
HAL Id: inria-00326412
https://inria.hal.science/inria-00326412v1

Submitted on 2 Oct 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Enhancing the Usability and Performance of Nespole! -
a Real-World Speech-to-Speech Translation System

Alon Lavie, Florian Metze, Fabio Pianesi, Susanne Burger, Donna Gates, Lori
Levin, Chad Langley, Kay Peterson, Tanja Schultz, Alex Waibel, et al.

To cite this version:
Alon Lavie, Florian Metze, Fabio Pianesi, Susanne Burger, Donna Gates, et al.. Enhancing the
Usability and Performance of Nespole! - a Real-World Speech-to-Speech Translation System. Human
Language Technologies 2002, Mar 2002, San Diego - California, United States. 6 p. �inria-00326412�

https://inria.hal.science/inria-00326412v1
https://hal.archives-ouvertes.fr


Enhancing the Usability and Performance of NESPOLE! —
a Real-World Speech-to-Sp eech Translation System

Alon Lavie
Language Technologies

Institute
Carnegie Mellon University

Pittsburgh, PA, USA
������������	�
����
�����������

Florian Metze
Interactive Systems

Laboratories
Universität Karlsruhe (TH)

Karlsruhe, Germany
����������	���������� ��!����

Fabio Pianesi
ITC-irst

Trento, Italy
" ����#$�����%	�����
�&�'�

1. INTRODUCTION(*)�+�,�-!.�)0/�132547604&8$9�9�:<;�=?>&@�=A4&8$9�9�:<;CBD6<:<;�2FE�9G>&H�6<E�4&IJ6<>&2F@%E*8�H&@�KL9M:�>
N 9�4&2FO%E�9 N >&@P8�H&@�Q�2 N 9SRLT�I5IFUVRLT�E�:�>&25@�E06WI74&8�9�9�:<;�=A>&@%=A4&8$9M9�:X;Y:�6<8!6<=
Z 2FI52F>&259M4\[]25>&;�25EPH&9�6WI5=A[\@�H&I N 4&9�>&>&2FE�O�43@�R�:�@%B^BS@%E_T�4&9�H&4`25E�Q�@%IFQ%9 N
2FEa9�=A:�@%BSB^9�H&:�9V6<8�8�IF25:�6<>&2F@%E�4�bdc];�9d8�H&@�KL9M:�>*254S6d:�@�I5IJ6 Z @%H�6<>&2F@%E
Z 9�>J[\9M9�Ee>&;�H&9�9Pf7T�H&@%8$9�6<EgH&9�4&9�6WH&:X;eO�H&@%T�8�4Vh�i'j]k'cl25Eec�H&9ME�>&@�m
i�>�6<IFUonpi'k'qr6W>Vs`E�2FQ%9�H&4&2F>�t6<>_uv6<H&IF4&H&T�;�9wh�c]xzy&n`6<E N|{ q}i'~Gk�6<>
s`E�2FQ%9MH&4&25>��9V�M@%4&9�8�;D�$@�T�H&2F9�H]25E���H&9ME�@ Z IF9�m��$H�6WE�:�9�y&m�@%E�9CsSk^H&9�=
4&9�6<H&:<;�O�H&@%T�8�h�i'k'q�6<> { 6WH&E�9MO%2F9��^9�IFI5@�Ees�E�2FQ%9�H&4&2F>JUa25E�~�2F>&>&4&=
Z T�H&O%;!m!~��zyG6<E N >J[\@*2FE N T�4&>&H&2�6WI$806WH&>&E�9MH&4^h��S~�cCn'c�H&9�E�>&@�m�i�>�6<IFU
� >&;�9�c�H&9�E�>&25E�@]8�H&@�Q�2FE�:M2�6WI�>&@�T�H&2F4&B Z @$6<H N m$6<E N �`f7c]xSj��SnM��E�=:M@%E!6%m�i�>�6<IFU � 6]>&9�IF9�=A:�@�BSBCT�E�25:�6W>&25@�E�4]:�@�BS8!6<E�Uoy&bGc];�9�8�H&@�K�9�:�>2F4�R�T�E N 9 N KL@�25E�>&IFU Z UD>&;�9dfGT�H&@�8$9�6<E { @%BSB^254&4&2F@%E�6WE N >&;�9dszk
�Sk��3b���Q%9�Hd>&;�9_806W4&>CU�9�6<H�m0[\9P;!6�Q%9 N 9�Q�9�I5@�8$9 N 6^RLT�I5IFUaRLT�E�:�=
>&2F@%E!6<I�4&;�@�[\:�6<4&9d@%R}>&;�9d(*)�+M,�-}.%)!/}4&U�4&>&9�B�[]2F>&;�2FEP>&;�9 N @%B�6W25E
@�R!>&H�6�Q%9MI�6WE N >&@%T�H&254&B��Mm�6<E N ;!6&Q�9*4&25O�E�2F��:�6<E�>&IFUS2FBS8�H&@�Q�9 N 4&U�4&=
>&9MB�8$9�H&RL@�H&B�6<E�:�9�6WE N T�4�6 Z 25IF25>�U Z 6W4&9 N @%E�6d4&9�H&2F9�4�@�R\4&>&T N 2F9�4
6WE N 9�Q�6<IFT!6<>&2F@%E�4�[]25>&;DH&9�6<I!T�4&9�H&4�bS��T�H�9M��8$9�H&2F9�E�:M9C;!6<4*4&;�@�[3E
>&;!6<>�25BS8�H&@�Q�25E�Od>&H�6<E�4&I�6W>&25@�EV��T!6<IF25>�US254G@%E�IFUS@%E�9�@�R!4&9�Q�9�H�6<I�2FBS=
8�@%H&>�6<E�>*2F4&4&T�9�4*>&;06W>*BCT�4&> Z 9V6 N�N H&9M4&4&9 N 2FE�6W:X;�259MQ�25E�O�6p8�H�6<:�=
>&2F:�6WI3H&9�6<IF=?[�@%H&I N 4&8$9�9�:<;�=?>&@�=A4&8$9�9�:<;�>&H�6<E�4&I�6W>&25@�Eg4&U�4&>&9�B�b�c3;�2F4
8!6<8�9�H N 9�4&:�H&2 Z 9�4d;�@�[�[�9v>�6W:X��IF9 N >&;�9�4&9P2F4&4&T�9�4V6<E N 9�Q�6<IFT06W>&9�4
>&;�9�2FH�9���9�:�>�@�ED4&U�4&>&9�B�8$9�H&RL@�H&B�6<E�:�9�6WE N T�4�6 Z 2FIF25>�U�b���9dRL@�:�T�4
@�Ee>&;�H&9�9SB�6W25Ea254&4&T�9�4��Ph&�%y*6 4&>&T N Ua@%Ea>&;�9ST�4�6<O�9�6<E N T�>&2FIF25>�U
@�R7BdT�I5>&2F=ABS@ N 6WI52F>JUP2FED>&;�9d:�@�E�>&9���>�@�R7BdT�IF>&2F=?IF2FE�O�T06WI!:�@�BSBCT�E�25=
:�6<>&2F@%E!noh&¡�y\6<4&4&9M4&4&25E�OS4&U�4&>&9�B�8$9MH&RL@%H&B�6WE�:M9*T�E N 9MH3Q�6WH&25@�T�4\E�9�>&=
[�@%H&�d>&H�6<¢S:]:�@�E N 25>&2F@%E�4�6<E N 6WH&:X;�2F>&9�:�>&T�H�6<I$:�@�E���O%T�H�6<>&2F@%E�4�n!6WE N
h&£�y]6<EV9ME N =A>&@%=A9�E N 9�Q�6<IFT06W>&25@�ED@%R�>&;�9 N 9�B^@%E�4&>&H�6<>&2F@%ED4&U�4&>&9�B�b

2. THE NESPOLE! SYSTEM
1 (*)�+M,�-}.%)!/ � ��fGO%@�>&2�6W>&25@�E >&;�H&@�T�O�; k�~G���%9�E q¤6WE�=
O�T06WO%9¥25E¦fG=A:�@%B^BS9�H&:�9�b k'9�9§>&;�9¨8�H&@�KL9�:�>�[\9 Z =A4&25>&9©6<>
ª ��� "¤«�¬�¬ #$��� "$ �%�������
!&�'� R�@%H]RLT�H&>&;�9�H N 9�>�6<2FIF4�b
� � N 9�BS@%E�4&>&H�6<>&2F@%ED@�R!>&;�254]4&;�@�[\:�6<4&9*4&U�4&>&9MB�[32FIFI Z 9*4&;�@�[]Ee6<>
>&;�9*x�q�c]=X¡<®%®$¡`:�@�E�RL9MH&9�E�:M9

c];�9 N 9�4&2FO%EY8�H&2FE�:M258�I59M4*@%R\>&;�9V(*)�+�,�-}.%)!/P¯ °�±�4&U�4&>&9�B¨[\9�H&9�6WI5=
H&9�6 N U N 9M4&:�H&2 Z 9 N 2FEw¯5£W±�b c];�9S4&U�4&>&9MB²T�4&9�4V6d:�IF2F9�E�>&=A4&9�H&Q%9�Hv6WH&=
:<;�2F>&9�:�>&T�H&9]>&@³6WI5IF@�[´6�:M@%BSBS@�EPT�4&9�H�m�[];�@*254G25E�2F>&2�6WI5IFU Z H&@�[]4&2FE�O
>&;�H&@%T�O%;�>&;�9V[�9 Z 8!6<O%9M4v@�RC6P4&9�H&Q�2F:�9P8�H&@�Q�2 N 9�HP@%Eg>&;�9Pi�E�>&9�H&=
E�9�>�m�>&@P:�@�E�E�9�:�>*4&9�6<BSIF9�4&4&IFUD>&@Y6 ;�T�BD6<E�6<O%9ME�>*@%RG>&;�9S4&9MH&Q�25:�9
8�H&@�Q�2 N 9�H7[];�@�4&8$9�6<��4 6WE�@�>&;�9�HGIJ6<E�O%T!6<O%9�m$6<E N 8�H&@�Q�2 N 9�474&8�9�9�:<;�=
>&@%=A4&8$9M9�:X;P>&H�6WE�4&IJ6<>&2F@%EP4&9�H&Q�2F:�9 Z 9�>J[\9M9�EP>&;�9]>J[�@*806WH&>&259�4�b]k'>�6<E�=
N 6<H N :�@%B^BS9�H&:�2J6<IFI5UD6&Q�6W25IJ6 Z I59C~ { Q�2 N 9M@%=A:�@%E�RL9�H&9ME�:�2FE�OS>&9�:<;�E�@%IF=
@%O�U�4&T�:X;�6<4��^2F:�H&@%4&@�RL>�µ 4V��9M>��^9�9�>&2FE�O�¶· 254PT�4&9 N >&@e:�@%E�E�9�:�>
Z 9�>�[\9�9�E_>&;�9*>�[\@S8!6<H&>&2F9�4]25E_H&9�6<IF=A>&25B^9�b

