;B+�H bQ`i Bb T2`7Q`K2/ iQ +?2+F 7Q`
+v+H2b �M/ /2i2`KBM2 i?2 Q`/2` Q7 MQ/2 2t2+miBQMbX AM i?2 H�bi bi�;2- i?2 �H;Q@
`Bi?K Bi2`�i2b Qp2` i?2 bQ`i2/ MQ/2bX 6Q` 2�+? MQ/2- i?2 BMTmib Q7 i?2 T`2pBQmb
MQ/2b �`2 HBMF2/ iQ i?2 +m``2Mi MQ/2 �M/ i?2 2t2+miBQM `QmiBM2 Bb +�HH2/X

kkh2`Kb QT2`�iBQMb �M/ T`Q+2/m`2b `272` iQ i?2 b�K2 bm#D2+iX
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«module»

nodes
«module»

nodes

«module»

editor
«module»

editor

«module»

pipeline

+  load_graph(str): str
+  topological_sort(str): list
+  compute(...) : None

«module»

pipeline

+  load_graph(str): str
+  topological_sort(str): list
+  compute(...) : None

«module»

model_loader

+  dataset(str): Dataset
+  notebook(str): Notebook

«module»

model_loader

+  dataset(str): Dataset
+  notebook(str): Notebook

«abstract»

Node

+  title: str
+  parsing: dict
+  data: dict

+  __call__(...): dict
+  deserialize(str): Node

«abstract»

Node

+  title: str
+  parsing: dict
+  data: dict

+  __call__(...): dict
+  deserialize(str): Node

«class»

DataNode

+  code: uuid
+  method: ApproximationMethod

«class»

DataNode

+  code: uuid
+  method: ApproximationMethod

«class»

PlaneNode

+  norm_axis:  int
+  norm_value: double
+  coord_start: list(double, double)
+  coord_end: list(double, double)
+  sampling: list(double, double)

«class»

PlaneNode

+  norm_axis:  int
+  norm_value: double
+  coord_start: list(double, double)
+  coord_end: list(double, double)
+  sampling: list(double, double)

«class»

PointsNode

+  coord_start: list(double, double, double)
+  coord_end: list(double, double, double)
+  sampling: list(double, double, double)

«class»

PointsNode

+  coord_start: list(double, double, double)
+  coord_end: list(double, double, double)
+  sampling: list(double, double, double)

«class»

ScaleNode

+  mode: TransformMode
+  scale: list(double, double, double)

«class»

ScaleNode

+  mode: TransformMode
+  scale: list(double, double, double)

«class»

TranslateNode

+  mode: TransformMode
+  translate: list(double, double, double)

«class»

TranslateNode

+  mode: TransformMode
+  translate: list(double, double, double)

«class»

FilteringNode

+  mode: FilterMode
+  threshold: double

«class»

FilteringNode

+  mode: FilterMode
+  threshold: double

«class»

DisplayNode

+  scene_max_dim: double

«class»

DisplayNode

+  scene_max_dim: double

«class»

GlyphNode
«class»

GlyphNode
«class»

LayerNode
«class»

LayerNode

«class»

StreamlineNode

+  t_0: double
+  t_bound: double
+  rel_tol: double
+  abs_tol: double
+  method: ApproximationMethod

«class»

StreamlineNode

+  t_0: double
+  t_bound: double
+  rel_tol: double
+  abs_tol: double
+  method: ApproximationMethod

«class»

GlyphGeometryNode

+  geometry_type: GlyphType
+  size: double
+  sampling: int

«class»

GlyphGeometryNode

+  geometry_type: GlyphType
+  size: double
+  sampling: int

«class»

ColorNode

+  sampling: int
+  colors: list

«class»

ColorNode

+  sampling: int
+  colors: list

«class»

StreamlineGeometryNode

+  divisions: int
+  size: double
+  sampling: int

«class»

StreamlineGeometryNode

+  divisions: int
+  size: double
+  sampling: int

«enum»

GlyphType

+  LINE: int
+  CONE: int

«enum»

GlyphType

+  LINE: int
+  CONE: int

«enum»

FilterMode

+  LOWPASS: inte
+  HIGHPASS: int

«enum»

FilterMode

+  LOWPASS: inte
+  HIGHPASS: int

«enum»

TransformMode

+  VALUES: int
+  POSITIONS: int

«enum»

TransformMode

+  VALUES: int
+  POSITIONS: int

«enum»

ApproximationMethod

+  SCIPY: int
+  C: int

«enum»

ApproximationMethod

+  SCIPY: int
+  C: int

6B;m`2 8k, .2bB;M Q7 i?2 2/BiQ` KQ/mH28k
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«module»

numeric
«module»

numeric

«module»

io
«module»

io
«module»

math
«module»

math

«module»

data
«module»

data

«module»

io

+  cdata(str): CData
+  sdata(str): SData

«module»

io

+  cdata(str): CData
+  sdata(str): SData

«module»

common

+  flip(np.ndarray): np.ndarray
+  ascending(np.ndarray): bool
+  memmap(np.ndarray): np.memmap
+  byteorder(np.ndarray): np.ndarray
+  open(str): object
+  create_routine(...): list

«module»

common

+  flip(np.ndarray): np.ndarray
+  ascending(np.ndarray): bool
+  memmap(np.ndarray): np.memmap
+  byteorder(np.ndarray): np.ndarray
+  open(str): object
+  create_routine(...): list

«module»

common

//helper functions

«module»

common

//helper functions

«module»

kernels

+  dataset_kernel(...): Data
+  glyphs_kernel(...): dict
+  points_kernel(...): dict
+  stream_kernel(...): dict

«module»

kernels

+  dataset_kernel(...): Data
+  glyphs_kernel(...): dict
+  points_kernel(...): dict
+  stream_kernel(...): dict

«module»

interpolate

c  indices(...): int
c  n3_interpolate(...): double
c  nd_interpolate(...): int

+  interpolate(...): np.ndarray

«module»

interpolate

c  indices(...): int
c  n3_interpolate(...): double
c  nd_interpolate(...): int

+  interpolate(...): np.ndarray

«module»

integrate

+  cstreamlines(...): tuple
+  sstreamlines(...): tuple

«module»

integrate

+  cstreamlines(...): tuple
+  sstreamlines(...): tuple

«Cython class»

RKSolver

c  order: int
c  n_stages: int
c  status: int
c  direction: int
c  initialized: int
c  t0: double
c  t: double
c  t_bound: double
c  rtol: double
c  atol: double
c  ern: double
c  h_abs: double
c  K: double *
c  cdata: CSData *

c  create(...): void
c  initial_step(double *): void
c  step(): void
c  rk_step(double): void

«Cython class»

RKSolver

c  order: int
c  n_stages: int
c  status: int
c  direction: int
c  initialized: int
c  t0: double
c  t: double
c  t_bound: double
c  rtol: double
c  atol: double
c  ern: double
c  h_abs: double
c  K: double *
c  cdata: CSData *

c  create(...): void
c  initial_step(double *): void
c  step(): void
c  rk_step(double): void

«Cython class»

CData

-  c: CSData
-  grid_alloc: int
-  comp_alloc: int
-  np_grid: object
-  np_comp: object

+  add_component3(list): None
+  add_grid(list): None

«Cython class»

CData

-  c: CSData
-  grid_alloc: int
-  comp_alloc: int
-  np_grid: object
-  np_comp: object

+  add_component3(list): None
+  add_grid(list): None

«abstract»

Data

+  grid_min(): np.ndarray
+  grid_max(): np.ndarray
+  com_l(): int
+  dim_l(): int
+  interpolator(): object

«abstract»

Data

+  grid_min(): np.ndarray
+  grid_max(): np.ndarray
+  com_l(): int
+  dim_l(): int
+  interpolator(): object

«class»

SData

+  interpolate(list): np.ndarray

«class»

SData

+  interpolate(list): np.ndarray

«C struct»

CSData

c  dim_l: int
c  com_l: int
c  grid_l: int *
c  grid: double **
c  comp: double **

«C struct»

CSData

c  dim_l: int
c  com_l: int
c  grid_l: int *
c  grid: double **
c  comp: double **

6B;m`2 8j, .2bB;M Q7 i?2 MmK2`B+ KQ/mH2
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procedure Aprocedure A

parametersparameters procedure Bprocedure B

procedure Cprocedure C

procedure Dprocedure D

procedure Eprocedure Eoutput A

output B

output C

output D

parametersparameters

parametersparameters

parametersparameters

parametersparameters

6B;m`2 89, AHHmbi`�iBQM Q7 TBT2HBM2 `2T`2b2Mi�iBQM �b � ;`�T?

AMTmi, TBT2HBM2 description
PmiTmi, none- i?2 /BbTH�v MQ/2 b�p2b i?2 /�i� iQ /BbF

+H�bb &
inputs ě BMTmi MQ/2 B/b
outputs ě QmiTmi MQ/2 B/b
parameters ě �//BiBQM�H MQ/2 T�`2K2i2`b

' LQ/2

nodes← loadngraph(description)
order ← topologicalnsort(nodes)
outputs← ()

7Q`2�+? o ∈ order /Q
inputs← ∅
7Q`2�+? in ∈ nodes[o].inputs /Q

inputs← inputs ∪ outputs[in]
2M/
outputs[o]← nodes[i].call(inputs)

2M/
�H;Q`Bi?K R, SBT2HBM2 2t2+miBQM
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6B;m`2 88, AHHmbi`�iBQM Q7 i?2 bmTTQ`i2/ ;`B/ ivT2

8XRXk LmK2`B+ KQ/mH2
h?2 MmK2`B+ KQ/mH2 +�M #2 7m`i?2` /BpB/2/ BMiQ i?`22 T�`ib ě /�i� `2T@
`2b2Mi�iBQM- BMi2`TQH�iBQM- �M/ BMi2;`�iBQMX h?2 ;Q�H Bb iQ 2M�#H2 `2�H@iBK2
+�H+mH�iBQMb �M/ [mB+FHv T`QpB/2 T?vbB+�HHv �++m`�i2 `2bmHibX h?2`27Q`2- �HH
7mM+iBQM�HBiB2b ?�p2 iQ #2 QTiBKBx2/ 7Q` #Qi? K2KQ`v �M/ T2`7Q`K�M+2 2{@
+B2M+vX PM2 �TT`Q�+? Bb iQ mb2 �M 2tBbiBM; BKTH2K2Mi�iBQM Q7 i?2 `2[mB`2/
�H;Q`Bi?KbX "�b2/ QM i?2 T`2pBQmb �M�HvbBb- i?2 /2+BbBQM Bb iQ miBHBx2 LmKSv
�M/ a+BSv 7mM+iBQMbX h?2 2�`Hv i2biBM; BM+Hm/2/ i?2 7QHHQrBM; T`Q+2/m`2b,

RX BMi2`TQH�iBM; rBi? � ;`B/ BMi2`TQH�iQ` _2;mH�`:`B/AMi2`TQH�iQ`

kX +QMbi`m+iBM; bi`2�KHBM2b UbQHpBM; BMBiB�H p�Hm2 T`Q#H2K rBi? bQHp2nBpTV
BM � }2H/ `2T`2b2Mi2/ #v i?2 ;`B/ BMi2`TQH�iQ`

1�`Hv i2biBM; `2p2�H2/ i?�i i?2 a+BSv BMi2`TQH�iQ` Bb bm{+B2Mi 7Q` BMi2`TQH�iBM;
� p�bi MmK#2` Q7 TQBMib �i QM+2c ?Qr2p2`- i?2 2{+B2M+v Bb BMp2`b2Hv T`QTQ`@
iBQM�H iQ i?2 MmK#2` Q7 BMi2`TQH�i2/ TQBMibX lM7Q`imM�i2Hv- � bBM;H2 p�Hm2
Bb BMi2`TQH�i2/ /m`BM; 2p2`v BMi2;`�iBQM bi2T KmHiBTH2 iBK2bX 6Q` T2`7Q`K�M+2
`2�bQMb- Bi Bb M2+2bb�`v iQ T`QpB/2 �M �Hi2`M�iBp2 iQ a+BSv BKTH2K2Mi�iBQMX
h?2 �Hi2`M�iBp2 bQHmiBQM BMpQHp2b BKTH2K2MiBM; +mbiQK BMi2`TQH�iQ`- bQHp2`-
�b r2HH �b � +mbiQK +H�bb 7Q` /�i� `2T`2b2Mi�iBQMX

.�i� _2T`2b2Mi�iBQM hQ bBKTHB7v i?2 BMi2`TQH�iBQM- i?2 7Q`K�i Q7 i?2
M2r mM/2`HvBM; /�i� bi`m+im`2 `2T`2b2Mib � +�`i2bB�M bT�+2 b�KTH2/ #v
T�`�HH2H TH�M2b rBi? � TH�M2 MQ`K�H 2[m�H iQ QM2 Q7 i?2 bT�+2 �t2bX h?2
b�KTH2/ TQBMib H�v BM i?2 BMi2`b2+iBQM Q7 i?`22 TH�M2bX h?2 /�i� bi`m+im`2
Bb BHHmbi`�i2/ BM };m`2 88X �b i?2 };m`2 bm;;2bib- i?Bb /2}MBiBQM �HHQrb 7Q`
MQM@mMB7Q`K b�KTHBM; �HQM; i?2 �t2b #mi T`2b2`p2b bQK2 `2;mH�`Biv Q7 i?2
Qp2`�HH bi`m+im`2X

AMi2`TQH�iQ` h?2 BMi2`TQH�iQ` ?�b iQ 7mHHv `2TH�+2 �M/ bT22/ mT i?2 7mM+@
iBQM�HBiv Q7 i?2 Q`B;BM�H a+BSv BMi2`TQH�iQ` 7Q` i?`22@/BK2MbBQM�H /�i�X h?2

88
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AMTmi, dataset- points
PmiTmi, BMi2`TQH�i2/ values