iJE*>&;�9\��H&4&>!4&;�@�[\:�6<4&9�[3;�2F:X;*[\9 N 9�4&:�H&2 Z 972FE*>&;�254}806W8$9�H�m�>&;�974&:M9�=
E!6<H&2F@S254]>&;�9*RL@%IFIF@�[]2FE�O$�\6p:�IF259�E�>�T�4&9�H`254 Z H&@�[]4&25E�OP>&;�H&@�T�O�;D>&;�9
[\9 Z =A806WO%9�4*@�R7�S~�c � >&;�9d>&@%T�H&254&B Z T�H&9�6<Ta@%RG>&;�9d8�H&@�Q�2FE�:�9S@%Rc�H&9�E�>&2FE�@`25EdiJ>�6WI5U � 25E^4&9�6<H&:<;C@�R$[]25E�>&9MH&=?4&8�@%H&>G>&@%T�H&=?8!6<:<��6<O�9�472FE>&;�9�c�H&9�E�>&2FE�@*H&9MO%2F@%E!b�i�R�BS@%H&9 N 9�>�6W25IF9 N 2FE�RL@%H&B�6W>&25@�EP254 N 9M4&25H&9 N m
>&;�93:MI52F9�E�>G:�6<EP:�IF25:<�d@%E�6 N 9 N 2F:�6<>&9 N�¸LZ T�>&>&@%E�¹d[32F>&;�25ES>&;�9][\9 Z =
8!6<O%9]2FE*@%H N 9�HG>&@�9�4&>�6 Z IF254&;V6GQ�2 N 9�@%=A:�@�E�RL9MH&9�E�:M25E�O*:�@%E�E�9�:�>&2F@%ES>&@
6�;�T�B�6<E�6<O�9�E�>GI5@�:�6W>&9 N 6<>G�z~�cCb�c];�93:MI52F9�E�>�2F47>&;�9�ES8�H&9�4&9�E�>&9 N
[]25>&;�6<Ea2FE�>&9�H&RW6<:M9S:�@%E�4&2F4&>&25E�OD8�H&2FB�6WH&25IFUD@%R�6^4&>�6<E N 6WH N Q�2 N 9�@�=
:�@�E�RL9MH&9�E�:M25E�O�6W8�8�IF25:�6W>&25@�Eg[32FE N @�[º6WE N 6^4&;!6<H&9 N [];�25>&9 Z @�6<H N
6<8�8�I52F:�6<>&2F@%E!b»s`4&25E�Oe>&;�254P2FE�>&9�H&RW6W:�9�m�>&;�9�:�IF2F9�E�>P:�6<E¼:�6<H&H&U¼@%E
6d:M@%E�Q%9MH&4�6<>&2F@%Ee[]2F>&;D>&;�9�6WO%9�E�>�m�[];�9MH&9S>&;�9_(*)�+�,�-!.�)0/34&9�H&Q%9MH
8�H&@�Q�2 N 9�4*>J[\@�=A[ 6�UV4&8$9�9M:X;�=A>&@%=A4&8$9�9�:<;e>&H�6WE�4&IJ6<>&2F@%E Z 9�>�[\9�9�Ea>&;�9
8!6<H&>&2F9�4�b}iJE^>&;�9]:�T�H&H&9�E�>G4&9�>&T�8!m�>&;�9*6<O%9ME�>\4&8$9�6W��47i�>�6<IF2�6WE0m�[];�25IF9
>&;�9*:�I52F9�E�>]:�6WEV4&8$9�6W�VfGE�O�I52F4&;!m��$H&9�E�:<;V@%HC��9�H&BD6<E!b

�g�%9�Ud:�@�BS8$@%E�9�E�>G25E*>&;�9�(*)�+�,�-!.%)!/�4&U�4&>&9�B½2F4!>&;�9 ¸ �^9 N 2J6<>&@�H&¹
BS@ N T�IF9�m�[3;�2F:X;_254\H&9M4&8$@%E�4&2 Z IF9*RL@%H]BS9 N 2J6<>&2FE�OS>&;�9*:�@�BSBCT�E�25:�6W=
>&2F@%Ea:X;!6<E�E�9MI Z 9M>J[\9�9ME�>&;�9S>J[�@v8!6<H&>&2F9�4v6W4*[\9�IFI¤6<4*2FE�>&9�H&RW6W:�2FE�O
[]25>&;Y>&;�9�6<8�8�H&@%8�H&2�6W>&9Vx�T�B�6WEeq¤6WE�O�T06WO%9Dc�9�:<;�E�@%IF@%O�U�h�x`q�cCy
4&8$9�9M:X;�=A>&H�6<E�4&I�6W>&25@�EV4&9�H&Q�9�H&4�b0c3;�9]x�q�c�4&9�H&Q�9�H&4\8�H&@�Q�2 N 9�>&;�9z6W:�=
>&T!6<I�4&8�9�9�:<;�H&9�:�@�O%E�25>&2F@%E½6<E N >&H�6<E�4&I�6W>&25@�E�:�6W806 Z 2FIF25>&2F9�4�b�c3;�2F4
4&U�4&>&9�B N 9�4&2FO%E�6<IFI5@�[]4]RL@%Hv6pQ�9�H&UD¾�9M��2 Z I59V6<E NaN 2F4&>&H&2 Z T�>&9 N 6WH&=
:<;�2F>&9�:�>&T�H&9��V�^9 N 2J6<>&@�H&4�6<E N x�q�c3=A4&9�H&Q�9�H&4d:�6<E Z 9VH&T�Ee25EYQ�6WH&=
2F@%T�4S8�;�U�4&2F:�6WI�IF@�:�6<>&2F@%E�4�mG4&@a>&;06W>P>&;�9_@%8�>&25B�6WI]:�@%E���O�T�H�6W>&25@�E0m
O%2FQ%9ME�>&;�9DIF@�:�6<>&2F@%E�4S@%R`>&;�9_:�IF259�E�>D6<E N >&;�9�6<O�9�E�>�6<E N 6<E�>&2F:�=
2F806W>&9 N E�9�>�[\@%H&�¼>&H�6<¢S:�m¤:�6WE Z 9Y>�6<�%9ME�25E�>&@�6<:M:�@%T�E�>�6<>�6WE�U
>&2FBS9�b_��[\9MI5IF= N 9���E�9 N �z~�iv6<IFIF@�[]4d>&;�9Px`q�cl4&9�H&Q�9�H&4S>&@D:�@�BS=
BdT�E�25:�6<>&9*[]25>&;_9�6<:<;V@�>&;�9MH^6WE N []2F>&;P>&;�9v�^9 N 2J6<>&@%H�m�[];�2FI59`>&;�9
x�q�c»BS@ N T�IF9�4�[]2F>&;�2FEV>&;�9C4&9MH&Q%9�H&4`RL@%H]>&;�9 N 25��9�H&9�E�>�IJ6<E�O%T!6<O�9�4
6<H&9*2FBS8�I59MBS9�E�>&9 N T�4&2FE�OPQ�9�H&U N 2F�$9�H&9�E�>`4&@%RL>�[ 6<H&9`806W:X��6WO%9�4�b

�$@�HS9��o6<B^8�IF9�mGIF9�>dT�4P4&T�8�8�@%4&9�6<EgfGE�O�I52F4&;�=?4&8�9�6<��2FE�Og:�IF2F9�E�>C2FE
>&;�9�sSkY254_:�@%E�E�9M:�>&25E�Og>&@�6<E»�z~�c¿6WO%9�E�>_25E�i�>�6<IFU�b´�¨:�@%E�=
E�9�:�>&2F@%EaH&9���T�9M4&>CRLH&@�B�>&;�9S:�IF259�E�>�µ 4z~ { h�25Ea>&;�9Sszk�y�[\@%T�I N�Z 9



À]ÁLÂ$Ã�Ä�ÅDÆ$ÇSÈdÉ�ÅVÊDÅ�Ë�ÌGÍ$ÎLÅ�Ï_Ð�Ñ�Ë�Ò�Å�Ó¦ÔPÄ�Õ%É�ÁLÒMÅ�Õ�Ò�Ã�Ä�Å

BD6 N 9�>&@d>&;�9S�^9 N 2J6<>&@�H�m�[3;�2F:X;S:�6<E Z 9�8�;�U�4&2F:�6<IFI5U^I5@�:�6W>&9 N 6<E�U�=
[];�9�H&9*@%ED>&;�9*E�9�>Ch Z T�>]8�H�6W:�>&25:�6<IFI5UPBS@�4&>�IF25��9�I5U^I5@�:�6W>&9 N 9M25>&;�9�H
2FED>&;�9Sszk^@�H�2FE�i�>�6<IFUoy&b]c];�9��^9 N 2�6W>&@%H�9M4&>�6 Z I52F4&;�9M4v6d:�@�E�E�9�:�=
>&2F@%EP@�Q%9MH3>&;�9�2FE�>&9�H&E�9�>][]25>&; Z @%>&;�6WEVfGE�O�I52F4&;Vx`q�c¼4&9�H&Q%9MH^6WE N
>&;�9Vi�>�6<IF2�6WEgx�q�c�4&9�H&Q�9�H�h�[];�2F:<;�:�6<E�6<O$6<2FE Z 9D8�;�U�4&2F:�6<IFIFUeI5@�=
:�6<>&9 N 6<E�U�[];�9MH&9*@%EV>&;�9*2FE�>&9�H&E�9M>�y&m Z 9�RL@%H&9*:�6<IFI52FE�Od>&;�9z6<O�9�E�>]25E
c�H&9ME�>&@�b¼c];�9VfGE�O�I52F4&;�x`q�c�4&9�H&Q�9�HP8�H&@�Q�2 N 9M4vfGE�O%IF254&;¼4&8$9�9�:<;
H&9M:�@%O�E�2F>&25@�E0m�>&H�6WE�4&IJ6<>&2F@%E_RLH&@%B�fGE�O%IF254&;D>&9���>]2FE�>&@S@%T�H�i�E�>&9�H&IF25E�=
O�T06 ¸ iJ��¹Sh�iJE�>&9�H&:<;06WE�O�9]�$@%H&B�6W>�y�6<4�[\9MI5Io6W4�f7E�O%IF254&;dO%9ME�9�H�6W>&25@�E
6WE N 4&8$9�9M:X;a4&U�E�>&;�9M4&254dRLH&@%B�iJ�3b�c];�9Si�>�6<IF2�6WEDx�q�c�4&9MH&Q%9�H*8�H&@%=
Q�2 N 9�4�4&2FBS2FI�6WH\RLT�E�:�>&2F@%E!6<IF2F>&259�4]>&@�6<E N R�H&@%B�iJ>�6<IF2J6<E!b�c];�254 Z 6<4&2F:
4&U�4&>&9MB N 9�4&2FO%EV2F4]4&;�@�[]EV2FEV��2FO%T�H&9v�%b