+H�bb &
values ě �``�v rBi? /�i�b2i p�Hm2b
points ě �``�v Q7 b�KTHBM; TQBMib �HQM; BM/BpB/m�H �tBb
sampling ě i?2 MmK#2`b Q7 b�KTHBM; TQBMib �HQM; 2�+? �tBb

' .�i�b2i

6mM+iBQM guessnindex(p, points sampling) Bb
min← points[0]
max← points[sampling − 1]
step← (max−min)/sampling
index← (p−min)/step
`2im`M index

2M/

values← []
7Q`2�+? p ∈ points /Q

localncell← []
7Q`2�+? i ∈ 0..2 /Q

sampling ← dataset.sampling[i]
points← dataset.points[i]
index← guessnindex(p, points, sampling)
B7 p >= points[index] ∧ p <= points[index + 1] i?2M

localncell[i]← index
2Hb2

localncell[i]← binarynsearch(points[i], p[i])
2M/

2M/
values← cellninterpolate(dataset.values, localncell, p)

2M/
`2im`M values

�H;Q`Bi?K k, AMi2`TQH�iQ`

M2r BMi2`TQH�iQ` 7QHHQrb i?2 �H;Q`Bi?K kX h?2 HQQFmT Bb bT2/ mT #v #BM�`v
b2�`+?c i?mb � bBM;H2 BMi2`TQH�iBQM +�M #2 �+?B2p2/ BM O(log(xsampling) +
log(ysampling) + log(zsampling))X �//BiBQM�HHv- i?2 BMi2`TQH�iQ` Bb QTiBKBx2/
iQ HQQF mT i?2 HQ+�H +2HH BM `2;mH�`Hv b�KTH2/ /�i�b2ib BM +QMbi�Mi iBK2X
h?2 QTiBKBx�iBQM Bb TQbbB#H2 i?�MFb iQ � T`Q+2/m`2 r?B+? i`B2b iQ 2biBK�i2
i?2 TQbBiBQM Q7 i?2 HQ+�H +2HHX

8e
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AMTmi, dataset, points, t0, tbound

PmiTmi, streamlines

solver ← RKSolver
solver.init(dataset, t0, tbound)
streamlines← []
7Q`2�+? p ∈ points /Q

positions← [p]
times← [t0]
solver.initnstep(p)
r?BH2 not solver.finished /Q

solver.step()
positions← solver.position
times← solver.time

2M/
streamlines← [position, times]

2M/
`2im`M streamlines

�H;Q`Bi?K j, AMi2;`�iBQM

AMi2;`�iBQM �M/ aQHp2` h?2 �H;Q`Bi?K j mb2/ 7Q` BMi2;`�iBQM ?�b � bBK@
BH�` bi`m+im`2 iQ i?2 Q`B;BM�H a+BSv 7mM+iBQM bQHp2nBpTX h?2 /2bB;M Q7 i?2
Q`B;BM�H bQHp2` mb2/ 7Q` BMi2;`�iBQM Bb b�iBb7�+iQ`vc ?Qr2p2`- i?2 a+BSv _E
bQHp2`b �`2 BKTH2K2Mi2/ Tm`2Hv BM Svi?QM �M/ H�+F i?2 T2`7Q`K�M+2 Q7 i?2
bQHp2`b BKTH2K2Mi2/ BM +QKTBH2/ H�M;m�;2bX PM2 QTiBQM Bb iQ mb2 �H`2�/v
2tBbiBM; bQHp2` r`Bii2M BM � +QKTBH2/ H�M;m�;2X h?2 Qi?2` QTiBQM Bb iQ TQ`i
i?2 Svi?QM +Q/2 BMiQ � +QKTBH2/ H�M;m�;2X AM #Qi? +�b2b- i?2 bQHp2` ?�b
iQ #2 +QKT�iB#H2 rBi? i?2 M2r /�i� bi`m+im`2 �M/ i�F2 �/p�Mi�;2 Q7 i?2
M2r 7�bi BMi2`TQH�iBQM `QmiBM2X

hQ BKT`Qp2 i?2 T2`7Q`K�M+2- T`Q#�#Hv MQi i?2 bBKTH2bi #mi �M 2H2;�Mi
bQHmiBQM Bb iQ TQ`i i?2 Svi?QM +Q/2 BMiQ *vi?QM- � Svi?QM 2ti2MbBQM 2M�#HBM;
K2KQ`v K�M�;2K2Mi �M/ /2+H�`�iBQM Q7 ivT2bX h?2 *vi?QM +Q/2 +�M #2
/B`2+iHv i`�MbH�i2/ BMiQ *X AM i?2 Tm`2bi 7Q`K- i?2 *vi?QM +�M 2HBKBM�i2 i?2 mb2
Q7 Svi?QM BMi2`T`2i2`- r?B+? /`�K�iB+�HHv BKT`Qp2b i?2 T2`7Q`K�M+2X aBM+2
i?2 +Q/2 ?�b iQ #2 QTiBKBx2/ 7Q` T2`7Q`K�M+2- i?2 }M�H /2+BbBQM Bb iQ BKTH2K2Mi
+`BiB+�H T�`ib Q7 i?2 +Q/2 BM *vi?QMX

1M`B+?2/ .�i�b2i 6Q`K�i aBM+2 Bi Bb M2+2bb�`v iQ i`�Mb72` i?2 +QKTmi2/
/�i�- i?2 2M`B+?2/ /�i�b2i b?QmH/ ?�p2 � r2HH@/2}M2/ 7Q`K�iX h?2 7Q`K�i
?�b iQ #2 ~2tB#H2 �M/ 2�bv iQ T`Q+2bb bBM+2 i?2 i?B`/ bi�;2 Q7 i?2 TBT2HBM2
rBHH #2 T2`7Q`K2/ BM i?2 #`Qrb2` #v i?2 `2M/2`2`X h?2 }M�H +?QB+2 Bb iQ mb2
CaPL 7Q`K�iX h?2 �``�vb Q7 ~Q�iBM; TQBMi MmK#2`b +�M #2 biQ`2/ �b "�b2e9

8d



8X .2bB;M

2M+Q/2/ bi`BM;b- r?B+? /Bb�#H2b mb2` BMbT2+iBQM Q7 i?2 p�Hm2b #mi 2Mbm`2b i?�i
MQ T`2+BbBQM Bb HQbi #v +QMp2`bBQMX

8Xk a2`p2` �TTHB+�iBQM
h?2 b2`p2` �TTHB+�iBQM b2`p2b �b � #`B/;2 #2ir22M i?2 +QKTmi�iBQM #�+F2M/
�M/ i?2 +HB2Mi@bB/2 �TTHB+�iBQMX h?2 `2bTQMbB#BHBiB2b Q7 i?2 b2`p2` �TTHB+�iBQM
BMpQHp2 K�M�;BM; /�i�b2i mTHQ�/b- biQ`BM; i?2 /�i�b2ib �M/ TBT2HBM2 /2b+`BT@
iBQMb �M/ K�M�;BM; i?2 [m2m2 Q7 +QKTmi�iBQM `2[m2bibX aBM+2 i?2 +QKTmi�iBQM
#�+F2M/ Bb r`Bii2M BM Svi?QM- i?2 b2`p2` �TTHB+�iBQM Bb /2bB;M2/ �b � .D�M;Q
�TTHB+�iBQM iQ 2M�#H2 � bKQQi? +QMM2+iBQM #2ir22M i?2b2 irQ +QKTQM2MibX
h?2 };m`2 8e T`2b2Mib i?2 /�i�#�b2 KQ/2H Q7 i?2 b2`p2` �TTHB+�iBQMX

h?2 BMi2`M�H .D�M;Q BM7`�bi`m+im`2 K�M�;2b mb2` `2[m2bibX h?2 b2`p2`
�TTHB+�iBQM +QMi�BMb i?2 /�i�#�b2 KQ/2H �M/ b2`p2b BM/BpB/m�H pB2rb Q7 i?2
+HB2Mi@bB/2 �TTHB+�iBQMX �MQi?2` .D�M;Q 2ti2MbBQM ?�M/H2b i?2 +QKKmMB+�iBQM
#2ir22M +HB2Mib �M/ +QKTmi�iBQM #�+F2M/ ě .D�M;Q *?�MM2Hb- r?B+? 2M�#H2b
r2# bQ+F2i +QKKmMB+�iBQMX h?2 mb2` `2[m2bib 7�HH BMiQ QM2 Q7 i?2 7QHHQrBM;
+�i2;Q`B2b Ĝ K�M�;2K2Mi `2[m2bi Q` T`Q+2bbBM; `2[m2biX

J�M�;2K2Mi _2[m2bib h?2 K�M�;2K2Mi `2[m2bib �`2 �Hr�vb >hhS
`2[m2bib �M/ BMpQHp2 +`2�iBM;- mT/�iBM;- �M/ /2H2iBM; � /�i�#�b2 KQ/2H-
Q` b2`pBM; � pB2rX h?2 K�M�;2K2Mi `2[m2bib �`2 K�M�;2/ pB� i?2 K�M@
�;2K2Mi BMi2`7�+2X

S`Q+2bbBM; _2[m2bib h?2`2 �`2 QMHv i?`22 /BbiBM+i ivT2b Q7 T`Q+2bbBM;
`2[m2bib @ bi�`i Q` biQT � +QKTmi�iBQM �M/ HBbi TQbbB#H2 `2[m2bi ivT2bX
h?2 T`Q+2bbBM; `2[m2bib �`2 b2`p2/ bi`B+iHv pB� r2# bQ+F2ib bBM+2 i?2 b2`p2`
M22/b iQ b2M/ #�+F i?2 BM7Q`K�iBQM �#Qmi i?2 T`Q;`2bb Q7 i?2 +QKTmi�iBQMX

AMi2`M�HHv- i?2 b2`p2` F22Tb � [m2m2 Q7 i?2 +QKTmi�iBQM `2[m2bib �M/ T`Q@
+2bb2b i?2K QM2 #v QM2X h?2 b2`p2` �TTHB+�iBQM Bb /2bB;M2/ iQ #2 2MiB`2Hv b2T@
�`�i2/ 7`QK i?2 +QKTmi�iBQM #�+F2M/ �M/ `mMb BM � b2T�`�i2 T`Q+2bb- r?B+?
2Mbm`2b i?�i �Mv TQbbB#H2 T`Q#H2Kb +�mb2/ #v i?2 +QKTmi�iBQM #�+F2M/ /Q MQi
#`BM; i?2 b2`p2` �TTHB+�iBQM /QrMX h?2 +QKKmMB+�iBQM #2ir22M i?2 b2`p2` �TT
�M/ +QKTmi�iBQM #�+F2M/ Bb T2`7Q`K2/ pB� r2# bQ+F2ibX

8Xj q2# �TTHB+�iBQM
h?2 r2# �TTHB+�iBQM +QMbBbib Q7 pB2rb �M/ +QMi`QHH2`bX h?2 r2# �TTHB+�iBQM
Bb /2bB;M2/ �b � bBM;H2@b+`22M �TTHB+�iBQMc ?Qr2p2`- i?2 bBM;H2 pB2r Bb /BpB/2/
BMiQ KmHiBTH2 bm#pB2rbX h?2 MQi�#H2 bm#pB2rb �`2 /�i�b2i �M/ MQi2#QQF pB2rbX
1�+? HBbi2/ bm#pB2r +QMi�BMb � b2i Q7 +QMi`QH 2H2K2Mib r?B+? �`2 �HbQ i`2�i2/
�b b2T�`�i2 pB2rbX h?Bb ?B2`�`+?v �HHQrb �bbB;MBM; �M BM/2T2M/2Mi +QMi`QHH2`
iQ 2�+? pB2r- r?B+? bBKTHB}2b i?2 Qp2`�HH /2bB;MX
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User

PK   username: TextField
        email: TextField
        password: TextField

User_PK(username)

User

PK   username: TextField
        email: TextField
        password: TextField

User_PK(username)

Profile

PFK username: TextField
        bio: TextField
        affiliation: CharField

Profile_PK(username)

Profile_User_FK(username)

Profile

PFK username: TextField
        bio: TextField
        affiliation: CharField

Profile_PK(username)

Profile_User_FK(username)

Notebook

PK  code: UUIDField
       title: CharField
       time_created: DateTimeField
       time_modified: DateTimeField
       data: TextField
       output: FileField
       nodefile: FileField
FK  author: TextField

Notebook_PK(code)

Notebook_User_FK(author)

Notebook

PK  code: UUIDField
       title: CharField
       time_created: DateTimeField
       time_modified: DateTimeField
       data: TextField
       output: FileField
       nodefile: FileField
FK  author: TextField

Notebook_PK(code)

Notebook_User_FK(author)

Task

PFK notebook: UUIDField
        data: TextField
        time_created: DateTimeField
        data: TextField
FK   user: TextField
        running: BooleanField

Task_PK(notebook)

Task_Notebook_FK(notebook)
Task_User_FK(user)

Task

PFK notebook: UUIDField
        data: TextField
        time_created: DateTimeField
        data: TextField
FK   user: TextField
        running: BooleanField

Task_PK(notebook)

Task_Notebook_FK(notebook)
Task_User_FK(user)

Dataset

PK  code: UUIDField
       title: CharField
       time_created: DateTimeField
       data: FileField
       status: IntegerField
FK  owner: TextField
       description: TextField

Dataset_PK(code)

Dataset_User_FK(owner)

Dataset

PK  code: UUIDField
       title: CharField
       time_created: DateTimeField
       data: FileField
       status: IntegerField
FK  owner: TextField
       description: TextField

Dataset_PK(code)

Dataset_User_FK(owner)

1 0..*

1

10..1

0..*

1

0..*

1 1
username = username

«FK»

owner = username
«FK»

author = username
«FK»

user = username
«FK»

notebook = code
«FK»