c];�9e:�@�BS8�T�>�6<>&2F@%E!6<IFIFU�25E�>&9�E�4&2FQ%9a806WH&>D@%Rd4&8$9�9�:<;½H&9�:�@�O%E�25>&2F@%E
6WE N >&H�6WE�4&IJ6<>&2F@%ES2F4 N @%E�9�@%E N 9 N 2F:�6<>&9 N 4&9�H&Q%9�H�B�6<:<;�2FE�9�4�m�[];�@�4&9
E!6<>&T�H&9�6<E N I5@�:�6<>&2F@%Eg254d@%R`E�@a:�@�E�:�9MH&E�>&@a>&;�9_T�4&9�H�b��Ö[]2 N 9
H�6WE�O�9�@�R!:�IF259ME�>&=?BD6<:<;�2FE�9M4�m�9�Q%9MEV8$@�H&>�6 Z I59 N 9�Q�2F:�9�4�@%H\8�T Z IF25:`25E�=
R�@%H&B�6W>&25@�Ee��25@�4&��4�m]6<H&9V>&;�9�H&9�R�@%H&9�6 Z I59P>&@DH&T�Eg>&;�9P:�IF259ME�>C4&@�RL>&=
[*6<H&9�m'4&@*>&;06W>�>&;�9�4&9�H&Q�25:M93:�6<E Z 9]B�6 N 9 6�Q�6<2FI�6 Z IF9\E�9�6<H&IFUC9MQ%9�H&U�=
[];�9�H&9�b`c];�9CBD6<2FED>&9�:X;�E�25:�6WI N 2F¢S:�T�IF>JUDRL@�H3×G@%i�~�h ¸ ×G@%2F:�9d@�Q�9�H
i�E�>&9�H&E�9�>¤~�H&@%>&@�:�@�I5¹$y�6<8�8�IF2F:�6<>&2F@%E�4!2F4�:�@%8�25E�O�[]2F>&;z6 N Q�9�H&4&9\2FE�>&9�H&=
E�9�> Z 6<E N []2 N >&;Y:�@%E N 2F>&2F@%E�4�b^iJEa@%H N 9�HC>&@_O%T!6<H�6WE�>&9�9PH&9�6<IF=A>&25BS9
:M@%BSBdT�E�2F:�6<>&2F@%EdT�E N 9�H!2FE�4&T�¢S:�2F9�E�> Z 6WE N []2 N >&;C:M@%E N 2F>&25@�E�4�m'Q�2 N 9�@�=
:M@%E�RL9�H&9�E�:�2FE�O_4&@%RL>�[ 6<H&9d@%RL>&9ME N H&@�8�4*4&;�@%H&>*4&9�O�BS9�E�>&4*@�R�4&8$9�9�:<;
>&;!6<>`[\9�H&9 N 9�IJ6&U�9 N 2FED>&H�6<E�4&8$@%H&>�b�c];�254�m�;�@�[\9�Q�9�H�m�:�6WE Z 9CQ�9�H&U
N 9�>&H&2FBS9�E�>�6WI3>&@a>&;�9D8$9�H&RL@�H&B�6<E�:�9�4P@%R`4&8$9�9�:<;gH&9�:�@�O%E�25Ø�9MH&4Y¯FÙ<±Jb
q\6<>&9�H*2FED>&;�254*8!6<8$9MH�m�[\9d8�H&9�4&9�E�>d8$9�H&RL@�H&B�6<E�:�9S4&>�6W>&254&>&2F:�4�m�:�@%IF=
IF9�:�>&9 N []25>&;e>&;�9�6<:�>&T!6<I�4&U�4&>&9�B�m0>&;06W>C2FE�Q%9M4&>&25O$6<>&9P>&;�9P8$9MH&RL@%H&=
BD6<E�:�9\9��$9M:�>&47@�R�>&;�2F4�8�H&@ Z IF9�B½[]2F>&;�2FE*@%T�H�4&U�4&>&9�BÖb�i�EC@�H N 9MH�>&@
H&9 N T�:�9 Z 6WE N []2 N >&;SH&9���T�2FH&9�BS9�E�>&4�m�2F>�2F4!8$@�4&4&2 Z I59]>&@`T�4&9\>&;�9]��fG=
k�~G��q!f�Ú�4&U�4&>&9�Bl[]25>&;�@%T�>7Q�2 N 9�@*>&H�6<E�4&BS2F4&4&25@�E0m$6W47[�93:MT�H&H&9�E�>&IFU
N @SE�@%>`>&H�6<E�4&BS25>]:�H&2F>&2F:�6<I�2FE�RL@�H&B�6<>&2F@%E_@�Q%9�H]>&;�254]:<;06WE�E�9�IJb

3. ENHANCING PERFORMANCE AND US-
ABILITY OF THE NESPOLE! SYSTEMÛ�T�H&2FE�O³6�8�H&9�IF2FBS25E!6<H&UdT�4&9�H\4&>&T N Ud:�@%E N T�:�>&9 N 2FE�k'T�B^BS9�H&=X¡<®�®��

>&@g9�Q�6WI5T!6<>&9e>&;�9e2FE�2F>&2J6<I�Q�9�H&4&2F@%E»@%Rd@%T�HV4&U�4&>&9�B�m34&9�Q%9�H�6WIC��9�U
8�@%2FE�>&4v9MBS9�H&O%9 N >&;!6<>�6<IFI5@�[\9 N T�4P>&@a25B^8�H&@�Q%9D>&;�9D4&U�4&>&9�B¥>&@

2F>&4S:�T�H&H&9�E�>P:�@%E���O�T�H�6W>&25@�E0bwc];�9_H&9�4&T�IF>&2FE�O ¸ ��25H&4&>Dk�;�@�[\:�6<4&9M¹
@%R}@%T�H]4&U�4&>&9�B�;06W4 Z 9�9ME N 9�BS@%E�4&>&H�6<>&9 N 6<>\4&9�Q�9�H�6<I}9�Q%9ME�>&4^h�9�b O$b
>&;�9Di'k'cÖ:�@�E�R�9�H&9�E�:�9�2FEÜÛ*tT�4&4&9MI N @%H&RWmd��9�H&B�6WE�U�m�2FEÜÛG9M:�9�B Z 9�H
¡<®�®���y36WE N 254*6<IF4&@C8�H&9�4&9�E�>&9 N 6W>\>&;�9*x�q�c3=X¡W®%®�¡ N 9�BS@%E�4&>&H�6<>&2F@%E
4&9�4&4&2F@%Ee¯5ÝW±�y&b}c];�9�H&9�:M9�E�>]25BS8�H&@�Q%9�B^9�E�>&4 6<IFIF@�[�>&;�9�T�4&9�H&4]>&@dH&9�=
>�6<2FEa:�@%E�>&H&@�I�@%RG>&;�9S2FE�>&9�H�6W:�>&25@�E�2FE�6<IFI�4&2F>&T06W>&25@�E�4�mG6<E N 8�9�H&BS2F>
6�4&BS@�@�>&;V2FE�>&9�O%H�6W>&25@�ES@%R�BdT�IF>&25=ABS@ N 6<I76WE N BdT�IF>&25=AIF25E�O%T!6<I�:�@�BS=
BdT�E�25:�6<>&2F@%E!bYiJEg>&;�9_RL@%IFIF@�[]2FE�OD4&T Z 4&9�:�>&2F@%E�4�mG[\9 N 9�4&:MH&2 Z 9_>&;�9
B�6W25Ee2F4&4&T�9�4*[\9P;06�Q�9Y6 N�N H&9�4&4&9 N 2FE�>&;�9P:�@%T�H&4&9P@%R N 9�Q�9�I5@�8�2FE�O
>&;�9*:�T�H&H&9ME�>�4&;�@�[�:�6<4&9*4&U�4&>&9�BDb

3.1 SystemResponseTimec];�9`4&>�6<E N 6WH N ×`2 N 9�@%=A:�@�E�R�9�H&9�E�:�25E�OS4&9�>&T�8V[];�25:<;P[\9�T�4&9�2FEP>&;�9
(*)�+�,�-}.%)!/�4&U�4&>&9�BÞ6<IFI5@�[]4P>&H�6<E�4&BS254&4&2F@%E�@�R Z @%>&;�6WT N 2F@´6WE N
Q�2 N 9�@a4&>&H&9�6WBS4 Z 9�>�[\9�9�Eg>&;�9V8!6<H&>&2F:�2F806WE�>&4�bYiJEg@%H N 9�HS>&@DIF25B^25>
Z 6<E N []2 N >&;DH&9���T�2FH&9�BS9�E�>&4�m�[\9`:�T�H&H&9�E�>&I5U N @PE�@%>]T�4&9*>&;�9dQ�2 N 9�@
:<;06WE�E�9�I 6WE N >&H�6<E�4&BS2F>*@%E�I5U�6WT N 25@$bdc];�9C4&U�4&>&9�Bß6WH&:X;�25>&9M:�>&T�H&9
4&;�@�[]E¼25E¼��O�T�H&9��_:M@%E�>�6<2FE�4v>�[\@ N 2F�$9�H&9�E�>P>�U�8$9�4P@%R*i�E�>&9�H&E�9M>
:�@�E�E�9�:�>&2F@%E�4�[]2F>&; N 25�$9MH&9�E�>]:X;!6<H�6W:�>&9�H&2F4&>&25:�4��

à c];�9 ¸ IF9�RL>&¹ai'~¼:�@�E�E�9�:�>&2F@%E Z 9�>�[\9�9�E { I52F9�E�>�áW��O%9ME�>³~ { 4
6<E N >&;�9 �^9 N 2J6<>&@%H}254\604&>�6<E N 6WH N Q�2 N 9�@�=?:M@%E�RL9�H&9�E�:�2FE�O`:�@%E�=
E�9M:�>&25@�ES>&;!6<>GT�4&9�4�xS£%¡�£*6<E N szÛ`~P8�H&@%>&@�:�@�I54�boiJES:�6W4&9�4�@%R
25E�4&T�¢S:�2F9�E�>SE�9�>J[\@�H&� Z 6<E N [32 N >&;0m0>&;�9�4&9V8�H&@%>&@�:�@�I54d:�@�BS=
8�H&@�BS2F4&9�8$9�H&R�@%H&B�6WE�:�9 Z U�6<IFIF@�[]2FE�O N 9�IJ6�U%9 N @%H�I5@�4&>78!6<:<��=
9�>&4d@%R N 6<>�6 >&@ Z 9 ¸âN H&@%8�8$9 N ¹a@%Ee>&;�9SH&9�:�9M25Q�2FE�OD4&2 N 9�m�2FE
@%H N 9�H]>&@CB^25E�25B^25Ø�9 N 9�IJ6&U�4C6WE N 9�E�4&T�H&9*:�IF@%4&9`>&@CH&9�6WI5=A>&2FBS9
8$9�H&RL@�H&B�6<E�:�9�b