6B;m`2 8e, .�i�#�b2 KQ/2H Q7 i?2 b2`p2` �TTHB+�iBQM

Dataset NotebookUpload Dataset

Enter Name 

Upload File

Submit

Upload Notebook

Enter Name

Upload File

Submit

Dataset A rename  |  copy code  |  download  |  delete

actions

Dataset B rename  |  copy code  |  download  |  delete

18 Mar 2019

Dataset C rename  |  copy code  |  download  |  delete

created

validstatus

Dataset with 3 dimensions:
sampling:
   x: 15
   y: 16
   z: 17

axis range of sampling:
   x: -25.0 – 25.0
   y: -35.0 – 25.0
   z: -45.0 – 25.0 

description

Notebook A

title title

open  |  rename  |  download  |  view result  |  delete

actions

Notebook B open  |  rename  |  download  |  view result  |  delete

Notebook C open  |  rename  |  download  |  view result  |  delete

Docs  |  Username  |  Signout

6B;m`2 8d, JQ+FmT Q7 i?2 K�BM �TTHB+�iBQM b+`22M

h?2 };m`2 8d +QMi�BMb � KQ+FmT Q7 i?2 bBM;H2 b+`22M rBi? H�#2H2/ bm#@
pB2rbX h?2 b2+QM/ };m`2 83 /BbTH�vb i?2 bi`m+im`2 Q7 i?2 r2# �TTHB+�iBQM /2@
bB;MX aBM+2 i?2 �TTHB+�iBQM Bb bmTTQb2/ iQ 7mM+iBQM �b � r2#bBi2- i?2 pB2rb �`2
BKTH2K2Mi2/ �b >hJG 2H2K2Mib �M/ i?2 +QMi`QHH2`b �b b+`BTib BM C�p�a+`BTiX

8N
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Web Application

Pipeline Editor

UI Subclasses

UI classes with static
methods to setup callbacks 
for onMouse* actions 

classes:
UINotebook
UIDataset
UISidebar
UIFile
UIDatasetCopy
UIFileDelete
UIFileEdit
UIGeneral
UINotebookForm
UINotebookOpen
UIHeade

UI Editor Subclasses

UI classes with static methods
to setup callbacks 
for onMouse* actions 
for Editor elements 

classes:
UIEditor
UIEditorMenu
UINode
UIConnection
UITerminal
UICommand

«class»

UI

+  indexPage(...): void
+  notebookPage(...): void
+  docsPage(...): void

«class»

UI

+  indexPage(...): void
+  notebookPage(...): void
+  docsPage(...): void

«class»

Data Manager

+  requestFrequent(object): void
+  request(object): void
+  upload(object): void
+  files(object): void
+  readFile(object): void

«class»

Data Manager

+  requestFrequent(object): void
+  request(object): void
+  upload(object): void
+  files(object): void
+  readFile(object): void

«class»

History

+  addIndexHistory(): void
+  addDocsHistory(object): void
+  addNotebookHistory(object): void

«class»

History

+  addIndexHistory(): void
+  addDocsHistory(object): void
+  addNotebookHistory(object): void

«class»

Terminal

+  command(str, data): void
+  close(): void

«class»

Terminal

+  command(str, data): void
+  close(): void

«class»

Editor

+  nodes: object
+  transform: object
+  mouseState: object

+  mouseDown(object): void
+  mouseUp(object): void
+  mouseMove(object): void
+  wheel(object): void
+  keyPress(object): void
+  resize(): void

+  addNode(Node): void
+  deleteNode(Node): void
+  connect(Node): void

+  serialize(): void
+  deserialize(str): void

«class»

Editor

+  nodes: object
+  transform: object
+  mouseState: object

+  mouseDown(object): void
+  mouseUp(object): void
+  mouseMove(object): void
+  wheel(object): void
+  keyPress(object): void
+  resize(): void

+  addNode(Node): void
+  deleteNode(Node): void
+  connect(Node): void

+  serialize(): void
+  deserialize(str): void

«class»

Pipeline Interface

+  serialize(): void
+  deserialize(str): void

«class»

Pipeline Interface

+  serialize(): void
+  deserialize(str): void

«class»

Node

+  active: bool
+  data: object
+  title: str
+  id: int
+  transform: object
+  inConnections: object
+  outConnections: object

+  mouseDown(object): void
+  move(object): void

+  addInCon(Connection): void
+  addOutCon(Connection): void
+  delete(): void
+  isConnectedTo(Node): bool
+  isCompatible(Node): bool

+  serialize(): void
static  deserialize(str): void

«class»

Node

+  active: bool
+  data: object
+  title: str
+  id: int
+  transform: object
+  inConnections: object
+  outConnections: object

+  mouseDown(object): void
+  move(object): void

+  addInCon(Connection): void
+  addOutCon(Connection): void
+  delete(): void
+  isConnectedTo(Node): bool
+  isCompatible(Node): bool

+  serialize(): void
static  deserialize(str): void

«class»

Connection

+  outNode: bool
+  inNode: object
+  id: int

+  mouseDown(object): void

+  redraw(): void
+  delete(): void

«class»

Connection

+  outNode: bool
+  inNode: object
+  id: int

+  mouseDown(object): void

+  redraw(): void
+  delete(): void

6B;m`2 83, .2bB;M Q7 +HB2Mi +QKTQM2Mib r2# �TTHB+�iBQM �M/ TBT2HBM2 2/BiQ`

8X9 SBT2HBM2 1/BiQ`
h?2 TBT2HBM2 2/BiQ` +QMbBbib Q7 irQ pB2rb ě i?2 ;`�T? 2/BiQ` �M/ � i2`KBM�HX
Ai Bb BbQH�i2/ 7`QK i?2 `2bi Q7 i?2 r2# �TTHB+�iBQM �M/ b2`p2b � bBM;H2 Tm`TQb2
ě Bi �HHQrb �bb2K#HBM; i?2 /2b+`BTiBQM Q7 i?2 /vM�KB+ pBbm�HBx�iBQM TBT2HBM2X

:`�T? 1/BiQ` h?2 /2bB;M Q7 i?2 2/BiQ` Bb #�b2/ QM � K2i�T?Q` Q7 i?2
TBT2HBM2 #2BM; � ;`�T?X 1�+? T`Q+2/m`2 Bb `2T`2b2Mi2/ �b � bBM;H2 pBbm�H
MQ/2- �M/ i?2 2/BiQ` �HHQrb K�MBTmH�iBM; �M/ /vM�KB+�HHv `2+QMM2+iBM;
+QKT�iB#H2 MQ/2bX "2bB/2b i?2 BMTmi /�i� 7`QK Qi?2` T`Q+2/m`2b- 2�+? T`Q@
+2/m`2 `2[mB`2b �//BiBQM�H T�`�K2i2`bX h?2b2 T�`�K2i2`b �`2 MQi i`2�i2/
�b /�i� ~QrBM; 7`QK QM2 MQ/2 iQ �MQi?2`X h?Bb HQ+�HBiv M22/b iQ #2 `2T@
`2b2Mi2/ #v i?2 /2bB;M Q7 i?2 mb2` BMi2`7�+2X h?2 };m`2 8N BHHmbi`�i2b i?2

ey
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title procedure XYZ

double param 0.5

select param value

2int param

color param

inputs type A, (typeB)
inputs type C

type Coutputs

type Aoutputs

type Boutputs

data inputs
from previous nodes

data output 
to subsequent nodes

local parameters

input and output
data types

6B;m`2 8N, JQ+FmT Q7 i?2 lA Q7 � bBM;H2 MQ/2 7`QK i?2 TBT2HBM2 2/BiQ`

pBbm�H /2bB;M Q7 � bBM;H2 MQ/2 7`QK i?2 TBT2HBM2 2/BiQ`X h?2 MQ/2b ?�p2 iQ
7QHHQr i?2 /2bB;M bi`m+im`2 Q7 i?2 +QKTmi�iBQM #�+F2M/ r?B+? �HbQ BM+Hm/2b
i?2 `mH2b �#Qmi bmTTQ`i2/ BMTmi �M/ QmiTmi ivT2bX h?2`27Q`2- i?2 pBbm�H
MQ/2b �HbQ /BbTH�v `2[mB`2/ �M/ QTiBQM�H /�i� ivT2bX
h?2 };m`2 83 BHHmbi`�i2b i?2 /2bB;M bi`m+im`2 Q7 i?2 TBT2HBM2 2/BiQ`X h?2
mM/2`HvBM; +QMi`QHH2`b i�F2 +�`2 Q7 K�MBTmH�iBM; MQ/2b- �//BM; +QMM2+iBQMb
�M/ mT/�iBM; p�Hm2b Q7 i?2 T�`�K2i2`bX � bB;MB}+�Mi `2bTQMbB#BHBiv Q7 i?2
2/BiQ` Bb b2`B�HBxBM; �M/ /2b2`B�HBxBM; i?2 /2b+`BTiBQM Q7 i?2 TBT2HBM2X h?2
MQ/2b �`2 /2bB;M2/ �b C�p�a+`BTi Q#D2+ibc ?Qr2p2`- Bi Bb M2+2bb�`v iQ biQ`2
QMHv � b2H2+iBQM Q7 i?2 Q#D2+iǶb �ii`B#mi2bX
h?2 b2`B�HBx�iBQM T`Q/m+2b �M �``�v Q7 Q#D2+ib r?B+? +�M #2 biQ`2/ BM
� CaPL 7Q`K�iX h?2 BMp2`b2 QT2`�iBQM BMpQHp2b `2+QMbi`m+iBM; i?2 pBbm�H
`2T`2b2Mi�iBQM Q7 i?2 ;`�T? 7`QK i?2 CaPL 7Q`K�iX

h2`KBM�H h?2 i2`KBM�H b2`p2b 7Q` +QKKmMB+�iBQM rBi? i?2 b2`p2` �TTHB+�@
iBQM �M/ i?2 +QKTmi�iBQM #�+F2M/X h?2 i2`KBM�H b2M/b i?2 2Mi2`2/ +QK@
K�M/ iQ i?2 b2`p2` �HQM; rBi? i?2 b2`B�HBx2/ /2b+`BTiBQM Q7 i?2 TBT2HBM2
�M/ /BbTH�vb i?2 b2`p2` `2bTQMb2X h?2 `2[m2bi Bb b2Mi iQ i?2 T`Q+2bbBM;
BMi2`7�+2 Q7 i?2 b2`p2` �TTHB+�iBQMX

8X8 _2M/2`2`
h?2 `2M/2`2` +QKTQM2Mi Bb QM2 Q7 i?2 KQ`2 +QKTH2t +QKTQM2MibX �b Bib iBiH2
bm;;2bib- i?2 +QKTQM2Mi 2M�#H2b `2M/2`BM; Q7 i?2 pBbm�HBx�iBQMX h?2 +QKTQ@
M2Mi �++2Tib i?2 2M`B+?2/ /�i�b2i T`Q/m+2/ #v i?2 +QKTmi�iBQM #�+F2M/X h?2
2MiB`2 `2M/2`2` Bb 2M+�TbmH�i2/ BM � bBM;H2 +H�bbX h?2 K�BM +H�bb 7m`i?2` +QM@
i�BMb i?`22 K2K#2` +H�bb2b r?B+? �`2 `2bTQMbB#H2 7Q` ?�M/HBM; i?2 mb2` BMTmi-
K�M�;BM; mb2` BMi2`7�+2- �M/ /`�rBM; QM i?2 b+`22MX h?2 }`bi irQ i�bFb �`2
MQi p2`v i2+?MB+�HHv +?�HH2M;BM;X

eR
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AMTmi AMi2`7�+2 h?2 BMi2`7�+2 +H�bb ?�M/H2b i?2 mb2` BMTmiX h?2 +H�bb
F22Tb � `2+Q`/ Q7 mb2` �+iBQMb bm+? �b F2v T`2bb �M/ KQmb2 /`�; �M/ K�F2b
i?Bb /�i� �p�BH�#H2 7Q` Qi?2` +H�bb2bX h?2 mb2` BMTmib +QMM2+i2/ iQ b+2M2
K�MBTmH�iBQM �`2 mb2/ /m`BM; 2�+? 7`�K2 mT/�i2X

lb2` AMi2`7�+2 h?2 mb2` BMi2`7�+2 Bb 2M+�TbmH�i2/ BM � bBM;H2 +H�bb r?B+?
7m`i?2` /Bbi`B#mi2b i?2 +QMi`QH Qp2` BM/BpB/m�H T�`ib �KQM; � ;`QmT Q7 Qi?2`
+H�bb2bX

:`�T?B+b h?2 ;`�T?B+b +H�bb T2`7Q`Kb i?2 KQbi i2+?MB+�HHv +?�HH2M;BM;
QT2`�iBQMbX h?2 +H�bb Bb `2bTQMbB#H2 7Q` `2M/2`BM; i?2 2M`B+?2/ /�i�b2i- �M/
i?2 mb2/ �H;Q`Bi?Kb ?�p2 iQ #�H�M+2 K2KQ`v �M/ T2`7Q`K�M+2 2{+B2M+vX
h?2 HQr2bi H2p2H ;`�T?B+b �SA �p�BH�#H2 ě q2#:G ě Bb mb2/ iQ 2M�#H2
?�`/r�`2 �++2H2`�iBQM Q7 i?2 `2M/2`BM;X

q2#:G S`BM+BTH2b h?2 `�bi2`Bx�iBQM TBT2HBM2 BKTH2K2Mi2/ #v q2#:G ?�b
}t2/ �M/ T`Q;`�KK�#H2 T�`ibX h?2 #�bB+ mb2 Q7 q2#:G 7Q` bi�iB+ KQ/2Hb +�M
#2 2tTH�BM2/ BM irQ bi2TbX h?2 }`bi bi2T BMpQHp2b biQ`BM; /�i� BMiQ #mz2`bX
AM i?2 b2+QM/ bi2T- T`Q;`�Kb +�HH2/ b?�/2`b i�F2 � b2i Q7 /�i� 7`QK QM2 Q`
KQ`2 #mz2`b �M/ T`Q+2bb BiX h?2 `2M/2`2` miBHBx2b QMHv irQ ivT2b Q7 b?�/2`b
ě p2`i2t b?�/2` �M/ 7`�;K2Mi b?�/2`X h?2 T2`7Q`K�M+2 #QQbi Bb ;�BM2/ #v
`mMMBM; i?2 b?�/2`b BM T�`�HH2H QM /2/B+�i2/ ?�`/r�`2X 6m`i?2` `2�/BM; �#Qmi
q2#:G �M/ PT2M:G +�M #2 7QmM/ BM (jj)X

8X8XR oBbm�HBx�iBQM K2i?Q/b
"�b2/ QM i?2 #`B27 BMi`Q/m+iBQM Q7 q2#:G- i?2`2 �`2 irQ /2bB;M T`Q#H2Kb
r?B+? M22/ iQ #2 �//`2bb2/ BM Q`/2` iQ miBHBx2 i?2 q2#:G �SAX

Ç >Qr iQ K�T i?2 /�i�b2i QMiQ � ;2QK2i`v biQ`2/ BM i?2 #mz2`b\
Ç >Qr /Q i?2 b?�/2`b ?�M/H2 i?2 #mz2` /�i�\

h?2 `2M/2`2` ?�b iQ bmTTQ`i i?`22 mMB[m2 pBbm�HBx�iBQM K2i?Q/b ě ;HvT?b-
bi`2�KHBM2b- �M/ TH�M2bX 1�+? K2i?Q/ `2[mB`2b � bHB;?iHv /Bz2`2Mi �TT`Q�+?X
h?2 /2bB;M ?�b iQ `2~2+i r?�i i?2 2`B+?2/ /�i�b2i +QMi�BMb �M/ r?�i i?2
pBbm�HBx�iBQM K2i?Q/ Bb 7`QK i?2 T2`bT2+iBp2 Q7 i?2 `2M/2`2`X

:HvT?b h?2 /�i�b2i `2T`2b2Mib ;HvT?b rBi? TQBMib- +Q``2bTQM/BM; p�Hm2b-
�M/ bQK2 �//BiBQM�H K2i�/�i� �#Qmi +QHQ`K�T �M/ i?2 ;2QK2i`v ivT2X
h?2 ;HvT?b �`2 � `2T2�i2/ BMbi�M+2 Q7 i?2 b�K2 Q#D2+i U;HvT?V b+�H2/ �M/
+QHQ`2/ �++Q`/BM; iQ i?2 HQ+�H p�Hm2 Q7 i?2 p2+iQ` }2H/X h?2 KQbi bi`�B;?i@
7Q`r�`/ bQHmiBQM Bb iQ +`2�i2 � KQ/2H Q7 � bBM;H2 ;HvT?- i`�Mb7Q`K i?2
KQ/2H 7Q` 2p2`v TQbBiBQM �M/ p�Hm2- �M/ biQ`2 i?2 i`�Mb7Q`K2/ ;2QK2i`v
�HQM; rBi? i?2 +Q``2bTQM/BM; +QHQ` /�i�X h?2 b?�/2` rQmH/ i�F2 i?2 i`�Mb@
7Q`K2/ ;2QK2i`v �M/ QMHv �TTHv i?2 T`2/2i2`KBM2/ +QHQ`X h?Bb �TT`Q�+?

ek



8X8X _2M/2`2`

Bb p2`v BM2z2+iBp2- KQ`2 2{+B2Mi �TT`Q�+? Bb iQ mb2 � i2+?MB[m2 +�HH2/ BM@
bi�M+BM;X h?Bb i2+?MB[m2 �HHQrb 7Q` `2M/2`BM; i?2 b�K2 KQ/2H KmHiBTH2
iBK2b rBi? bHB;?iHv /Bz2`2Mi T�`�K2i2`bX h?2 +?�M;BM; T�`�K2i2`b ?�p2
iQ #2 biQ`2/ BM � b2T�`�i2 #mz2` �M/ q2#:G M22/b iQ FMQr ?Qr Q7i2M Bi
b?QmH/ br�T i?2 +m``2Mi b2i Q7 T�`�K2i2`b rBi? � M2r QM2X h?2 bT�iB�H
;2QK2i`v i`�Mb7Q`K�iBQM Bb T2`7Q`K2/ BM i?2 b?�/2`b �HQM; rBi? i?2 +QHQ`
BMi2`TQH�iBQMX

ai`2�KHBM2b h?2 bi`2�KHBM2b �`2 `2T`2b2Mi2/ BM i?2 /�i�b2i �b � HBbi Q7
TQBMib- p�Hm2b- �M/ iBK2bi�KTbX � bBKTH2 `2T`2b2Mi�iBQM Q7 � bi`2�KHBM2
+QmH/ #2 BKTH2K2Mi2/ mbBM; QMHv HBM2bX >Qr2p2`- i?Bb pBbm�HBx�iBQM Bb MQi
bm{+B2Mic Bi Bb /B{+mHi iQ /2i2`KBM2 i?2 �+im�H TQbBiBQM Q7 � bBM;H2 HBM2 BM j.
bT�+2X h?mb- i?2 bi`2�KHBM2b ?�p2 iQ #2 pBbm�HBx2/ rBi? j. +m`p2b Q7 MQM@
x2`Q i?B+FM2bbX h?2`2 �`2 b2p2`�H r�vb ?Qr iQ BKTH2K2Mi j. +m`p2bc i?2
/2bB;M +?Qb2M ?2`2 Bb BMbTB`2/ #v � K2i?Q/ +�HH2/ 2ti`mbBQM �HQM; � +m`p2X
h?2 +m`p2 Bb /BpB/2/ BMiQ b2p2`�H b2;K2MibX h?2 �H;Q`Bi?K T`Q+2bb2b 2�+?
b2;K2Mi BM/BpB/m�HHvX h?2 b2;K2Mi Bb #QmM/2/ #v � T�B` Q7 TQBMib ě
bi�`iBM; �M/ 2M/BM; TQBMiX � im#2 +�M #2 mb2/ �b � ;2QK2i`v 7Q` i?2
b2;K2MiX h?2`2 Bb � r2B;?i �bbB;M2/ iQ 2�+? p2`i2t Q7 i?2 ;2QK2i`v- r?B+?
BM/B+�i2b i?2 TQbBiBQM Q7 i?2 p2`i2t `2H�iBp2 iQ i?2 2M/BM; TQBMi Q7 i?2
b2;K2MiX h?2 /Bbi`B#miBQM Q7 r2B;?ib Bb BHHmbi`�i2/ BM i?2 };m`2 8RyX h?2
�H;Q`Bi?K Bb i`vBM; iQ #2M/ i?2 ;2QK2i`v �HQM; i?2 b2;K2Mi Q7 i?2 +m`p2X
6B`bi- i?2 �H;Q`Bi?K �TT`QtBK�i2b i?2 HQ+�H i�M;2Mi p2+iQ` �M/ i?2 HQ+�H
TQbBiBQM Q7 i?2 +m`p2X AM i?2 b2+QM/ bi2T- i?2 p2`i2t Bb i`�MbH�i2/ iQ K�F2
i?2 i�M;2Mi p2+iQ` T2`T2M/B+mH�` iQ i?2 `�/Bmb Q7 i?2 im#2X 6BM�HHv- i?2
p2`i2t Bb i`�MbH�i2/ �++Q`/BM; iQ i?2 HQ+�H TQbBiBQM Q7 i?2 +m`p2X
� bBKTH2 p2`bBQM Q7 i?2 �H;Q`Bi?K HBM2�`Hv �TT`QtBK�i2b i?2 +m`p2c ?Qr@
2p2`- i?2`2 �`2 � 72r �//BiBQM�H BKT`Qp2K2Mib TQbbB#H2X h?2 ;2QK2i`v Q7
i?2 b2;K2Mi +�M #2 7m`i?2` /BpB/2/ �HQM; i?2 +m`p2X h?2 p2`iB+2b #2ir22M
#Qi? 2M/b +�M #2 i`�Mb7Q`K2/ rBi? i?2 b�K2 �H;Q`Bi?KX A7 � KQ`2 bQT?BbiB@
+�i2/ K2i?Q/ 7Q` �TT`QtBK�iBQM Q7 i?2 HQ+�H p�Hm2b Bb mb2/- 2X;X- i?2 +m#B+
BMi2`TQH�iBQM- i?2 �//BiBQM�H b�KTHBM; Q7 i?2 +m`p2 b?QmH/ T`Q/m+2 � KQ`2
bKQQi? `2+QMbi`m+iBQM Q7 i?2 Q`B;BM�H bi`2�KHBM2X h?2 �H;Q`Bi?K +�M #2
7m`i?2` BKT`Qp2/ iQ �HHQr �/DmbiBM; i?2 i?B+FM2bb Q7 i?2 +m`p2X
6m`i?2`- i?2 2M/TQBMi iBK2bi�KTb +�M #2 mb2/ 7Q` �/DmbiBM; i?2 `2M/2`2/
TQ`iBQM Q7 i?2 bi`2�KHBM2X h?2 p2`iB+2b QmibB/2 i?2 pBbB#H2 `�M;2 �`2 }Hi2`2/
Qmi #v /2i2`KBMBM; i?2 pBbB#BHBiv Q7 2�+? p2`i2tX h?2 pBbB#BHBiv BM7Q`K�iBQM
Bb T�bb2/ BMiQ i?2 7`�;K2Mi b?�/2`- �M/ i?2 7`�;K2Mib HvBM; QmibB/2 Q7 i?2
pBbB#H2 `2;BQM �`2 /Bb+�`/2/X
h?2 }M�H /2bB;M Q7 i?2 �H;Q`Bi?K ?�/ iQ #2 �//BiBQM�HHv KQ/B}2/X h?2
+m#B+ BMi2`TQH�iBQM `2[mB`2b irQ TQBMib- irQ i�M;2Mib- �M/ i?2 HQ+�H 7�+iQ`
7Q` BMi2`TQH�iBM; i?2 HQ+�H TQBMiX h?2 TQBMib �`2 Q#i�BM2/ /m`BM; i?2 BMi2@
;`�iBQM Q7 i?2 bi`2�KHBM2X h?2 i�M;2Mib �`2 i?2 p2+iQ`b Q7 i?2 p2+iQ` }2H/

ej



8X .2bB;M

p00 pair with w0 = 0

p06  pair with w0 = 0

wstart = 0

wend = 1

wlocal

p00 = p10 = p20
w0 ≠ w1 ≠ w2

pos0

(starting point)
pos1

pos1

pos2

(starting point)

pos2
(ending point)

(ending point)

pos3

p10 pair with w1 = 0.5

p20 pair with w2 = 1

p22 pair with w2 = 1

local segment

general segment

local segment

map segment cubic bend

for each segment:

preparing segment geometry:

poslocal

tan0

tan1

tan2

tanlocal

tan3

compress
positions
along
axis

6B;m`2 8Ry, q2B;?i /Bbi`B#miBQM �M/ bi`2�KHBM2 im#2 +QMbi`m+iBQM �H;Q`Bi?K

e9
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AMTmi, posvertex ě p2`i2t TQbBiBQM
wlocal ě HQ+�H r2B;?i
tan0, tan1, tan2, tan3 ě 9 bm``QmM/BM; i�M;2Mib
pos0, pos1, pos2, pos3 ě 9 bm``QmM/BM; TQBMib
t0, t1, t2, t3 ě iBK2bi�KTb Q7 9 bm``QmM/BM; TQBMib
thickness ě `�/Bmb Q7 i?2 bi`2�KHBM2
tstart- tend ě pBbB#H2 `�M;2 Q7 iBK2bi�KTb

PmiTmi, i?2 `2�H@rQ`H/ position Q7 i?2 p2`i2t K�TT2/ �HQM; i?2
+m`p2

t← cubicscalar(t0, t1, t2, t3, wlocal)
visibility ← tstart ≤ t ∧ t ≤ tend

tanstart ← 0.5 |(pos2 − pos0)| · normalize(tan1)
tanend ← 0.5 |(pos3 − pos1)| · normalize(tan2)
poslocal ← cubicvector(pos1, pos2, tanstart, tanend, wlocal)
tanlocal ← cubicderivate(pos1, pos2, tanstart, tanend, wlocal)

p← posvertex ∗ thickness
p← rotatetan(p, tanlocal)
p← p + poslocal

`2im`M p
�H;Q`Bi?K 9, ai`2�KHBM2 +QMbi`m+iBQM �H;Q`Bi?K

BM i?2 TQBMib Q#i�BM2/ /m`BM; BMi2;`�iBQMX h?2 T`Q#H2K �`Bb2b BM im`#m@
H2Mi p2+iQ` }2H/bX h?2 ?B;?2` Q`/2` MmK2`B+ BMi2;`�iBQM K2i?Q/b T`Q/m+2
T?vbB+�HHv �++m`�i2 `2bmHib 2p2M BM KQ`2 im`#mH2Mi p2+iQ` }2H/bc ?Qr2p2`-
i?2 +m#B+ BMi2`TQH�iBQM Bb MQi +�T�#H2 Q7 �++m`�i2Hv 2biBK�iBM; i?2 +m`p2
i`�D2+iQ`v #�b2/ QM i?2 BMi2`TQH�i2/ i�M;2MibX h?2`27Q`2- i?2 /2bB;M Q7 i?2
}M�H �H;Q`Bi?K Bb �/Dmbi2/ iQ miBHBx2 7Qm` bm``QmM/BM; TQBMib �M/ p�Hm2b BM@
bi2�/ Q7 irQX h?2 +QKTH2i2 �H;Q`Bi?K rBi? i?2 �//BiBQM�H BKT`Qp2K2Mib
Bb T`2b2Mi2/ BM �H;Q`Bi?K 9 �M/ 8X