à c];�9 ¸ H&2FO%;�>&¹Pi'~Y:M@%E�E�9�:M>&25@�E Z 9M>J[\9�9MED>&;�9V�^9 N 2�6W>&@%Hz6WE N
>&;�9*x`q�c�4&9MH&Q%9�H&4]T�4&9�4]c { ~³@�Q%9�H]i�~a2FEv@�H N 9MH3>&@D6<:<;�2F9�Q%9
I5@�4&4&I59M4&4S:�@%B^BCT�E�2F:�6W>&25@�E Z 9�>�[\9�9�Eg>&;�9Y�^9 N 2J6<>&@�H�m�[];�25:<;
25E�>&9MH&RW6<:�9M4\[]25>&;P>&;�9�szÛ`~³:X;!6<E�E�9MI54�m}6<E N >&;�9�>&H�6<E�4&IJ6<>&2F@%E
:�@%B^8$@%E�9�E�>&4�bG��@%H�8�H�6<:�>&2F:�6<I�H&9�6<4&@�E�4�m$�^9 N 2J6<>&@�Hp6WE N x`q�c
4&9�H&Q%9MH&4C2FE�@�T�H*:MT�H&H&9�E�>d4&U�4&>&9�B�T�4&T!6<IFI5UaH&T�Ea2FE�4&9�8!6<H�6W>&9
6<E N�N 2F4&>�6<E�>�IF@�:�6W>&25@�E�4�m�[];�25:<;V:�6WED25E�>&H&@ N T�:�9S4&@%B^9C>&2FBS9
N 9MI�6�U�4�m�2FE�6 N�N 25>&2F@%ED>&@S>&;�9d>&25BS9*E�9�9 N 9 N RL@�HC6<:�>&T!6<I N 6<>�6
8�H&@�:M9�4&4&25E�O Z UV>&;�9*x�q�c�:�@%B^8$@%E�9�E�>&4�b

k'8$9�9�:<;�=A8!6<:<�%9�>&4^>&H�6<E�4&BS25>&>&9 N @�Q%9MHC>&;�9Sxz£�¡%£^8�H&@%>&@�:�@�I7:�6<E Z 9
8�H&@�:�9�4&4&9 N 6W4S4&@�@%E½6<4S>&;�9�U�6<H&H&2FQ%9_[32F>&;�@%T�>S[ 6<2F>&2FE�OaRL@%H^4&T Z =
4&9���T�9�E�>D8!6<:<�%9�>&4D>&;!6<>_:�@%E�>�6W25E»>&;�9aH&9�B�6W25E�2FE�Og4&8$9�9M:X;!bãc];�9
2FE�:�IFT�4&25@�ED@%R ¸ j0T�E�=X��E�¹V8�H&@�:�9�4&4&2FE�O_25E_>&;�9d4&8$9�9M:X;DH&9�:M@%O%E�2FØ�9�H&4
6<E N >&;�9]@�8�>&2FBS2FØ�6<>&2F@%ES@�R�25E�>&9�H&=A8�H&@�:�9�4&4\:M@%BSBdT�E�2F:�6<>&2F@%EP[]25>&;�2FE
>&;�9Vx�q�cl4&9�H&Q%9MH&4SH&9 N T�:�9 N >&;�9Y6WE�4&[�9�H&25E�Oa>&25BS9M4C@�R3>&;�9V@�Q�9�H&=
6<IFI!4&U�4&>&9MBÖ>&@�6<8�8�H&@���2FB�6W>&9�I5UD>&;�H&9�9d>&25B^9�4]H&9�6<IF=A>&25BS9*2FEDH&9�:�9ME�>
N 9�BS@%E�4&>&H�6<>&2F@%E�4�bFä§��T�HS9���8$9�H&2F9�E�:�9D2FE N 25:�6<>&9�4P>&;!6<>ST�4&9�H&4�6<8�=
8�H&9�:�2J6<>&9D>&;�9DRW6<:�>P>&;!6<>_>&;�9D4&U�4&>&9�B©8�H&@�Q�2 N 9�4_4&@%BS9DRL9M9 N�Z 6<:<�
@%Eg2F>&4*8�H&@�O%H&9�4&4^25Ee>&;�9VR�@%H&B�@�R3>&9M��>CBS9M4&4�6<O%9M4�h�2�b 9�b_H&9M:�@%O�E�2F=
>&2F@%EaH&9�4&T�IF>&4�y&m}9�Q�9�E Z 9�RL@�H&9v8!6<H�6W8�;�H�6<4&2FE�O�6WE N >&H�6<E�4&I�6W>&25@�Ew6<H&9
:�@�BS8�IF9�>&9�b

3.2 Adaptation of Automatic SpeechRecogni-
tion Enginesc];�9�k'8$9�9M:X;�j09�:�@�O%E�25>&2F@%E�B^@ N T�I59M4v@�R*>&;�9D�`9�4&8$@�I59�Ú�4&U�4&>&9�B

[\9�H&9 N 9�Q�9�I5@�8$9 N 4&9�8!6<H�6<>&9MI5Uv6W>o>&;�9 N 2F�$9�H&9�E�>�8!6<H&>&2F:�2F806W>&25E�O]4&25>&9M4�m
T�4&25E�O N 2F�$9�H&9ME�>S>&@�@%IF��25>&4�m Z T�>C:M@%BSBdT�E�2F:�6<>&9_[32F>&;a>&;�9��^9 N 2�6W=
>&@%H�T�4&2FE�OV6¤4&>�6<E N 6WH N 2FØ�9 N 25E�>&9�H&R&6<:�9�boc3;�9���H&9�E�:<;�6<E N ��9�H&BD6<E
ä���@%H\:�@�BS8!6<H&2F4&@%E!m!��9�H&B�6WE�k�8$9M9�:X;_H&9�:�@�O%E�25>&2F@%E_H&T�E�4\2FEY6 Z @%T�>
H&9�6WI5=A>&2FBS9�@�E�6`4&>�6<E N 6WH N �%��x`Øv~�9�E�>&25T�BS=Ai&i&iGB�6<:<;�2FE�9CT�4&25E�O�6
�%¡W�VQ�@�:�6 Z T�IJ6<H&U�b



f7E�O%IF254&; �$H&9�E�:<; ��9�H&B�6WE i�>�6<IF2�6WE
×G@�:�6 Z T�I�6WH&UV4&2FØ�9 å%m ®%®�® ¡<®�m ®%®�® �%¡�m ®�®%® °�m ®%®%®
�*��×�H�6W>&9 ®$b5£�æ çp��æ £%b ®�æ
q\��>&H�6W25E�2FE�O ×G9�H Z BS@ Z 2FI¤h�f�y&m { =Xk'>�6<H iJE�>&9�H&E�9�> ×G9�H Z B^@ Z 25I\h&Û�y ��9�4&8�@%IF9
Û`6<>�6 è�è<®%�_[\@%H N 4 �%mFè<®�®��|[\@�H N 4 èW®%®%�P[\@�H N 4 ��è<®�®v4&9ME�>&9�E�:M9�4
é 6 N 6W8�>�6W>&25@�E ��9M4&8$@%IF9 �`9�4&8$@%IF9 �`9�4&8$@�I59
~�9�H&8�IF9���25>�U £�£ ê%å �%è<®
�^2F:�H&@%8�;�@%E�9C>�U�8$9 ;�9�6 N =A4&9�> ;�9�6 N =A4&9�> >�6 Z I59M=?>&@�8 ;�9�6 N =A4&9�>
k'8$9�6W��25E�OP4&>JU�IF9 4&8$@�E�>�6<E�9�@%T�4 H&9�6 N 4&8�@%E�>�6<E�9�@�T�4 H&9�6 N
�`:�b}>&H�6<2FE�25E�O �%Ý<��x`Ø �*Ù%���`H&9�:�@ N 9 N �%ÝW��x�Ø �*Ù��%�pH&9�:�@ N 9 N
Û`6<>�6 ê<®%; �%¡W; Ý%èW;V×G9�H Z B^@ Z 25IF=Ai&i �%�W; { =Mk'>�6<H
é 6 N 6W8�>�6W>&25@�E s�8�4�6<BS8�I52FE�Ov@�R3�*Ù%��� �^q}q¤j½åW®%BS2FE0b é �3k'�
j09�6WI5=A>&2FBS9�RW6W:�>&@%H ¡�b5è�m!�%��x`Øv~�=Ai&i&i ��b5��mo����x�Øv~�=Ai&i&i �%bFå%m�Ý�è<®��^;�ØV~�=Ai&i&i
�^9�B^@%H&UP:�@%E�4&T�BS8�>&2F@%E ¡%å<®$� Z ¡W®%®$� Z �<®%®$� Z
�¼fpj�@%ED:�IF9�6WE N 6<>�6 �%ê�b5ê�æ �%å�æ�h�H&9�6 N 4&8�9�9�:<;0y ¡�ê%bFå%æ £%��b5è�æ

È\ë�ì�ÎLÅDÆ$ÇSÐ�ÌGÅ�Å�Õ%É¼íPÅ�Õ�Í$Â$î�ÁLï�Å�Ä�ËSð_Ë�Å�ñ�ÁLî�Ò�É�Å³(*)�+�,�-!.%)!/]Ð�ÑoËMÒ�Å�Ó

�Sk�j³BS@ N T�I59�436WH&9 N 9�4&:�H&2 Z 9 N 2FECBS@�H&9 N 9�>�6W25I�2FEv¯5ê�m�ÙW±�b�c];�9���9�H&=
BD6<ES9�E�O%2FE�93[*6<4 N 9�H&25Q�9 N RLH&@�B½>&;�93s`u*�gH&9�:�@%O�E�2FØ�9�H N 9�Q%9�IF@%8�9 N
R�@%H]>&;�9v��9MH&B�6<ED×G9�H Z BS@ Z 25I�c36W4&�Y¯F�<®�±�b

�`I5I�4&U�4&>&9MBS4*[\9�H&9 N 9�H&2FQ%9 N RLH&@�B�9���2F4&>&25E�OVq�× { k�j�H&9�:M@%O%E�2FØ�9�H&4
6WE N 6 N 6<8�>&9 N >&@d>&;�9`��9�4&8$@�I59�Ú�>�6W4&�PT�4&2FE�OdIF9�4&4\>&;!6<E�¡¤;�@%T�H&43@�R
6 N 6W8�>�6W>&25@�E N 6<>�6%b^c];�254 N 6W>�6^[ 6<4`:�@%IFIF9�:�>&9 NaN T�H&2FE�O�6WE�2FE�2F>&2J6<I
T�4&9�H&=A4&>&T N U�m�25Ed[];�2F:X;d:�IF259ME�>&4!RLH&@�Bò6<IFI�:�@%T�E�>&H&2F9�4�:�@%B^BCT�E�2F:�6W>&9 N
[]2F>&;�6WEe�z~�cÖ6<O�9�E�>*¾�T�9�E�>S2FEa>&;�9�2FH*BS@�>&;�9�Hd>&@%E�O%T�9P>&;�H&@�T�O�;
>&;�9a��9�4&8$@�I59�Ú»4&U�4&>&9�B�m Z T�>V[]25>&;�@%T�>PH&9�:�@�O%E�25>&2F@%E�6WE N >&H�6WE�4&=
IJ6<>&2F@%EY:�@%BS8�@%E�9�E�>&4C2FEe8�I�6W:�9�bak�9MO%BS9�E�>�6W>&25@�Ee@%R�25E�8�T�>d4&8$9�9�:<;
2F4 N @%E�9 Z 6<4&9 N @%E�6<T�>&@%B�6W>&25:S4&2FIF9�E�:M9 N 9�>&9�:�>&2F@%Ea8$9�H&R�@%H&BS9 NaZ U
�`9�>��^9�9�>&2FE�OY6W>�>&;�9C4&2F>&9*@%RG>&;�9C@�H&25O�25E!6<>&2FE�O�6WT N 25@$b]c];�9³6WT N 2F@
2F4*9�E�:�@ N 9 N 6<:�:�@�H N 2FE�O�>&@_>&;�9��*bFÙ%�%�^4&>�6WE N 6<H N 6W>v6^4�6<BS8�I52FE�O
R�H&9���T�9ME�:�UD@�RpåW��x�Ø�b3c3;�9d:X;!6<H�6W:�>&9�H&2F4&>&25:�4`@%RG>&;�9 N 2F�$9�H&9�E�>`H&9�:�=
@�O%E�25ØM9�H&4z6WH&9*4&T�BSBD6<H&2FØ�9 N 2FEVc36 Z IF9v�%b

c];�9\[\@�H N 6<:�:�T�H�6<:MU*H�6<>&9�4�@ Z >�6W25E�9 NdZ U*>&;�9\H&9M:�@%O�E�2F>&25@�EC9ME�O�25E�9�4
R�@%HS>&;�9DQ�6<H&2F@%T�4vIJ6<E�O%T!6<O�9�4�6WH&9V8�H&9�4&9�E�>&9 N >&@�O%9�>&;�9�HP[]25>&;g>&;�9
H&9M4&T�IF>&4]@%R�>&;�9*9�E N =A>&@%=A9�E N 9�Q�6<IFT06W>&25@�ED25Eek�9M:�>&25@�EV°$b5£�b