G�v2`b h?2 /�i�b2i biQ`2b i?2 H�v2` �b � ;`B/ Q7 TQBMib �M/ +Q``2bTQM/BM;
p�Hm2bX h?2 H�v2` +QMbBbib Q7 `2+i�M;mH�` +2HHb r?B+? +�M #2 �;�BM 2{+B2MiHv
`2M/2`2/ rBi? BMbi�M+BM;X >Qr2p2`- � KQ`2 bi`�B;?i7Q`r�`/ �M/ 2[m�HHv
2{+B2Mi �TT`Q�+? Bb iQ mb2 � /Bz2`2Mi K2i?Q/ +�HH2/ 2H2K2Mib `2M/2`BM;X
�M �//BiBQM�H #mz2` Q7 BM/B+2b ?�b iQ �++QKT�Mv i?2 #mz2` Q7 TQbBiBQMb �M/
p�Hm2bX � b2[m2M+2 Q7 7Qm` MmK#2`b BM i?2 �//BiBQM�H #mz2` +Q``2bTQM/b
iQ i?2 BM/B+2b Q7 i?2 TQbBiBQMb �M/ p�Hm2b 7Q`KBM; � bBM;H2 `2+i�M;mH�` +2HHX

e8
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6mM+iBQM cubicscalar(v0, v1, v2, v3, w) Bb
c1 ← v1
c2 ← −0.5v0 + 0.5v2
c3 ← v0 − 2.5v1 + 2v2 − 0.5v3
c4 ← −0.5v0 + 1.5v1 − 1.5v2 + 0.5v3
`2im`M (((c4w + c3)w + c2)w + c1)

2M/

6mM+iBQM cubicvector(v0, v1, t0, t1, w) Bb
c1 ← v0
c2 ← t0
c3 ← −3v0 + 3v1 − 2t0 − t1
c4 ← 2v0 − 2v1 + t0 + t1
`2im`M (((c4w + c3)w + c2)w + c1)

2M/

6mM+iBQM cubicderivate(v0, v1, t0, t1, w) Bb
c1← t0
c2← −6v0 + 6v1 − 4t0 − 2t1
c3← 6v0 − 6v1 + 3t0 + 3t1
`2im`M ((c3w + c2)w + c1)

2M/
�H;Q`Bi?K 8, ai`2�KHBM2 +QMbi`m+iBQM �H;Q`Bi?K ě 7mM+iBQMb

�b i?2 };m`2 8RR BHHmbi`�i2b- i?2 K2i?Q/b �`2 `2T`2b2Mi2/ #v BM/BpB/m�H +H�bb2bX
1�+? Q7 i?2 K2i?Q/b +QMi�BMb �//BiBQM�H T`BKBiBp2b ě +QHQ`K�Tb- #QmM/BM;
#Qt2b- �M/ H�#2HbX

*QHQ`K�Tb *QHQ`K�Tb �`2 mb2/ 7Q` +QHQ` +Q/BM; i?2 p2+iQ` +QKTQM2MibX
h?2`2 �`2 7Qm` +QHQ` +Q/BM; KQ/2b ě QM2 7Q` 2�+? Q7 i?2 +QKTQM2Mib Q7
i?2 p2+iQ` �M/ QM2 7Q` i?2 K�;MBim/2 Q7 i?2 +QKTH2i2 p2+iQ`X h?2 +m``2Mi
+QHQ`K�T Bb �Hr�vb /BbTH�v2/ QM i?2 b+`22M �HQM; rBi? H�#2Hb /2b+`B#BM;
i?2 HBKBi p�Hm2bX

"QmM/BM; "Qt2b h?2 Tm`TQb2 Q7 #QmM/BM; #Qt2b Bb iQ K�`F i?2 �`2�
+QMi�BMBM; � bBM;H2 pBbm�HBx�iBQM K2i?Q/X h?2 #Qt 2M�#H2b KQ`2 M�im`�H
Q`B2Mi�iBQM �M/ T`QpB/2b � bT�+2 7Q` H�#2HbX

G�#2Hb h?2 H�#2Hb BM7Q`K i?2 mb2` �#Qmi i?2 TQbBiBQM Q7 i?2 ;2QK2i`v BM
bT�+2X

ee
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UISubclasses

UI classes managing user 
input and acting as controller
for UI elements 

classes:
UIScene
UIBase
UIComponent
UIWidget
UIField

Shaders

Classes representing WebGL
shaders and programs 

classes:
Shader
Program
MethodProgram
BoxProgram
ColorbarProgram
GlyphProgram
LayerProgram
StreamProgram
TextProgram
+  glsl shaders

«class»

FlowApp

+  interface: Interface
+  graphics: Graphics
+  ui: UI

+  load(str): void

«class»

FlowApp

+  interface: Interface
+  graphics: Graphics
+  ui: UI

+  load(str): void

«class»

UI

+  elements: array
+  components: array
+  scenes: array
+  selectedScene: int
+  activeCompontne: int

+  addScene(UIScene, object): void
+  displayScene(int): void
+  componentKey(int): void
+  toggleComponent(int): void
+  toggleMenu(): void
+  toggleHelp(): void
+  delete(): void
+  resize(int, int): void

«class»

UI

+  elements: array
+  components: array
+  scenes: array
+  selectedScene: int
+  activeCompontne: int

+  addScene(UIScene, object): void
+  displayScene(int): void
+  componentKey(int): void
+  toggleComponent(int): void
+  toggleMenu(): void
+  toggleHelp(): void
+  delete(): void
+  resize(int, int): void

«class»

Graphics

+  scenes: array
+  programs: object

+  init(): void
+  resize(int, int): void
+  render(): void
+  renderColor(): void
+  render Depth(): void
+  addScene(object): void
+  delete(): void

«class»

Graphics

+  scenes: array
+  programs: object

+  init(): void
+  resize(int, int): void
+  render(): void
+  renderColor(): void
+  render Depth(): void
+  addScene(object): void
+  delete(): void

«class»

Scene

+  camera: Camera
+  light: Light
+  objects: object
+  time: object
+  gamma: double
+  colorMode: ColorMode

+  init(object, int, object): void
+  render(): void
+  renderColor(): void
+  render Depth(): void
+  delete(): void

«class»

Scene

+  camera: Camera
+  light: Light
+  objects: object
+  time: object
+  gamma: double
+  colorMode: ColorMode

+  init(object, int, object): void
+  render(): void
+  renderColor(): void
+  render Depth(): void
+  delete(): void

«class»

Interface

+  keys: object
+  mouseState: object

«class»

Interface

+  keys: object
+  mouseState: object

«class»

Camera

+  position: array
+  up: array
+  center: array
+  normal: array
+  scale: double
+  view: array
+  projection: array
+  mode: CameraMode

+  setPosition(Position): void
+  moveFront(): void
+  moveBack(): void
+  moveRight(): void
+  moveLeft(): void
+  rotate(double, double): void

«class»

Camera

+  position: array
+  up: array
+  center: array
+  normal: array
+  scale: double
+  view: array
+  projection: array
+  mode: CameraMode

+  setPosition(Position): void
+  moveFront(): void
+  moveBack(): void
+  moveRight(): void
+  moveLeft(): void
+  rotate(double, double): void

«class»

Light

+  position: array

«class»

Light

+  position: array

«abstract»

Primitive

+  buffers: object
+  meta: object
+  sizes: object
+  program: Program

+  addBufferVAO(object): void
+  addBufferVBO(object): void
+  addBufferEBO(object): void
+  addTexture(object): void

+  render(Camera, Light): void
+  delete(): void

«abstract»

Primitive

+  buffers: object
+  meta: object
+  sizes: object
+  program: Program

+  addBufferVAO(object): void
+  addBufferVBO(object): void
+  addBufferEBO(object): void
+  addTexture(object): void

+  render(Camera, Light): void
+  delete(): void

«abstract»

ColorPrimitive

+  reverseColor(): void

«abstract»

ColorPrimitive

+  reverseColor(): void

«abstract»

Method Primitive

+  initBoundingBox(object): void
+  initColorbar(object): void
+  ui: object

+  renderBox(Camera, Light): void
+  renderColorbar(Camera, Light): void
+  renderColor(Camera, Light): void
+  renderDepth(Camera, Light): void
+  renderLables(Camera, Light): void

«abstract»

Method Primitive

+  initBoundingBox(object): void
+  initColorbar(object): void
+  ui: object

+  renderBox(Camera, Light): void
+  renderColorbar(Camera, Light): void
+  renderColor(Camera, Light): void
+  renderDepth(Camera, Light): void
+  renderLables(Camera, Light): void

«class»

UnitBox

+  init(object): void

«class»

UnitBox

+  init(object): void

«class»

Box

+  init(object): void
+  addLabels(array): void
+  addLable(int, double, double): void 
+  renderLables(Camera, Light): void

«class»

Box

+  init(object): void
+  addLabels(array): void
+  addLable(int, double, double): void 
+  renderLables(Camera, Light): void

«class»

Quad

+  init(object): void

«class»

Quad

+  init(object): void

«class»

Colorbar

+  renderLables(Camera, Light, object): void

«class»

Colorbar

+  renderLables(Camera, Light, object): void

«class»

Glyphs

+  init(object): void

«class»

Glyphs

+  init(object): void

«class»

Stream

+  init(object): void
+  animationSetup(): void
+  animate(): void
+  resetAnimate(): void

«class»

Stream

+  init(object): void
+  animationSetup(): void
+  animate(): void
+  resetAnimate(): void

«class»

Layer

+  init(object): void

«class»

Layer

+  init(object): void

6B;m`2 8RR, .2bB;M bi`m+im`2 Q7 `2M/2`2` +QKTQM2Mi

ed
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8X8Xk aB;MB}+�M+2 p�Hm2
a2+iBQM 9XkXR 6BHi2`BM; BMi`Q/m+2/ � K2i?Q/ +�HH2/ pBbm�H }Hi2`BM;X h?2 K2i?Q/
mb2b b+�HBM; �M/ +QHQ` +Q/BM; iQ ?B;?HB;?i i?2 pBbm�H 2H2K2Mib `2T`2b2MiBM; bB;@
MB}+�Mi p�Hm2bX h?2 BKTQ`i�M+2 Bb 2tT`2bb2/ rBi? � M2r mMBi +�HH2/ bB;MB}@
+�M+2 p�Hm2X

q?2M �HH Q7 i?2 p�Hm2b `2T`2b2Mi2/ #v i?2 pBbm�H 2H2K2Mib �`2 2Bi?2` TQbBiBp2
Q` M2;�iBp2- i?2 bB;MB}+�M+2 +�M #2 +�H+mH�i2/ �b

σ = value− valuemax

valuemax − valuemin
. U8XRV

q?2M i?2 2M/b Q7 i?2 `�M;2 7�HH BMiQ /Bz2`2Mi bB/2b Q7 i?2 MmK#2` HBM2- i?2
+�H+mH�iBQM +�M #2 F2Ti i?2 b�K2 Q` �M �Hi2`M�iBp2 7Q`KmH� Bb �p�BH�#H2X h?2
�Hi2`M�iBp2 K�Tb i?2 bB;MB}+�M+2 Q7 x2`Q p�Hm2 iQ bB;K� yX8X h?2 7Q`KmH� 7Q`
i?2 �Hi2`M�iBp2 +�H+mH�iBQM Bb i?2 7QHHQrBM; 2tT`2bbBQMX

σ = value + max(valuemax,−valuemin)
2 max(valuemax,−valuemin) U8XkV

h?2 �Hi2`M�iBp2 �TT`Q�+? +QmH/ #2 KQ`2 bmBi�#H2 7Q` /BbTH�vBM; � bBM;H2 +QK@
TQM2Mi Q7 p2+iQ`bX h?2 /2bB;M Q7 i?2 �TTHB+�iBQM �HHQrb i?2 mb2` iQ mb2 �Mv
Q7 i?2b2 irQ KQ/2bX h?2 bB;MB}+�M+2 p�Hm2 Bb mb2/ 7Q` b+�HBM; i?2 ;2QK2i`v
Q7 ;HvT?b- �M/ 7Q` b2iiBM; i?2 +QHQ` Q7 �HH KQ/2HbX h?2 +QHQ` Bb Q#i�BM2/ #v
K�TTBM; i?2 bB;MB}+�M+2 p�Hm2 QMiQ i?2 +QHQ`K�TX