3.3 Impr ovedAnalysisAccuracyc];�9�6<E!6<IFU�4&254d9�E�O%2FE�9�4dRL@�H*>&;�9PQ�6<H&2F@%T�4CIJ6<E�O%T!6<O�9�4S;!6<E N IF9 NgZ U
@�T�Ha4&U�4&>&9�Bó6<H&9 N 9�Q�9�IF@%8$9 N 2FE N 9�8$9ME N 9�E�>&IFU Z U�@�T�HaH&9�4&9�6WH&:X;
O�H&@%T�8�4�6WE N RL@%IFI5@�[ N 2F�$9�H&9�E�>�6W8�8�H&@�6W:X;�9�4�b¼�a9 N 9�4&:�H&2 Z 9D;�9�H&9
4&@�BS9dH&9�:�9�E�>`E�@�Q%9MI7:�@�BSBS@�E�6<4&8$9�:M>&4*@%R�>&;�9³6WE06WI5U�4&2F4*BS@ N T�IF9�4
N 9�Q�9�I5@�8$9 N RL@%HPfGE�O�I52F4&;!mC��9�H&BD6<E�6<E N iJ>�6<IF2J6<E}ô'b»c];�9�6WE06WI5U�=
4&2F4\8�H&@�:�9�4&4\2FEP@%T�H\4&U�4&>&9�Bã25E�Q�@%IFQ%9�4\BD6<8�8�2FE�O^25E�8�T�>\T�>&>&9�H�6<E�:�9�4
2FE�>&@�6<Ea25E�>&9MH&I52FE�O�T06pH&9�8�H&9�4&9�E�>�6W>&25@�E�h ¸ iJ��¹$y&m�[3;�2F:X;D:�@�E�4&2F4&>&4�@�R
>�[\@VBD6<2FED8�2F9�:�9�4*@�R\2FE�RL@�H&B�6<>&2F@%E!�Sh&��yG>&;�9�ÛG@�B�6<2FEe��:M>&25@�E�h&6
4&8�9�9�:<;�6<:�>C6<E N 634&9���T�9ME�:�9d@%R}:�@%E�:�9�8�>&4�y&n�6<E N h&¡�y]6<H&O%T�BS9�E�>&4�m
:M@%E�4&254&>&2FE�Oa@%R�RL9�6<>&T�H&9�=AQ�6<IFT�9_25E�RL@�H&B�6<>&2F@%E!b���T�HV6<E!6<IFU�Ø�9�H&4�6W8�=
8�IFUV>J[�@C4&9�8!6<H�6W>&9C4&>�6WO%9�4`>&@S9���>&H�6W:�>&25E�OP>&;�9M4&9C>�[\@S>JU�8�9�4�@�R�25E�=
R�@%H&B�6W>&25@�E�RLH&@�B¿6WE�2FE�8�T�>CT�>&>&9�H�6WE�:�9�bvk'>�6<>&2F4&>&2F:�6<IGBS@ N 9�I54v6WE N
:MI�6W4&4&25��9�H&4z6WH&9CT�4&9 N RL@�H]>&;�9dRL@%H&B^9�H�m�[];�25IF9v6p��E�@�[]I59 N O�9�= Z 6W4&9 N
6W8�8�H&@�6W:X;_254G9�BS8�IF@�U�9 N RL@�H7>&;�9�IJ6<>&>&9MH�b\ÛG9�:M@%BS8$@�4&25E�Od>&;�9`8�H&@ Z =
IF9�B¨@%R]i���:�@�E�4&>&H&T�:�>&2F@%Eg2FE�>&@�>�[\@D4&9�8!6<H�6<>&9e6<E N 25E N 9M8$9�E N 9�E�>
4&T Z =?>�6W4&��4�;!6<4D>&;�9�6 N Q�6WE�>�6<O�9�@�R³6WI5IF@�[]25E�Og4&8$9�:�2J6<IF25ØM9 N >&9�:<;�=
E�2F��T�9�4P>&@ Z 9�6W8�8�IF259 N >&@�9�6<:<;�4&T Z =?>�6W4&�om�[];�2FI59PH&9 N T�:�25E�Oe>&;�9
6WBS@%T�E�>]@%R}E�9�9 N 9 N ;�T�BD6<EPO%H�6WBSB�6<H N 9�Q%9MI5@�8�BS9ME�>�b�c];�9�B�6W25E

ô c];�9`�$H&9�E�:X;�6<E!6<IFU�Ø�9�H�T�4&9�4�6¤4&25O�E�2F��:�6<E�>&IFU N 2F�$9�H&9ME�> 6<8�8�H&@$6<:<;
>&;!6<ED>&;�9*@%E�9 N 9�4&:�H&2 Z 9 N ;�9�H&9�b

N H�6&[ Z 6<:<�om�;�@�[\9�Q�9�H�m�2F4�>&;06W>7>&;�9]25E�RL@�H&B�6<>&2F@%ES9M��>&H�6<:�>&9 NPZ Ud>&;�9
>J[�@C4&9�8!6<H�6W>&9C4&T Z =?>�6W4&��4�B�6�U Z 9*2FE�:M@%E�4&254&>&9�E�>][];�9�EV:�@�B Z 2FE�9 N
>&@%O�9�>&;�9�H�mGH&9�4&T�IF>&25E�O�2FEg25IFIF9�O�6WI\iJ��4�b¼~�6<H&>&2F:�T�IJ6<HD6<>&>&9�E�>&2F@%E¼;06W4
>&;�T�4 Z 9�9�EgO�25Q�9�Ee>&@D>&;�9V8�H&@ Z I59�B¥@%R]>&;�9v8�H&@ N T�:�>&2F@%E¼@%R]IF9�O�6WI
iJ��4�m�4&2FE�:�9�2F>S;!6<4e6_:�H&T�:�2�6WI�2FBS8!6<:�>_@%E�>&;�9a8�H�6W:�>&25:�6<I�T�4&9D@%R
>&;�9*4&U�4&>&9�B�bGc];�9³6WE06WI5U�ØM9�H&4�RL@�H]f7E�O%IF254&;!m!��9MH&B�6<E�6WE N iJ>�6<IF2J6<E
9�BS8�IF@�Ud8�H&@�:�9 N T�H&9�4�RL@%HGT�4&2FE�O*>&;�9][\9�IFIF=?R�@%H&BS9 N E�9�4&4�:�@%E�4&>&H�6<2FE�>&4
N 9���E�9 NeZ Ua>&;�9SiJE�>&9�H&IF2FE�O�T06^RL@�H&B�6<IF2F4&BÖ2FE�@�H N 9MHC>&@_4&9�I59M:�>*>&;�9
Z 9�4&>^4&:�@%H&2FE�O�ÛG@�B�6<2FEg��:�>&2F@%EY>&;06W>C2F4CB^@%4&>S:�@�BS8!6<>&2 Z IF9V[]2F>&;
>&;�9*9���>&H�6<:�>&9 N 6<H&O%T�BS9�E�>&4S¯5¡W±�b

3.4 Multi-Modalityc];�9PE!6<>&T�H&9V@�R\>&;�9_9�=A:�@%B^BS9�H&:�9P4&:�9�E!6<H&2F@�6<E N 6<8�8�IF2F:�6<>&2F@%Ee2FE
[];�2F:<;*@%T�H�4&U�4&>&9�B�2F4!4&2F>&T!6<>&9 N H&9���T�25H&9�4}>&;06W>�4&8$9�9�:<;�=?>&H�6WE�4&IJ6<>&2F@%E
Z 9_[\9�IFI5=A2FE�>&9�O%H�6W>&9 N []25>&;�6 N�N 2F>&25@�E06WI]BS@ N 6WI52F>&2F9�4C@�R]:�@%BSBdT�E�2F=
:�6W>&25@�Eò6<E N 2FE�RL@�H&B�6<>&2F@%E´9���:X;!6<E�O%9 Z 9�>�[\9�9�E½>&;�9�6<O�9�E�>�6WE N
:�IF259ME�>�b7k'25O�E�2F��:�6<E�>�9���@%H&>!;!6<4 Z 9�9�E N 9�Q%@�>&9 N >&@]>&;�2F4!2F4&4&T�9G[]25>&;�2FE
>&;�9S8�H&@�KL9�:M>�bdc];�9dB�6W25EaBCT�IF>&25=ABS@ N 6<IG:�@%B^8$@%E�9�E�>d25ED>&;�9S:�T�H&=
H&9�E�>PQ%9MH&4&25@�E�@%R*@%T�HP4&U�4&>&9�B©2F4v>&;�9D��9M��;�25>&9 Z @�6<H N � 6_4&8�9�=:�2J6<I�[];�2F>&9 Z @$6<H N m�[3;�2F:X;�6<IFIF@�[]4\T�4&9�H&4\>&@d4&;!6<H&9*B�6W8�4C6<E N [\9 Z =
8!6<O%9M4�bDc];�9PRLT�E�:�>&2F@%E!6<IF25>&2F9�4d8�H&@�Q�2 N 9 N�Z UY>&;�9P��9M��;�25>&9 Z @�6<H N
2FE�:�IFT N 9��z2FB�6<O�9VIF@�6 N 2FE�O$mGRLH&9�9M=?;!6<E N�N H�6�[]25E�O�m]6<H&9�6P4&9�IF9�:�>&2FE�O�m
:�@�I5@�H3:<;�@�@%4&2FE�O$m�4&:�H&@%IFI52FE�OS>&;�9*2FB�6WO%9*IF@�6 N 9 N m�Ø�@�@�BS2FE�OP>&;�9*25BS=
6<O�9�IF@�6 N 9 N m�szj0qD@%8�9�E�2FE�O�m�6<E N ��9�4&8$@�I59�Ú3�^@�E�2F>&@%H�6<:M>&25Q�6<>&2F@%E!b
c];�9*B^@%4&>]25B^8$@%H&>�6WE�>3R�9�6<>&T�H&9*254�>&;06W>39�6<:<;V@%8�9�H�6<>&2F@%ED>&;�9*T�4&9MH
N @�9�4�254�4&;!6<H&9 N []25>&;*;�254�H&9MBS@%>&9\2FE�>&9�H&IF@�:�T�>&@%H�m'4&@�>&;�9�U*:�6<Ed:�@�BS=
BdT�E�25:�6<>&9a[3;�2FI59_Q�259�[]2FE�OY>&;�9D4�6WBS9D25BD6<O%9M4�6<E N�N H�6�[]25E�Og@%E
2 N 9�E�>&2F:�6WI5=A2FB�6<O�9*[3;�2F>&9 Z @�6WH N 4�b

c\U�8�25:�6<IFI5U�m3>&;�9e:MI52F9�E�>�6W4&��4DRL@%HD2FE�RL@%H&B�6W>&25@�E�H&9MO�6<H N 2FE�O¼I5@�:�6W=
>&2F@%E�4�m N 2F4&>�6<E�:�9�4 Z 9M>J[\9�9ME½I5@�:�6<>&2F@%E�4�mV6<E N E!6�Q�25O$6<>&2F@%E N 25H&9M:�=
>&2F@%E�4�m�9�b O�bFmM;�@�[Y>&@3O�9�>!R�H&@%B�6�8�H&@%8�@%4&9 N ;�@%>&9MI�>&@3>&;�9G4&��2�4&I5@�8$9�4�b
õ}UaT�4&2FE�OD>&;�9P[];�2F>&9 Z @$6<H N m0>&;�9�6<O�9�E�>d:�6<Eg2FE N 25:�6<>&9S>&;�9PI5@�:�6W=
>&2F@%E�4Y6WE N�N H�6�[ÖH&@�T�>&9M4V@%E¼>&;�9DBD6<8!m]8$@�25E�>�6W>Y6WH&9�6<4�m�4&9MI59�:M>
2F>&9�BS4�m N H�6�[»:�@%E�E�9�:�>&2F@%E�4 Z 9�>�[\9�9�E N 2F�$9�H&9�E�>]IF@�:�6<>&2F@%E�4�T�4&25E�O�6
BS@�T�4&9_@%HV6<Eg@%8�>&25:�6<I\8$9ME0m`6<E N 6W:�:�@�BS806WE�Ue;�254�áW;�9�H^O%9�4&>&T�H&9�4
[]25>&;gQ�9�H Z 6WI]9���8�IJ6<E!6<>&2F@%E�4�b½k'T�8�8$@�H&>&25E�Og4&T�:<;g:�@%B Z 2FE�9 N Q�9�H&=
Z 6<I¤6WE N O�9�4&>&T�H&9*25E�>&9�H�6W:�>&2F@%E�4�;!6<4]H&9���T�25H&9 N B^@ N 2F��:�6<>&2F@%E�4^6WE N
9���>&9�E�4&2F@%E�4D@%R Z @�>&;�x`q�c�BS@ N T�IF9�4�6WE N >&;�9�i��3bGiJE�4&T�BSBS9MH
¡<®�®���m�[\9*:�@%E N T�:�>&9 N 6 N 9�>�6<2FI59 N 4&>&T N UV>&@P9�Q�6<IFT!6<>&9d>&;�9d9��$9�:M>&4
@%R`BCT�IF>&25=ABS@ N 6<IF25>�U�@�E�>&;�9V:�@�BSBdT�E�25:�6<>&2F@%Eg9��$9�:M>&25Q�9�E�9M4&4Y6WE N
T�4�6 Z 25IF25>�UV@�R7@�T�H`4&U�4&>&9�B�b`c];�9CB�6W25EDH&9M4&T�IF>&4�@�R7>&;�254`4&>&T N U�6<H&9
8�H&9�4&9�E�>&9 N 2FEV>&;�9*9�Q�6<IFT06W>&25@�ED4&9�:�>&2F@%E_@%R�>&;�254\8!6<8�9�H�b



3.5 User interfacek'2FO%E�25��:�6<E�>36W>&>&9�E�>&2F@%Ed[ 6<4\6<IF4&@ N 9�Q�@%>&9 N >&@ N 9�4&2FO%E�25E�Oz6WE³6W8�8�H&@%=
8�H&2J6<>&9VR�H&@%E�>&=A9�E N T�4&9�HS2FE�>&9�H&RW6<:M9VRL@�HS>&;�9_4&U�4&>&9�B�m�>&;!6<>�6WI5IF@�[]4
Z @%>&;�:�IF259ME�>&4�6<E N 6<O�9�E�>&4�6<E�2FE�>&T�25>&2FQ%9�6WE N H&9�I�6W>&25Q�9�IFU�4&2FBS8�I59
:M@%E�>&H&@%I}@�Q%9�H`>&;�9�2FH\:�@�BSBdT�E�25:�6<>&2F@%ED8�H&@�:�9�4&4�b

c];�9�T�4&9�HD2FE�>&9�H&RW6W:�9 N 2F4&8�I�6�U�2F4 N 9�4&25O�E�9 N RL@�HP��2FE N @�[34G¶· 6WE N
:M@%E�4&254&>&4�@�R$RL@%T�H�[]25E N @�[]4��Gh&�%y}6��^2F:�H&@%4&@�RL> ¶· i�E�>&9�H&E�9M>�f7��8�I5@�H&9�H
[�9 ZVZ H&@�[34&9MH�noh&¡�y]6S�^25:MH&@%4&@%R�> ¶· �¼25E N @�[]4]��9M>��^9�9�>&2FE�OSQ�2 N 9�@%=
:M@%E�RL9�H&9�E�:�2FE�Ov6W8�8�I52F:�6W>&25@�E0n�h&£%y�>&;�9\��9M��;�25>&9 Z @�6<H N n$6WE N h�°$y�>&;�9
�`9�4&8$@�I59��^@�E�2F>&@%H�bps`4&25E�OVi�E�>&9�H&E�9M>*f7��8�I5@�H&9�H�m�>&;�9S:MI52F9�E�>�2FE�25>&2F=
6W>&9�4d>&;�9e6<T N 2F@�6<E N Q�2 N 9�@D:�6WI5I\[]2F>&;�6WE�6<O%9ME�>C@�R3>&;�9P4&9�H&Q�2F:�9
8�H&@�Q�2 N 9�H�m Z U�6]4&2FBS8�I59`:�IF25:<�S@%R\6 Z T�>&>&@%EV@�EP>&;�9 Z H&@�[34&9MH\806WO%9�b
�^2F:�H&@�4&@%RL>��¼25E N @�[]4���9M>&BS9�9�>&2FE�O]2F4¤6WT�>&@�B�6<>&2F:�6<IFIFU*@%8$9�E�9 N 6WE N
>&;�9V6<T N 2F@�6<E N Q�2 N 9�@P:�@�E�E�9�:�>&2F@%ED2F4]9�4&>�6 Z IF254&;�9 N bGc];�9*>�[\@�6 N =
N 2F>&25@�E06WI N 254&8�IJ6&U�4 � >&;�93�`9���;�2F>&9 Z @�6WH N 6<E N >&;�9���9�4&8$@�I59C�^@�E�=2F>&@%Hv6WH&9�6<IF4&@VIJ6<T�E�:<;�9 N 6W>C>&;�9S4�6WBS9P>&25BS9�b { IF2F9�E�>v6<E N 6<O�9�E�>
:�6<Ee>&;�9�Ee8�H&@�:�9�9 N 2FE�:�6<H&H&U�2FE�OD@�T�>V6 N 2�6WI5@�O%T�9P[32F>&;a>&;�9P;�9�I58
@�R\>&;�9S4&8$9�9�:<;a>&H�6<E�4&I�6W>&25@�Ee4&U�4&>&9�B�bp�$@�Hv6d4&:�H&9�9ME�4&E!6<8�4&;�@�>C@�R
>&;�9�4&9dRL@%T�H N 2F4&8�I�6�U�4�m�4&9M9v¯5ÝW±�b

�a9aRL@%T�E N 2F>P25B^8$@%H&>�6WE�>V>&@gQ�254&T!6<IFIFU�8�H&9�4&9�E�>e6<4&8$9M:�>&4D@%R*>&;�9
4&8�9�9�:<;�=A>&H�6<E�4&IJ6<>&2F@%Ea8�H&@�:�9M4&4�>&@P>&;�9d9�E N T�4&9MH&4�b�c3;�2F432F4C6<:�:M@%BS=
8�IF254&;�9 N Q�2J6¤>&;�9`��9�4&8$@�I59v�^@�E�2F>&@%H N 254&8�IJ6&U�b}c];�H&9�9*>&9M��>&T06WIoH&9M8�=
H&9M4&9�E�>�6<>&2F@%E�4³6WH&9 N 2F4&8�IJ6�U%9 N 25Ea:�IF9�6<H&IFU�2 N 9�E�>&25��9 N ��9�I N 4��Ph&��y*6
>&H�6WE�4&:MH&258�>7@�R�>&;�9�2FHG4&8$@%��9�EP25E�8�T�>�h�>&;�9]@%T�>&8�T�>\R�H&@%B½>&;�9]4&8$9�9�:<;
H&9M:�@%O�E�2FØ�9�H�y&n]h&¡%y*6 806WH�6<8�;�H�6W4&9V@�R\>&;�9M25Hd25E�8�T�> � >&;�9SH&9�4&T�I5>*@�R>&H�6WE�4&IJ6<>&2FE�O�>&;�9DH&9�:�@�O%E�25ØM9 N 25E�8�T�> Z 6W:X�¼25E�>&@e>&;�9�2FHP@�[]E¼I�6WE�=
O�T06WO%9�n`6<E N h&£%y¤>&;�9P>&H�6<E�4&IJ6<>&9 N >&9���>&T!6<I\@�T�>&8�T�>S@%R]>&;�9vT�>&>&9�H&=
6WE�:M9v4&8�@%�%9ME Z UD>&;�9^@%>&;�9�HC8!6<H&>�U�bdc];�9�4&9S>&9���>&T!6<IGH&9�8�H&9�4&9�E�>�6W=
>&2F@%E�4*8�H&@�Q�2 N 9S>&;�9^T�4&9�H&4*[]2F>&;D>&;�9^:�6<8!6 Z 25IF2F>JUD>&@P2 N 9�E�>&2FRLUDBS2F4&=
>&H�6WE�4&IJ6<>&2F@%E�4V6<E N 25E N 25:�6W>&9P9�H&H&@%H&4*>&@D>&;�9S@%>&;�9�Hd806WH&>JU�bz� Z 6 N
8!6<H�6W8�;�H�6<4&9a2F4C@�RL>&9�EÜ6zO%@�@ N 2FE N 2F:�6<>&@�Hv@�RC6P4&2FO%E�25��:�6WE�>v9MH&H&@%H
2FEg>&;�9D>&H�6WE�4&IJ6<>&2F@%E¼8�H&@�:M9�4&4�bg�¼;�9ME�6PBS2F4&=A>&H�6<E�4&I�6W>&25@�Eg254 N 9�=
>&9M:�>&9 N m�>&;�9ST�4&9�HC:�6<Ea8�H&9�4&4v6 N 9 N 2F:�6<>&9 NeZ T�>&>&@%Ea>&;!6<>*2FE�RL@�H&BS4
>&;�9D@%>&;�9�HP8!6<H&>JUY>&@e25O�E�@�H&9D>&;�9_>&H�6<E�4&I�6W>&25@�E Z 9M25E�O N 254&8�I�6�U�9 N m
Z UD;�2FO%;�I52FO%;�>&2FE�O_>&;�9d>&9���>&T!6<IG>&H�6<E�4&I�6W>&25@�ED25EaH&9 N @�E�>&;�9CB^@%E�25=
>&@�H N 254&8�I�6�US@�R!>&;�9�@�>&;�9�H]8!6<H&>�U�b}c];�9`T�4&9MH3:�6<EP>&;�9MEVH&9�8$9�6<>\>&;�9
>&T�H&E!b�c];�97:MT�H&H&9�E�>G4&U�4&>&9�Bò6WI54&@S6<IFI5@�[]4�>&;�9\806WH&>&25:M258!6<E�>&4�>&@`:�@%H&=
H&9M:�>�4&8$9M9�:X;DH&9M:�@%O�E�2F>&25@�E�6<E N >&H�6<E�4&I�6W>&25@�ED9�H&H&@%H&4`Q�2�6p��9�U Z @�6WH N
2FE�8�T�>�m�6�RL9�6<>&T�H&9][];�2F:X;^254�Q�9�H&US9��$9M:�>&25Q�9][3;�9�E Z 6<E N [32 N >&;vIF2FBS=
2F>�6<>&2F@%E�4 N 9MO%H�6 N 9d>&;�9*4&U�4&>&9�B�8$9�H&R�@%H&B�6WE�:�9�b