8X8Xj _2M/2`BM; bi`�i2;v
h?2 KQbi bi`�B;?i7Q`r�`/ bi`�i2;v Bb iQ /`�r QM i?2 b+`22M 2p2`v 7`�K2X h?2
/Bb�/p�Mi�;2 Q7 i?Bb �TT`Q�+? Bb i?�i i?2 `2M/2`2` /`�rb i?2 7`�K2 2p2M r?2M
i?2 BK�;2 ?�b MQi #22M +?�M;2/X h?Bb #2?�pBQ` KB;?i bHQr Qi?2` i�bFb `mMMBM;
QM i?2 +QKTmi2` �M/ �z2+i i?2 mb�#BHBiv Q7 i?2 `2M/2`2` BM +QK#BM�iBQM rBi?
Qi?2` +QKTmi�iBQM�HHv /2K�M/BM; �TTHB+�iBQMX

h?2 bQHmiBQM Bb iQ +?2+F 2p2`v 7`�K2 r?2i?2` i?2 mT/�i2 Bb M2+2bb�`vX h?2
mT/�i2 Bb mHiBK�i2Hv M22/2/ BM irQ bBim�iBQMb ě r?2M i?2 +�K2`� ?�b #22M
KQp2/- Q` � bT2+B}+ T�`�K2i2` Q7 �Mv Q7 i?2 /BbTH�v2/ KQ/2Hb ?�b #22M
+?�M;2/X h?2 +�K2`� �H`2�/v F22Tb BMi2`M�HHv i?2 bi�i2 7`QK i?2 T`2pBQmb
7`�K2 BM Q`/2` iQ 2M�#H2 bKQQi? +�K2`� i`�MbBiBQMbX h?mb- +?2+FBM; B7 i?2
pB2rTQBMi Q` �M;H2 ?�b +?�M;2/ Bb MQ T`Q#H2KX *?2+FBM; B7 �Mv p�Hm2 ?�b
+?�M;2/ +�M #2 i`BpB�HHv 2M�#H2/ #v BMi`Q/m+BM; i?2 +?�M;2/ ~�; iQ 2�+? Q#@
D2+iX

e3



8XeX a�:1 �TTHB+�iBQM

8Xe a�:1 �TTHB+�iBQM
h?2 H�bi +QKTQM2Mi Q7 i?2 T`QD2+i Bb � H�v2` �HHQrBM; i?2 `2M/2`2` iQ `mM BM
i?2 a�:1k 2MpB`QMK2MiX h?2 +QKTQM2Mi �+ib �b � #`B/;2 #2ir22M a�:1k
b2`p2` �M/ i?2 `2M/2`2`- miBHBxBM; i?2 +�Mp�b BMi2`7�+2X h?2 �TTHB+�iBQM ?�b
iQ K�M�;2 i?`22 i�bFb ě `2�/BM; HQ+�H }H2b rBi? 2M`B+?2/ /�i�b2ib- T�bb i?2
BMi2`7�+2 BMTmib 7`QK i?2 b2`p2` iQ i?2 `2M/2`2`- �M/ bvM+?`QMBx2 i?2 bi�i2 Q7
BM/BpB/m�H a�:1k +HB2MibX

h?2 2M`B+?2/ /�i�b2ib �`2 biQ`2/ HQ+�HHv QM i?2 a�:1k b2`p2`- �M/ i?2
a�:1k BMi2`7�+2 T`QpB/2b � K2i?Q/ 7Q` HQ�/BM; HQ+�H }H2bX h?2 mb2` BMTmib
�`2 TB+F2/ mT #v i?2 a�:1k �TT �M/ T�bb2/ iQ i?2 `2M/2`2` i?`Qm;? i?2 +�Mp�b
BMi2`7�+2X h?2 bi�i2 bvM+?`QMBx�iBQM #2ir22M +HB2Mib b?QmH/ #2 TQbbB#H2 rBi?
i?2 a�:1k BMi2`M�H bi�i2 p�`B�#H2X h?2 BMi2`M�H a�:1k K2+?�MBbKb b?QmH/
F22T i?2 bi�i2 p�`B�#H2 +QMbBbi2Mi BM i?2 2MiB`2 ;`B/ Q7 +HB2Mib #v /Bbi`B#miBM;
i?2 KQbi `2+2Mi p�Hm2 pB� i?2 b2`p2`X >Qr2p2`- mM2tT2+i2/ #2?�pBQ` r�b 2M@
+QmMi2`2/ /m`BM; i?2 i2biBM; Q7 i?Bb 72�im`2X h?2 +HB2Mib /Q F22T i?2B` HQ+�H
bi�i2 p�`B�#H2 +QMbBbi2Mi /m`BM; `2T2�i2/ `2bi�`ib �M/ i?2 �TTHB+�iBQM HQ�/b
rBi? i?2 H�bi b�p2/ bi�i2c ?Qr2p2`- i?2 bi�i2 Bb MQi bvM+?`QMBx2/ #2ir22M BM/B@
pB/m�H +HB2MibX hQ bQHp2 i?Bb T`Q#H2K- �M �//BiBQM�H K2+?�MBbK Bb BMi`Q/m+2/X
PM2 Q7 i?2 +HB2Mib Bb i�;;2/ �b � K�bi2` +HB2MiX h?2 bi�i2 Q7 i?2 K�bi2` +HB2Mi
Bb /Bbi`B#mi2/ pB� � #`Q�/+�bi 2p2`v i?`22 b2+QM/b- �M/ i?2 Qi?2` +HB2Mib `2+2Bp2
i?2 bvM+?`QMBx2/ p�Hm2 �M/ mT/�i2 i?2 BMi2`M�H bi�i2X

eN





*?�Ti2` e
AKTH2K2Mi�iBQM

h?2 �TTHB+�iBQM Bb BKTH2K2Mi2/ �++Q`/BM; iQ i?2 /2bB;M 7`QK i?2 T`2pBQmb
+?�Ti2`X h?2 b2+iBQMb Q7 i?Bb +?�Ti2` T`2b2Mi i?2 FMQrM #m;b- �M/ KBbbBM; Q`
�//2/ 72�im`2b- �b r2HH �b i2+?MB+�H /2i�BHb r?B+? r2`2 QKBii2/ BM i?2 T`2pBQmb
+?�Ti2`X � pBbBQM Q7 7mim`2 /2p2HQTK2Mi Bb T`2b2Mi2/ BM i?2 �TT2M/Bt �X �HH Q7
i?2 KBbbBM; 72�im`2b +�M #2 2�bBHv �//2/ /m`BM; i?2 M2ti �TTHB+�iBQM mT/�i2X
h?2 mb2` K�Mm�H +�M #2 7QmM/ BM i?2 }M�H /Bbi`B#miBQM Q7 i?2 �TTHB+�iBQMX

eXR *QKTmi�iBQM "�+F2M/ �M/ SBT2HBM2 1/BiQ`
h?2 #�+F2M/ ?�b #22M BKTH2K2Mi2/ +Q``2+iHv �++Q`/BM; iQ i?2 T`2b2Mi2/ /2@
bB;M rBi? � 72r KBMQ` 2t+2TiBQMb HBbi2/ #2HQrX h?2 };m`2 eR /BbTH�vb �M
2t�KTH2 b+`22M Q7 i?2 TBT2HBM2 2/BiQ` rBi? � `mMMBM; +QKTmi�iBQMX h?2 +`Bi@
B+�H b2+iBQMb Q7 i?2 MmK2`B+ KQ/mH2 �`2 BKTH2K2Mi2/ BM *vi?QMX h?2 mb2 Q7
Svi?QM BMi2`T`2i2` BM i?2 bQHp2`- BMi2`TQH�iQ` �M/ BMi2;`�iBQM `QmiBM2 +Q/2
r�b KQbiHv 2HBKBM�i2/X 6Q` 7m`i?2` /2i�BHb- b22 i?2 >hJG }H2b +QMi�BMBM; �M
�M�HvbBb Q7 i?2 +QKTBH2/ +Q/2X h?2 �M�HvbBb }H2b �`2 +`2�i2/ /m`BM; #mBH/BM;
T`Q+2/m`2b Q7 i?2 MmK2`B+ KQ/mH2 �M/ +�M #2 7QmM/ BM i?2 b�K2 7QH/2`b �b i?2
}H2b Q7 i?2 MmK2`B+ KQ/mH2X h?2 KBbbBM; 72�im`2b BM+Hm/2,

Ç h?2 TQBMib MQ/2 �HHQrb pBbm�HBxBM; � `2;mH�`Hv b�KTH2/ j. �`2�X h?2
MQ/2 Bb KBbbBM; � +QMi`QH 2H2K2Mi 2M�#HBM; `�M/QK b�KTHBM;X

Ç h?2 BMi2`M�H bi`m+im`2 �HHQrb T�bbBM; i?2 QmiTmi Q7 i?2 TH�M2 MQ/2 BMiQ
bi`2�KHBM2 �M/ ;HvT? MQ/2bc ?Qr2p2`- i?2 TBT2HBM2 2/BiQ` /Q2b MQi �HHQr
+QMM2+iBM; i?2 K2MiBQM2/ MQ/2bX

Ç 6BHi2`BM; MQ/2 r�b MQi BKTH2K2Mi2/X

dR



eX AKTH2K2Mi�iBQM

6B;m`2 eR, a+`22Mb?Qi Q7 i?2 TBT2HBM2 2/BiQ`

6B;m`2 ek, a+`22Mb?Qi Q7 i?2 �TTHB+�iBQM K�BM b+`22M

eXk q2# �M/ a2`p2` �TTHB+�iBQM

h?2 r2# �M/ b2`p2` �TTHB+�iBQMb r2`2 #Qi? BKTH2K2Mi2/ �++Q`/BM; iQ i?2
T`QTQb2/ /2bB;Mc �//BiBQM�H �/DmbiK2Mib +QmH/ BKT`Qp2 i?2 mb�#BHBiv �M/ �+@
+2bbB#BHBiv Q7 i?2 �TTHB+�iBQMX 6B;m`2 ek T`2b2Mib i?2 +m``2Mi /2bB;M Q7 i?2
+2Mi`�H b+`22MX

dk



eXjX _2M/2`2`

6B;m`2 ej, a+`22Mb?Qi Q7 i?2 `2M/2`2`

eXj _2M/2`2`
h?2 `2M/2`2` ?�b #22M BKTH2K2Mi2/ iQ #2 mb�#H2 #Qi? BM i?2 #`Qrb2` �M/ BM
i?2 a�:1k 2MpB`QMK2MiX h?2 `2M/2`2` ?�b irQ �//BiBQM�H 72�im`2b- r?B+?
r2`2 �//2/ iQ i?2 BMBiB�H /2bB;MX

�MBK�iBQM h?2 bi`2�KHBM2b +�M #2 �MBK�i2/ iQ bBKmH�i2 i?2 ~QrX h?2
�MBK�iBQM 2z2+i Bb �+?B2p2/ #v mT/�iBM; i?2 pBbB#H2 `�M;2 Q7 2�+? bi`2�K@
HBM2 2p2`v 7`�K2X h?2 �MBK�iBQM 72�im`2 ?�b � /2/B+�i2/ lA +QMi`QH T�M2HX

:�KK� +Q``2+iBQM h?2 �TTHB+�iBQM 2M�#H2b i`�Mb7Q`KBM; i?2 mb2/ +QH@
Q`K�T rBi? �M BKTH2K2Mi�iBQM Q7 � +mbiQK ;�KK� +Q``2+iBQMX �//BiBQM@
�HHv- BMp2`iBM; i?2 +QHQ`K�T Bb TQbbB#H2X h?2 ;�KK� +Q``2+iBQM Bb mb27mH
7Q` ?B;?HB;?iBM; QMHv i?2 2ti`2K2 p�Hm2b r?2M i?2 7Q`KmH� U8XRV 7Q` /2i2`@
KBMBM; i?2 bB;MB}+�M+2 Bb mb2/X � /2/B+�i2/ lA rB/;2i �HHQrb i?2 mb2` iQ
T2`7Q`K i?2 i`�Mb7Q`K�iBQM Q7 i?2 +QHQ`K�TX

h?2 };m`2 ej /BbTH�vb i?2 b+`22M Q7 i?2 `2M/2`2`Xkj h?2 `2M/2`2` Bb �HbQ +�T�#H2
Q7 T`Q/m+BM; BK�;2b r?B+? �HHQr pB2rBM; i?2 b+2M2 QM i?2 j. KQMBiQ`- r?B+?
Bb /QM2 #v `2M/2`BM; i?2 b+2M2 �M/ i?2 /2Ti? K�T b2T�`�i2Hv �M/ K2`;BM; i?2
QmiTmib BMiQ � bBM;H2 BK�;2X

eX9 S`QT`B2i�`v 6Q`K�ib
h?2 �TTHB+�iBQM BMi`Q/m+2b irQ T`QT`B2i�`v 7Q`K�ib @ QM2 7Q` biQ`BM; i?2
TBT2HBM2 /2b+`BTiBQM �M/ i?2 b2+QM/ 7Q` biQ`BM; i?2 2M`B+?2/ /�i�b2iX �b r�b

kj�b Q7 J�v kyRN- �//BiBQM�H BK�;2b T`Q/m+2/ #v i?2 `2M/2`2` +�M #2 7QmM/ QM
?iiT,ff~QrXpQDi�iQKX+xX Q` BM i?2 �TT2M/Bt "X

dj



eX AKTH2K2Mi�iBQM

/Bb+mbb2/ BM 8XRXk 1M`B+?2/ .�i�b2i 6Q`K�i �M/ 8X9 SBT2HBM2 1/BiQ`- #Qi? 7Q`@
K�ib miBHBx2 i?2 CaPL 7Q`K�i �M/ biQ`2 i?2 +QMi2Mi �b b2`B�HBx2/ CaPLX h?2
/2b+`BTiBQM Q7 i?2 TBT2HBM2 UMQi2#QQFV Bb K�`F2/ rBi? � bm{t X/Q+~Qr �M/
i?2 2M`B+?2/ /�i�b2i �b XBK;~QrX � /2i�BH2/ /2b+`BTiBQM Q7 i?2 T`QT`B2i�`v
7Q`K�ib +�M #2 7QmM/ QM i?2 �ii�+?2/ K2/BmKX

eX8 .2T2M/2M+B2b
PM2 Q7 i?2 ;Q�Hb r�b iQ KBMBKBx2 i?2 MmK#2` Q7 2ti2`M�H /2T2M/2M+B2b Q7
+`BiB+�H T�`ib Q7 i?2 �TTHB+�iBQMX h?2 7QHHQrBM; HBbi +QMi�BMb �HH /2T2M/2M+B2b
Q7 i?2 BM/BpB/m�H +QKTQM2MibX h?2`2 Bb � KBMBK�H p2`bBQM Q7 i?2 BMbi�HH�iBQM
`2[mB`BM; 72r2` /2T2M/2M+B2b T`2b2Mi2/ BM i?2 mb2` ;mB/2X

Ç Svi?QM KQ/mH2b

Ĝ .D�M;Q
Ĝ .D�M;Q *?�MM2Hb
Ĝ *vi?QM
Ĝ LmKSv
Ĝ a+BSv
Ĝ q?Bi2MQBb2
Ĝ :mMB+Q`M
Ĝ �bi`QTv