4. EVALUATIONk'9�Q�9�H�6<I N 25��9�H&9�E�>�9�Q�6<IFT!6<>&2F@%E*9���8$9MH&25BS9ME�>&4!;!6&Q�9 Z 9�9ME*:�@%E N T�:�>&9 N m
>�6WH&O%9�>&2FE�O N 2F�$9�H&9�E�>e6<4&8$9�:M>&4V@%R*@�T�H_4&U�4&>&9�B��¼h&�%yd>&;�9D2FBS806W:�>
6WE N T�4�6 Z 2FI52F>JU_@%R�BdT�IF>&25=ABS@ N 6<IF2F>JUon!h&¡�y09���8$9�H&2FBS9�E�>&4`RL@%HS6<4&4&9�4&4&=
2FE�O�>&;�9V2FBS8!6<:�>d@%R`E�9�>�[\@%H&�Y>&H�6<¢S:e6<E N >&;�9V:M@%E�4&9���T�9ME�:�9M4v@�R
H&9�6<I!8!6<:<�%9M>&=?IF@%4&4`@%E_4&U�4&>&9�BÖ8�9�H&RL@%H&BD6<E�:�9�n!6WE N h&£�y09�E N =A>&@%=A9�E N
8�9�H&RL@%H&BD6<E�:�9�9�Q�6WI5T!6<>&2F@%E�4�b0c3;�9 N 6W>�6 Z 6<4&9`:�@%IFI59M:�>&9 NSN T�H&2FE�OC>&;�9
8�H&@�KL9�:�>V6<E N [];�2F:<;�2F4 Z 9�2FE�ODT�4&9 N 2FEa>&;�9PQ�6<H&2F@%T�4C9MQ�6WI5T!6<>&2F@%E�4
2F4 N 9M4&:�H&2 Z 9 N 25E�¯F�<±Jb

4.1 Experimentson Multi-ModalityÛ�T�H&2FE�O��MT�I5U�¡<®%®$�%m�[\9P:�@%E N T�:�>&9 N 6 N 9�>�6W25IF9 N 4&>&T N Ug>&@a9�Q�6<IF=
T!6<>&9^>&;�9d9��$9�:M>�@%RGBdT�IF>&25=ABS@ N 6<IF2F>JUP@%Ea>&;�9d:�@�BSBCT�E�25:�6W>&25@�E�9MRL=
R�9�:�>&2FQ%9�E�9�4&4�6<E N T�4�6 Z 25IF2F>JUg@%R`@%T�Hv4&U�4&>&9MB�b¼c];�9_O%@$6<IF4v@�R�>&;�9
9M��8$9�H&2FBS9�E�>a[\9�H&9a>&@�>&9�4&>��»h&�%y^[];�9�>&;�9MHDBCT�I5>&2F=ABS@ N 6<IF25>�U�25E�=
:MH&9�6<4&9�4^>&;�9_8�H&@ Z 6 Z 2FI52F>JUY@%R�4&T�:�:�9M4&4&RLT�I]2FE�>&9�H�6<:M>&25@�E0m09�4&8$9M:�2�6WI5IFU
[];�9�EV4&8!6<>&2J6<I}25E�RL@�H&B�6<>&2F@%ED2F4\>&;�9*RL@�:�T�4�@%R�>&;�9*:�@�BSBCT�E�25:�6W>&25Q�9
9M��:X;!6<E�O%9�n}h&¡%y}[];�9�>&;�9�H]BCT�I5>&2F=ABS@ N 6<IF25>�UC;�9�IF8�4\H&9 N T�:�9v6<B Z 25O�T�=
2F>&2F9�4z6WE NaN 2F4&¾�T�9�E�:�2F9�4�n\6WE N h&£�yG[];�9�>&;�9MH*BCT�I5>&2F=ABS@ N 6<IF25>�UV4&T�8�=
8�@%H&>&4z6pRW6W4&>&9�H]H&9�:�@�Q%9MH&UVRLH&@�B�H&9�:�@%O�E�2F>&2F@%E�6<E N >&H�6<E�4&I�6W>&25@�ED9�H&=

H&@%H&4�b���@%H]>&;�9M4&9C8�T�H&8�@%4&9�4�m�>J[\@^9���8$9�H&2FBS9�E�>�6WI�:�@%E N 2F>&2F@%E�4�[\9�H&9
N 9�Q�254&9 N �a6P4&8�9�9�:<;�=A@%E�IFU�:M@%E N 2F>&25@�E�h&k��*y&m}2FE�Q%@�I5Q�2FE�O�BdT�IF>&2FI52FE�=
O%T!6<I�:M@%BSBdT�E�2F:�6<>&2F@%EV6<E N >&;�9�8$@%4&4&2 Z 2FIF25>�U3R�@%H!T�4&9�H&4}>&@34&;!6<H&9�25BS=
6<O�9�4�n�6<E N 6]BdT�IF>&2F=?B^@ N 6WI$:�@%E N 25>&2F@%E�h&�D�Dy&m�[];�9�H&9�T�4&9�H&4\:�@�T�I N
6 N�N 25>&2F@%E!6<IFI5UP8$9MH&RL@%H&B�8$9�E�= Z 6W4&9 N O%9�4&>&T�H&9�4`@%ED4&;!6<H&9 N B�6W8�4]>&@
:�@�E�Q%9�U_4&806W>&2�6WI!2FE�RL@�H&B�6<>&2F@%E!b

c];�9d4&9�>&>&2FE�OPRL@�H�>&;�9C9M��8$9�H&2FBS9�E�>*[ 6W43>&;�9V(*)�+�,�-!.%)!/�4&:�9ME06WH&25@
N 9�4&:�H&2 Z 9 N 9�6<H&IF2F9�H�m�2FE�Q%@%IFQ�2FE�O*:�IF2F9�E�>&474&9�6<H&:<;�2FE�OdRL@�H�[32FE�>&9�HG>&@%T�H&=
8!6<:<��6WO%9P2FE�RL@�H&B�6<>&2F@%ED2FEa>&;�9dc�H&9�E�>&2FE�@_8�H&@�Q�2FE�:�9�b*c];�9S:�IF259ME�>�µ 4
>�6<4&�g[ 6W4P>&@e4&9�IF9�:�>�6<E½6<8�8�H&@�8�H&2J6<>&9aH&9�4&@%H&>PIF@�:�6<>&2F@%E½6<E N ;�@�=
>&9�IG[]25>&;�25EY>&;�9P:�@�E�4&>&H�6W25E�>&4d4&8$9�:�2F��9 N 6^8�H&2F@%H&2G:�@%E�:�9�H&E�2FE�Oa>&;�9
H&9�IF9�Q�6<E�>dO%9�@�O%H�6W8�;�25:�6<IC6<H&9�6�m0>&;�9�6�Q�6<2FI�6 Z IF9 Z T N O�9�>�mG9M>&:�b_c];�9
6<O�9�E�>�µ 4!>�6<4&�`[ 6<4}>&@\8�H&@�Q�2 N 9\>&;�9GE�9�:�9�4&4�6WH&U�2FE�RL@�H&B�6<>&2F@%E!b}�`@�Q�2F:�9
4&T Z K�9�:�>&4�m`8�H&9�Q�2F@%T�4&I5U�T�E�R&6<BS2FI52J6<HP[]2F>&;�>&;�9a4&U�4&>&9�BÞ6<E N >�6W4&�
[\9�H&9GH&9�:�H&T�2F>&9 N >&@`8�IJ6�U*>&;�9�H&@%IF97@�R$>&;�9�:�I52F9�E�>&4�bGk�T Z KL9�:�>&4G[\@�H&9p6
;�9�6 N =ABS@%T�E�>&9 N BS2F:�H&@%8�;�@%E�9�m�T�4&25E�Od25>\2FE�6]8�T�4&;�=A>&@%=A>�6WI5�PBS@ N 9�m
6<E NDN H&9�[½O%9M4&>&T�H&9�4`@%EDB�6W8�4 Z UVBS9�6<E�4*@%R36p>�6 Z I59M=?8�9�E N 9MQ�25:�9
@%HD6_BS@%T�4&9�b¼f�6<:<;�4&T Z KL9�:�>P:�@�T�I N @%E�I5Ug;�9�6<HP>&;�9V>&H�6WE�4&IJ6<>&9 N
4&8$9�9M:X;�@�R*>&;�9a@%>&;�9�HV8!6<H&>�U�h�@%H&2FO%2FE06WIz6<T N 25@g[ 6W4 N 2F4�6 Z I59 N 2FE
>&;�254\9M��8$9�H&2FBS9�E�>�y&b0c];�9`9���8$9�H&2FBS9�E�>\[*6<4\:�@�E N T�:�>&9 N @�E�6]>&@�>�6<I
@%R\¡%å¤H&9�:�@�H N 9 NDN 2J6<IF@%O%T�9�4�m�[]25>&;��W° N 2�6WI5@�O%T�9�4]9�6<:<;VR�@%H\fGE�O�I52F4&;
6<E N RL@�Hp��9MH&B�6<ES:MI52F9�E�>&4�m�6<E N iJ>�6WI52J6<E�6WO%9�E�>&4G2FE³6WI5I�:�6<4&9M4�b�f�6<:<;
O%H&@�T�8P:�@�E�>�6<2FE�9 N 4&9�Q%9MEYk���6<E N 4&9�Q%9ME��D� N 2J6<IF@%O%T�9�4�b0c];�9 N 25=
6<IF@%O�T�9`:�@%H&8�T�4\:�@%E�4&2F4&>&9 N @%R7��Ý%bFè];�@%T�H&47@�R N 2J6<IF@%O�T�9`I59�E�O%>&;!�\å�b5è
;�@%T�H&47@�R$f7E�O%IF2F4&;�=AiJ>�6WI52J6<E!m$å�;�@�T�H&4G@%R7��9�H&B�6WE�=Ai�>�6<IF2�6WE0b}c];�9 6�Q�=
9�H�6WO%9 N T�H�6W>&25@�E�@�R N 2J6<IF@%O%T�9�4*[ 6W4z£�è*B^25E�T�>&9�4�bS��E�6�Q%9MH�6<O%9�m76
N 2�6WI5@�O%T�9*:�@%E�>�6W25E�9 N £%è3>&T�H&E�4�m!¡W°�Ùp>&@%��9�E�4C6WE N ê�Ù`>&@%��9�ED>JU�8$9M4
8$9�H_4&8$9�6W�%9�H�bÜc];�9 N 2J6<IF@%O�T�9a>&H�6<E�4&:�H&2F8�>&2F@%E�4D2FE�:�IFT N 9��Y@�H&>&;�@�=
O%H�6W8�;�2F:�6<Id>&H�6<E�4&:�H&2F8�>&2F@%E!mS6<E�E�@%>�6<>&2F@%E�4DRL@�HV4&8$@�E�>�6<E�9�@%T�4�8�;�9�=
E�@%BS9�E!6P6<E NDN 2F4&¾�T�9�E�:�2F9�4�m�>&T�H&E_25E�RL@%H&BD6<>&2F@%E�6<E N 6<E�E�@%>�6<>&2F@%E�4
RL@�HCO�9�4&>&T�H&9M4�b_c�H�6<E�4&I�6W>&9 N >&T�H&E�4d[\9�H&9P:�IJ6<4&4&2F��9 N 2FE�>&@D4&T�:�:M9�4&4&=
RLT�I�m�8!6<H&>&2J6<IFIFU�4&T�:�:�9�4&4&RLT�Iv6<E N E�@%E�=?4&T�:�:�9M4&4&RLT�IJm Z U¼:�@%BS8!6<H&2FE�O
>&;�9�>&H�6<E�4&IJ6<>&9 N >&T�H&E�4\[]2F>&;S>&;�9�H&9�4&8$@�E�4&9M43>&;�9�USO�9�E�9�H�6<>&9 N b]j09�=
8$9�6W>&9 N >&T�H&E�4][\9�H&9*:M@%T�E�>&9 N 6<4][\9�IFIJb