Ç L;BMt

Ç _2/Bb

d9



*?�Ti2` d
h2biBM;

h?2 T`QiQivT2 Q7 i?2 pBbm�HBx�iBQM �TTHB+�iBQM ?�b #22M i2bi2/ 7Q` T2`7Q`K�M+2
�M/ 7Q` mb2` �++2bbB#BHBiv �M/ mb�#BHBivX h?Bb +?�Ti2` Bb /BpB/2/ BMiQ irQ b2+@
iBQMbc i?2 }`bi b2+iBQM T`2b2Mib i?2 `2bmHib Q7 i?2 mb2` i2biBM;c i?2 b2+QM/
b2+iBQM +QKT�`2b i?2 T2`7Q`K�M+2 Q7 a+BSv BMi2`TQH�iBQM �M/ BMi2;`�iBQM BK@
TH2K2Mi�iBQM �M/ i?2 +mbiQK *vi?QM +Q/2X �b � T�`i Q7 i?2 /2p2HQTK2Mi
T`Q+2bb- b2p2`�H i2bib r2`2 i�F2M iQ K2�bm`2 i?2 T2`7Q`K�M+2 Q7 p�`BQmb K2i?@
Q/bX h?2 i2bib �M/ bmKK�`v Q7 i?2 `2bmHib r2`2 �H`2�/v K2MiBQM2/ BM +?�Ti2`b
9 �M�HvbBb �M/ 8 .2bB;MX h?2 `2bmHib Q7 i?2 }M�H i2bib T`2b2Mi2/ ?2`2 +HQb2Hv
`2b2K#H2 i?2 `2bmHib Q7 i?2 i2bib i�F2M /m`BM; /2p2HQTK2MiX

dXR lb2` h2biBM;
h?2 mb2`b r2`2 +?�HH2M;2/ rBi? � b2i Q7 bK�HH2` i�bFb r?B+? BMpQHp2/ `2;Bb@
i`�iBQM- M�pB;�iBM; i?2 K�BM b+`22M �M/ K�M�;BM; i?2 mTHQ�/2/ /�i�X h?2b2
i`BpB�H i�bFb b2`p2/ �b � T`2T�`�iBQM 7Q` irQ �//BiBQM�H i�bFb r?B+? i2bi2/ i?2
+Q`2 Q7 i?2 �TTHB+�iBQM ě b2iiBM; mT i?2 pBbm�HBx�iBQM TBT2HBM2 �M/ mb2` K�@
MBTmH�iBQM Q7 i?2 QmiTmi pBbm�HBx�iBQMX h?2 b+2M�`BQb Q7 BM/BpB/m�H i2bib rBi?
i?2 �Mbr2`b �M/ MQi2b Q7 i?2 mb2`b �`2 �p�BH�#H2 QM i?2 2M+HQb2/ K2/BmKX h?2
KQbi 7`2[m2MiHv 2M+QmMi2`2/ Bbbm2b r2`2 i?2 7QHHQrBM;,

Ç h?2 bi�imb Q7 mTHQ�/2/ /�i�b2i Bb MQi mM/2`bi�M/�#H2X � i2ti H�#2Hb
BM/B+�iBM; i?2 bi�imb Q7 i?2 mTHQ�/2/ /�i�b2i U+?2+FBM;- p�HB/- BMp�HB/V
rQmH/ BKT`Qp2 i?2 �++2bbB#BHBivX

Ç � lA 7Q` K�M�;BM; `mMMBM; i�bFb rQmH/ BKT`Qp2 mb�#BHBiv �M/ bBKTHB7v
�/KBMBbi`�iBp2 i�bFbX

Ç � HBMF 7Q` /QrMHQ�/BM; i?2 H�i2bi +QKTmi�iBQM `2bmHi 7Q` 2�+? MQi2#QQF
b?QmH/ #2 T`QpB/2/X *m``2MiHv- i?2 HBMF Bb QMHv �p�BH�#H2 BM i?2 i2`KBM�H
r?2M i?2 +QKTmi�iBQM }MBb?2bX

d8



dX h2biBM;

Ç amTTQ`i 7Q` �//BM; +mbiQK H�#2Hb iQ i?2 b+2M2 BM `2M/2`2` rQmH/ BKT`Qp2
mb�#BHBivX

Ç AM+Q`TQ`�iBM; � ;`B/ BM/B+�iBM; i?2 2t�+i TQbBiBQM Q7 i?2 H�#2Hb BM i?2
pBbm�HBx�iBQM b+2M2 rQmH/ BKT`Qp2 mb�#BHBiv �M/ �++2bbB#BHBiv Q7 i?2 `2M@
/2`2/ BK�;2bX >Qr2p2`- i?2b2 i�bFb +�M #2 +m``2MiHv /QM2 /m`BM; HQ+�H
TQbi@T`Q+2bbBM; #v i?2 mb2`X

Ç h?2 `2M/2`2` r�b /2bB;M2/ iQ 7mM+iBQM BM #Qi? i?2 #`Qrb2` �M/ BM i?2
a�:1k 2MpB`QMK2MiX PM2 Q7 i?2 +QKT`QKBb2b K�/2 /m`BM; i?2 BKTH2@
K2Mi�iBQM BM+Hm/2/ /Bb�#HBM; KQmb2 +QMi`QHb 7Q` i?2 lAX Ai Bb TQbbB#H2
iQ K�MBTmH�i2 i?2 b+2M2 rBi? i?2 +m`bQ`c M2p2`i?2H2bb- i?2 lA Bb K�MBT@
mH�i2/ bi`B+iHv #v F2vbX �//BM; i?2 �#BHBiv iQ K�MBTmH�i2 i?2 lA rBi?
� +m`bQ` rQmH/ BKT`Qp2 mb�#BHBivX

Ç h?2 TBT2HBM2 2/BiQ` Bb KBbbBM; �Mv ?2HTf;mB/2 H�#2HBM; i?2 F2v#Q`/ b?Q`i@
+mib 7Q` �//BM; �M/ /2H2iBM; MQ/2bX

Ç h?2 mb2`b 7Q`;2i iQ b�p2 i?2 MQi2#QQF- i?2 b�p2 #miiQM Bb MQi p2`v �++2@
bB#H2X �Hi2`M�iBp2 /2bB;M b?QmH/ #2 mb2/ iQ ?B;?HB;?i i?2 #miiQMX

h?2 mb2`b r?Q r2`2 7�KBHB�` rBi? i?2 /QK�BM �M/ i?Qb2 r?Q r2`2 #`B2~v BM@
i`Q/m+2/ iQ i?2 iQTB+ rBi?Qmi �Mv T`2pBQmb FMQrH2/;2 r2`2 H2bb +QM7mb2/ #v
i?2 /2bB;M Q7 i?2 TBT2HBM2 2/BiQ`X h?2 /2bB;M Q7 i?2 2/BiQ` Bb MQi mMBp2`b�HHv
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2t�+i TQBMib ?2 rBb?2b iQ pBbm�HBx2X

lb2/ h2+?MQHQ;v aBM+2 i?2 +QKTmi�iBQM T�`i r�b KQp2/ QMiQ i?2 b2`p2`-
i?2 mb2/ i2+?MQHQ;v �HHQrb mbBM; i?2 �TTHB+�iBQM QM �Mv QT2`�iBM; bvbi2K
rBi? � #`Qrb2`- r?2`2 q2#:G i2+?MQHQ;v Bb bmTTQ`i2/X h?2 �TT Bb +�@
T�#H2 Q7 T`Q/m+BM; BK�;2b 7Q` j. KQMBiQ`- �M/ i?2 `2M/2`2` Bb b+�H�#H2
�b � a�:1k �TTHB+�iBQMX
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(R) .�pBb- >X 6Xc aMB/2`- �X .Xc 2i �HX AMi`Q/m+iBQM iQ p2+iQ` �M�HvbBbX "QbiQM,
�HHvM �M/ "�+QM "QbiQM- J�bb- 7Qm`i? 2/BiBQM- RNeR- Aa"L y@ky8@ydyyk@dX

(k) EH�mb- _Xc >`Bpƚ�F- .X "`2pB�Ǽ pvȒȒő K�i2K�iBFvX Pbi`�pbF� mMBp2`xBi�
p Pbi�`pÿ- }`bi 2/BiBQM- kyyR- Aa"L 3y@dy9k@3RN@3X

(j) E�M;- >X _X *QKTmi�iBQM�H +QHQ` i2+?MQHQ;vX aTB2 S`2bb "2HHBM;?�K- kyye-
Aa"L Nd3@y@3RN@9eRRN@jX

(9) ʇ�`�- CXc "2M2Ȓ- "Xc 2i �HX JQ/2`Mő TQÍői�ÍQp� ;`�}F�X *QKTmi2` T`2bb-
kyy9- Aa"L 3y@k8R@y989@yX

(8) "`22mrbK�- SX *m#B+ BMi2`TQH�iBQM @ S�mHBMi2`M2iXMHX (QMHBM2)- RNN8-
(+BiX kyR3@yj@y3)X �p�BH�#H2 7`QK, ?iiT,ffrrr.T�mHBMi2`M2i.MHf\T�;24
#B+m#B+

(e) G2FB2M- 6Xc J�`b/2M- CX h`B+m#B+ BMi2`TQH�iBQM BM i?`22 /BK2MbBQMbX AM@
i2`M�iBQM�H CQm`M�H 7Q` LmK2`B+�H J2i?Q/b BM 1M;BM22`BM;- pQHmK2 ej-
MQX j- kyy8, TTX 988Ĝ9dR- AaaL yykN@8N3RX

(d) PHp2`- SX CX AMi`Q/m+iBQM iQ T�`iB�H /Bz2`2MiB�H 2[m�iBQMbX aT`BM;2`- kyR9-
Aa"L Nd3@j@jRN@ykyNN@yX

(3) Ab2`H2b- �X � 6B`bi *Qm`b2 BM i?2 LmK2`B+�H �M�HvbBb Q7 .Bz2`2MiB�H 1[m�@
iBQMbX *�K#`B/;2, *�K#`B/;2 lMBp2`bBiv S`2bb- kyy3- Aa"L Nd3@y@8kR@
dj9Ny@8X

(N) �iFBMbQM- EXc >�M- qXc 2i �HX LmK2`B+�H bQHmiBQM Q7 Q`/BM�`v /Bz2`2MiB�H
2[m�iBQMbX CQ?M qBH2v � aQMb- kyyN- Aa"L Nd3@y@9dy@y9kN9@eX

(Ry) S`2bb- qX >Xc h2mFQHbFv- aX �X �/�TiBp2 ai2TbBx2 _mM;2@Emii� AMi2;`�@
iBQMX *QKTmi2`b BM S?vbB+b- pQHmK2 e- MQX k- RNNk, TX R33- AaaL y3N9R3ee-
/QB,Ry.RyejfR.93kjyeyX �p�BH�#H2 7`QK, ?iiT,ffb+Bi�iBQM.�BT.Q`;f
+QMi2Mif�BTfDQm`M�Hf+BTfefkfRy.RyejfR.93kjyey
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(RR) .Q`K�M/- CX _Xc S`BM+2- SX CX � 7�KBHv Q7 2K#2//2/ _mM;2@Emii� 7Q`Km@
H�2X CQm`M�H Q7 +QKTmi�iBQM�H �M/ �TTHB2/ K�i?2K�iB+b- pQHmK2 e- MQX R-
RN3y, TTX RNĜkeX

(Rk) h2H2�- �X *X .�i� pBbm�HBx�iBQM, T`BM+BTH2b �M/ T`�+iB+2X "Q+� _�@
iQM, *_* S`2bb- h�vHQ` � 6`�M+Bb :`QmT- b2+QM/ 2/BiBQM- kyR8- Aa"L
Nd3R9ee838kejX

(Rj) EQKm`�- hX o2+iQ` 6B2H/ oBbm�HBb�iBQMX kyy3- (+BiX kyR3@y9@kN)X �p�BH@
�#H2 7`QK, ?iiT,ffrrr.BM7.2/.�+.mFfi2�+?BM;f+Qm`b2bfpBbfH2+im`2n
MQi2bfH2+im`2Rknkyy3.T/7

(R9) "2M2Ȓ- "Xc 62HF2H- SXc 2i �HX aF`BTi� oBxm�HBx�+2X (QMHBM2)- RNNd- (+BiX kyR3@
y9@jy)X �p�BH�#H2 7`QK, ?iiTb,ffrrr.7B.KmMB.+xf�bQ+?Q`foAwf

(R8) o2`K�- oXc E�Q- .Xc 2i �HX � ~Qr@;mB/2/ bi`2�KHBM2 b22/BM; bi`�i2;vX
AM S`Q+22/BM;b Q7 i?2 +QM72`2M+2 QM oBbm�HBx�iBQMǶyy- A111 *QKTmi2`
aQ+B2iv S`2bb- kyyy- TTX RejĜRdyX

(Re) J�`+?2bBM- aXc *?2M- *Xc 2i �HX oB2r@.2T2M/2Mi ai`2�KHBM2b 7Q` j. o2+@
iQ` 6B2H/bX A111 h`�Mb�+iBQMb QM oBbm�HBx�iBQM �M/ *QKTmi2` :`�T?@
B+b- pQHmK2 Re- MQX e- LQp kyRy, TTX R8d3ĜR83e- AaaL Rydd@keke- /QB,
Ry.RRyNfho*:.kyRy.kRkX

(Rd) u2- sXc E�Q- .Xc 2i �HX ai`�i2;v 7Q` b22/BM; j. bi`2�KHBM2bX AM oBbm�HBx�@
iBQM- kyy8X oAa y8X A111- A111- kyy8- TTX 9dRĜ9d3X

(R3) :HQ#mb- �Xc G2pBi- *Xc 2i �HX � iQQH 7Q` pBbm�HBxBM; i?2 iQTQHQ;v Q7 i?`22@
/BK2MbBQM�H p2+iQ` }2H/bX AM S`Q+22/BM; oBbm�HBx�iBQM ǶNR- P+i RNNR- TTX
jjĜ9y- /QB,Ry.RRyNfoAal�G.RNNR.Rd8ddjX

(RN) JQ`2H�M/- EX .Bp2`;BM; +QHQ` K�Tb 7Q` b+B2MiB}+ pBbm�HBx�iBQMX AM AMi2`@
M�iBQM�H avKTQbBmK QM oBbm�H *QKTmiBM;- aT`BM;2`- kyyN- TTX NkĜRyjX

(ky) J�``BM�M- hXc �m`Bb�MQ- CXc 2i �HX a�:1k, � M2r �TT`Q�+? 7Q` /�i� BMi2M@
bBp2 +QHH�#Q`�iBQM mbBM; a+�H�#H2 _2bQHmiBQM a?�`2/ .BbTH�vbX AM *QHH�#@
Q`�iBp2 *QKTmiBM;, L2irQ`FBM;- �TTHB+�iBQMb �M/ qQ`Fb?�`BM; U*QHH�#@
Q`�i2*QKV- kyR9 AMi2`M�iBQM�H *QM72`2M+2 QM- A111- kyR9- TTX RddĜR3eX

(kR) AM+X- qX _X J�i?2K�iB+�- o2`bBQM RRXjX (QMHBM2)- +?�KT�B;M- AG- kyR3X
�p�BH�#H2 7`QK, ?iiTb,ff`272`2M+2.rQH7`�K.+QKfH�M;m�;2f;mB/2f
o2+iQ`oBbm�HBx�iBQM.?iKH

(kk) >2M/2`bQM- �Xc �?`2Mb- CXc 2i �HX h?2 S�`�oB2r :mB/2X EBir�`2 *HB7iQM
S�`F- Lu- kyy9- F�TX AMi`Q/m+iBQMX
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(kj) *?BH/b- >Xc "`m;;2`- 1Xc 2i �HX oBbAi, �M 2M/@mb2` iQQH 7Q` pBbm�HBxBM; �M/
�M�HvxBM; p2`v H�`;2 /�i�X h2+?MB+�H `2TQ`i- 1`M2bi P`H�M/Q G�r`2M+2
"2`F2H2v L�iBQM�H G�#Q`�iQ`v- kyRk- (+BiX kyR3@y8@Ry)X �p�BH�#H2 7`QK,
?iiT,ffrrr@pBb.H#H.;Qpf�?`+?BH/bfT�T2`.T/7

(k9) _�K�+?�M/`�M- SXc o�`Q[m�mt- :X J�v�pB, j. pBbm�HBx�iBQM Q7 b+B2MiB}+
/�i�X *QKTmiBM; BM a+B2M+2 � 1M;BM22`BM;- pQHmK2 Rj- MQX k- kyRR, TTX
9yĜ8RX

(k8) �pBH�- GX aX U2/BiQ`VX h?2 ohE lb2`Ƕb :mB/2X *HB7iQM S�`F- Lu, EBir�`2-
RRi? 2/BiBQM- kyRy- Aa"L Nd3@R@NjyNj9@kj@3X

(ke) a+?`Q/2`- qX CXc J�`iBM- EX JXc 2i �HX ohE lb2`Ƕb :mB/2@ohE 6BH2 6Q`@
K�ib- +?�Ti2` R9X (QMHBM2)- kyyy- (+BiX kyR3@y8@R8)X �p�BH�#H2 7`QK, ?iiTb,
ffrrr.piF.Q`;frT@+QMi2MifmTHQ�/bfkyR8fy9f7BH2@7Q`K�ib.T/7

(kd) PHBT?�Mi- hX LmKSv, � ;mB/2 iQ LmKSvX la�, h`2H;QH Sm#HBb?BM;- kyyeĜ
kyRN- (+BiX kyRN@y9@yN)X �p�BH�#H2 7`QK, ?iiT,ffrrr.MmKTv.Q`;f

(k3) CQM2b- 1Xc PHBT?�Mi- hXc 2i �HX a+BSv, PT2M bQm`+2 b+B2MiB}+ iQQHb 7Q`
Svi?QMX (QMHBM2)- kyyRĜkyRN- (+BiX kyRN@y9@yN)X �p�BH�#H2 7`QK, ?iiT,ff
rrr.b+BTv.Q`;f

(kN) J�``BM- *X q2#;H bT2+B}+�iBQMX (QMHBM2)- kyRR- (+BiX kyR3@y8@Re)X �p�BH�#H2
7`QK, ?iiTb,ffrrr.F?`QMQb.Q`;f`2;Bbi`vfr2#;HfbT2+bfH�i2bifk.yf

(jy) *�#2HHQ- _Xc 2i �HX h?`22XDbX (QMHBM2)- (+BiX kyR3@y8@y8)X �p�BH�#H2 7`QK,
?iiTb,ffi?`22Db.Q`;f/Q+bf

(jR) J+*�`i?v- GXc _2�b- *Xc 2i �HX :2iiBM; ai�`i2/ rBi? S8X Db, J�FBM; AMi2`@
�+iBp2 :`�T?B+b BM C�p�a+`BTi �M/ S`Q+2bbBM;X J�F2` J2/B�- AM+X- kyR8X

(jk) C�+FbQM- JXc *`Qm+?- aXc 2i �HX aQ7ir�`2 1p�Hm�iBQM, *`Bi2`B�@#�b2/ �b@
b2bbK2MiX :Qp2`M�M+2- kyRRX

(jj) q`B;?i C`- _X aXc >�2K2H- LXc 2i �HX PT2M:G amT2`"B#H2, +QKT`2?2MbBp2
imiQ`B�H �M/ `272`2M+2X �//BbQM@q2bH2v S`Q72bbBQM�H- }7i? 2/BiBQM- kyRy-
Aa"L y@jkR@dRkeR@dX
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�TT2M/Bt �
6mim`2 .2p2HQTK2Mi

h?Bb �TT2M/Bt b?Q`iHv T`2b2Mib i?2 pBbBQM Q7 i?2 7mim`2 /2p2HQTK2Mi Q7 i?2
pBbm�HBx�iBQM �TTHB+�iBQM /2bB;M2/ �M/ BKTH2K2Mi2/ BM i?Bb i?2bBbX h?2 BMi`Q@
/m+iBQM Q7 i?Bb i?2bBb K2MiBQM2/ � #�H�M+2 Q7 i?`22 7�+iQ`b ě mb�#BHBiv- T?vb@
B+�H �++m`�+v �M/ i?2 �KQmMi Q7 /BbTH�v2/ /�i�X h?2 /2p2HQT2/ �TTHB+�iBQM
?�/ iQ Qp2`+QK2 K�Mv Q#bi�+H2b �`BbBM; 7`QK i?2 �#b2M+2 Q7 �Mv mM/2`HvBM;
7`�K2rQ`F �M/ BKTH2K2Mi i?2 `2[mB`2/ T�`ibX �b � `2bmHi- i?`22 mMB[m2 BM@
/2T2M/2Mi +QKTQM2Mib r2`2 +`2�i2/ ě i?2 TBT2HBM2 2/BiQ`- i?2 +QKTmi�iBQM
#�+F2M/ �M/ i?2 `2M/2`2`X h?2 +QKTmi�iBQM #�+F2M/ mb2b a+BSv �M/ T`Q@
pB/2b � 7�bi2` �Hi2`M�iBp2 BKTH2K2Mi�iBQM Q7 i?2 b�K2 K2i?Q/bX h?2 [mB+F2`
BKTH2K2Mi�iBQM KB;?i ?�p2 bQK2 i2+?MB+�H b?Q`i+QKBM;bc ?Qr2p2`- i?2 ;Q�H
iQ #�H�M+2 i?2 T?vbB+�H �++m`�+v �M/ `2bTQMb2 iBK2 r�b �+?B2p2/X h?2 b�K2
;Q2b 7Q` i?2 `2M/2`2`X h?2 K�BM T`Q#H2K Bb i?�i i?2 b2`p2`@+HB2Mi /2bB;M Bb MQi
bmBi�#H2 7Q` mb2`b@b+B2MiBbib- r?Q r�Mi iQ pBbm�HBx2 � /�i�b2i �M/ /Q MQi ?�p2
�++2bb iQ �Mv 7`22 b2`p2`X

h?2`27Q`2- i?2 /2+BbBQM Bb iQ i�F2 i?2 mMB[m2 +QKTQM2Mib Q7 i?2 �TTHB+�iBQM
�M/ 7mb2 i?2K iQ � bBM;H2 Svi?QM KQ/mH2- �HHQrBM; 7Q` HQ+�H +QKTmi�iBQM �M/
`2M/2`BM;X h?Bb Bb ;QBM; iQ `2[mB`2 bQK2 `2/2bB;MBM;c ?Qr2p2`- i?2 K�DQ`Biv
Q7 i?2 +Q/2 rBHH `2K�BM i?2 b�K2X h?2 ;Q�H Bb iQ +`2�i2 � bBKTH2 Svi?QM �SA
�MvQM2 +QmH/ mb2 BM i?2B` b+`BTibX h?Bb 7mM+iBQM�HBiv Bb �H`2�/v bmTTQ`i2/ #v
J�v�pB Q` ohEc ?Qr2p2`- i?2 /2bB;M Q7 i?2B` �SA Bb #�b2/ QM i?2 BMi2`M�H ohE
bi`m+im`2 r?B+? ?�b #22M T`2pBQmbHv /Bb+mbb2/X h?2 BKTH2K2Mi2/ T`QiQivT2
�pQB/2/ mbBM; �Mv bB;MB}+�Mi mM/2`HvBM; 7`�K2rQ`Fb iQ F22T KQ/mH�`Biv- �M/
i?2 7mim`2 p2`bBQMb �`2 ;QBM; iQ bi�v i`m2 iQ i?Bb /2bB;M /2+BbBQMX h?2 `2M/2`2`
+�M #2 2K#2//2/ BMiQ i?2 Svi?QM KQ/mH2 �b � bBM;H2 C�p�a+`BTi }H2- �M/ i?2
+m``2Mi /2bB;M Q7 i?2 `2M/2`2` �HHQrb pB2rBM; KQ/2Hb HQ+�HHv QM i?2 +QKTmi2`
rBi?Qmi �++2bb iQ i?2 BMi2`M2iX aQK2 �//BiBQM�H K2+?�MBbKb iQ bBKTHB7v i?2
+�H+mH�iBQM �M/ `2M/2`BM; rBHH #2 +QMbB/2`2/c ?Qr2p2`- i?2 /2p2HQTK2Mi Q7 i?2
pBbm�HBx�iBQM �TTHB+�iBQM UQ` KQ/mH2V rBHH #2 BM/22/ +QMiBMm2/X
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�TT2M/Bt "
AK�;2b

h?2 �TT2M/Bt +QMi�BMb 2t�KTH2 BK�;2b T`Q/m+2/ #v i?2 `2M/2`2`X h?2 };m`2b
/BbTH�v i?`22 b+2M2bc 2�+? Q7 i?2K Bb � /Bz2`2Mi bm#b2i Q7 i?2 bQH�` /�i�b2iX
h?2 pBbm�HBx2/ bm#b2ib �`2 H�#2H2/ �b K2/BmK- [m�`i2` �M/ r?QH2- i?2 M�K2
+Q``2bTQM/b iQ i?2 bBx2 Q7 i?2 pBbm�HBx2/ �`2�c i?mb- i?2 BK�;2b Q7 i?2 r?QH2
bm#b2i �`2 BM/22/ � pBbm�HBx�iBQM Q7 � j. H�v2` �+`Qbb i?2 2MiB`2 /�i�b2iX h?2
BK�;2b "8 �M/ "e T`2b2Mi � `2M/2`BM; Q7 i?2 b+2M2 rBi? � /2Ti? K�T- r?B+?
Bb mb2/ 7Q` /BbTH�vBM; i?2 /�i�b2i QM i?2 j. KQMBiQ`X

6B;m`2 "R, J2/BmK /�i�b2i- iQT bB/2 pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/
H�v2`b
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"X AK�;2b

6B;m`2 "k, J2/BmK /�i�b2i- bB/2 pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/ H�v2`b

6B;m`2 "j, J2/BmK /�i�b2i- iQT pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/ H�v2`b

Ny



6B;m`2 "9, J2/BmK /�i�b2i- iQT pB2r- pBbm�HBx2/ rBi? ;HvT?b

6B;m`2 "8, J2/BmK /�i�b2i- bB/2 pB2r- `2M/2`BM; rBi? � /2Ti? K�T

6B;m`2 "e, J2/BmK /�i�b2i- #QiiQK pB2r- `2M/2`BM; rBi? � /2Ti? K�T

NR



"X AK�;2b

6B;m`2 "d, Zm�`i2` /�i�b2i- iQT pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/ H�v2`b

6B;m`2 "3, Zm�`i2` /�i�b2i- iQT /2i�BH pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/
H�v2`b

Nk



6B;m`2 "N, q?QH2 /�i�b2i- iQT /2i�BH pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b �M/
H�v2`b

6B;m`2 "Ry, q?QH2 /�i�b2i- #QiiQK /2i�BH pB2r- pBbm�HBx2/ rBi? bi`2�KHBM2b
�M/ H�v2`b

Nj





�TT2M/Bt *
�+`QMvKb

>ao >ao U?m2- b�im`�iBQM- p�Hm2V +QHQ` KQ/2HX

P.1 P`/BM�`v /Bz2`2MiB�H 2[m�iBQMX

_E _mM;2@Emii�X

a�:1k a+�H�#H2 �KTHB}2/ :`QmT 1MpB`QMK2MiX

lA lb2` BMi2`7�+2X

ohE h?2 oBbm�HBx�iBQM hQQHFBiX

N8





�TT2M/Bt .
*QMi2Mib Q7 1M+HQb2/ .o.

`2�/K2XitiXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX/2b+`BTiBQM Q7 .o. +QMi2Mib
mb2`K�Mm�HXT/7 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX �TTHB+�iBQM mb2` K�Mm�H
i2bibXXXXXXXXXXXXXXXXXX i?2 /B`2+iQ`v +QMi�BMBM; i2bi 7Q`Kb �M/ b+2M�`BQb
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