c];�9V6<E!6<IFU�4&2F4�@%RG>&;�9CH&9�4&T�IF>&4�2FE N 25:�6<>&9 N >&;!6<> Z @%>&;a>&;�9Vk���6WE N
�D�ºQ%9�H&4&2F@%E�4C@�R\>&;�9v4&U�4&>&9MB²[�9�H&9S9��$9M:�>&25Q�9PRL@%HdO%@$6<IG:�@%BS8�IF9�=
>&2F@%E!�3å�Ý%æw@%R!>&;�9�T�4&9�H&4][\9�H&9S6 Z I59`>&@C:M@%BS8�I59M>&9�>&;�9*>�6<4&�oµ 4\O%@$6<I
Z Ug:X;�@�@%4&2FE�O´6z;�@%>&9�I`BS9�9�>&2FE�Oa>&;�9D8�H&9�=A4&8$9M:�25��9 N�Z T N O%9M>Y6WE N
IF@�:�6<>&2F@%Ea:�@%E�4&>&H�6<2FE�>&4�bpc];�2F4 N 9�BS@�E�4&>&H�6W>&9�4C>&;!6<>*>&;�9S4&U�4&>&9�Br254
4&T�¢S:�2F9�E�>&I5Uv6 N 9M��T06W>&9\RL@%H}E�@�Q�2F:�9\T�4&9�H&4�>&@C6<:�:M@%BS8�I52F4&;d>&;�9\O�25Q�9�E
>�6<4&�D[]2F>&;VBS2FE�25B�6WI�[]H&25>&>&9�E_25E�4&>&H&T�:�>&25@�E�4�mG6pQ%9�H&UD4&;�@%H&>`25E�2F>&2�6WI
>&H�6<2FE�25E�OS@%E_T�4&2FE�OS>&;�9`[];�2F>&9 Z @$6<H N m!6<E N E�@SRLT�H&>&;�9�H*6<4&4&2F4&>�6<E�:�9
N T�H&2FE�O^>&;�9*2FE�>&9�H�6<:M>&25@�E0b0c];�9v6�Q�9�H�6<O�9*E�T�B Z 9�H`@%R!O�9�4&>&T�H&9�4�8$9MH
N 2�6WI5@�O%T�9S[ 6<4CÙ�b5Ý�bC��9�4&>&T�H&9�4*[\9MH&9C8$9MH&RL@%H&BS9 N @%E�I5UD[];�9�ED4&806W=
>&2J6<I�25E�RL@%H&BD6<>&2F@%ES[ 6W4�25E�Q�@%IFQ%9 N m�6<E N >&;�254G@�:�T�H&H&9 N 2FES@%E�I5UV6�RL9�[
@%RG>&;�9 N 2�6WI5@�O%T�9S4&9�O�BS9�E�>&4�b¤c3;�9V6<O%9ME�>&4*8$9�H&RL@�H&BS9 N 6<IFBS@%4&>S6<IFI
N H�6&[]2FE�O$m�[]2F>&;Y6¤:�IF9�6<H�8�H&9�R�9�H&9�E�:�9CR�@%H 6WH&9�6`4&9�IF9�:�>&2F@%E�4�b0��IFBS@%4&>
9�Q�9�H&UPO%9�4&>&T�H&9�RL@�I5IF@�[\9 N 6 N 2J6<IF@%O�T�9*:�@�E�>&H&2 Z T�>&25@�E0b]��Q%9MH�6<IFI�m�RL9�[
@%H_E�@ N 9�2F:�>&25:M4v[�9�H&9�T�4&9 N b´��9 Z 9�IF2F9�Q%9a>&;06W>V>&;�9�4&9a��E N 2FE�O%4
6<H&9_H&9�IJ6<>&9 N >&@D>&;�9V8�T�4&;�=A>&@%=A>�6<IF�g8�H&@�:�9 N T�H&9�6<E N >&@�>&;�9V>&2FBS9
E�9�9 N 9 N >&@e>&H�6<E�4&RL9�HPO�9�4&>&T�H&9M4�6<:MH&@%4&4P>&;�9DE�9�>�[\@%H&�obl��9�4&>&T�H&9�4
[\9�H&9S6<IF[ 6�U�4\8�H&9�:�9 N 9 NVZ UD6<8�8�H&@�8�H&2J6<>&9dQ%9�H Z 6<I�:�T�9�4&ög9�b O�bFm ¸ i'µ IFI
4&;�@�[�U�@%TP>&;�9�2F:�9]4&��6W>&25E�OdH&25E��S@%EP>&;�9�B�6W8�¹$b0c3;�2F474&;�@�[34�>&;06W>
O%9M4&>&T�H&9�4`[\9�H&9`[\9�IFIo2FE�>&9�O�H�6<>&9 N 2FEV>&;�9*:�@%B^BCT�E�2F:�6W>&25@�E0b

Û�6W>�6V6WE06WI5U�4&2F4v6<IF4&@V2FE N 2F:�6<>&9 N >&;!6<>*>&;�9SE�T�B Z 9�H*@�R\>&T�H&E�4�m�>&;�9
E�T�B Z 9MH7@�Ro[�@%H N 436<E N >&;�9 N 2�6WI5@�O%T�9]I59�E�O%>&;^[\9�H&9\4&2FBS2FI�6WH36<:�H&@�4&4
:�@�E N 25>&2F@%E�4 6WE N I�6WE�O�T06WO%9�4�b0��E�6WE06WI5U�4&2F4\@%R�>&;�9�2FBS8!6<:�>\@�R7�D�
@%E*>&;�9\IJ6<E�O%T!6<O�9\T�4&9 N H&9�Q�9�6<IF9 N >&;!6<>�>&;�9�H&9G[\9�H&9GRL9�[\9�H�H&9�8�9�6<>&9 N
>&T�H&E�4�h�2FE N 25:�6<>&2FE�O�6 Z 9�>&>&9MHSH&9�:�2F8�H&@�:�6<I�T�E N 9�H&4&>�6WE N 2FE�Og@%R`>&;�9
>J[�@S806WH&>&259M4�y�6<E N 4&BS@�@�>&;�9�H N 2J6<IF@%O�T�9M4zh�[]25>&;_RL9�[\9MH3H&9M>&T�H&E�4�>&@



6WI5H&9�6 N U N 2F4&:�T�4&4&9 N >&@�8�2F:�4�y T�E N 9MHD>&;�9w�D�÷:�@%E N 25>&2F@%E!b��D�
6WI54&@g9���;�2 Z 2F>&9 N RL9�[�9�H�6<B Z 2FO%T�@%T�4VT�>&>&9�H�6<E�:�9�4�bÜ�$T�H&>&;�9MH&BS@%H&9�m
>&;�9�6WB Z 2FO%T�25>&2F9�4d25Ew�D�º:�@�E N 25>&2F@%E�4S[\9MH&9v@�RL>&9�Eg2FBSBS9 N 2�6W>&9�IFU
4&@�I5Q�9 NVZ U^H&9�4&@%H&>&2FE�O^>&@³�D�|H&9�4&@�T�H&:�9M4�b�c];�254�[ 6<4\E�@%>]>&;�9�:�6W4&9
2FE�k��*m�[];�9MH&9^6WB Z 2FO%T�@%T�4\@%HGBS2F4&=?T�E N 9�H&4&>&@�@ N T�>&>&9�H�6<E�:�9�4�@%RL>&9�E
H&9MB�6<2FE�9 N T�E�H&9�4&@�I5Q�9 N bgc];�9V9���8$9MH&25BS9ME�>S4&T Z KL9M:�>&4�m�O%2FQ%9�Eg>&;�9
:<;�@%2F:�9 Z 9�>J[\9M9�E*>&;�9��D��6WE N >&;�9�k���4&U�4&>&9�B�m'9���8�H&9M4&4&9 N 6o:�I59�6<H
8�H&9�RL9MH&9�E�:M9VRL@�H*>&;�9PRL@�H&BS9�H�b_i�Ee4&T�B^B�6<H&U�mo>&;�9PH&9�4&T�I5>&4d:�IF9�6<H&IFU
2FE N 2F:�6<>&9D>&;!6<>PBdT�IF>&2F=?B^@ N 6WI^6WE N BdT�I5>&2F=AI52FE�O�T06WI]RL9�6<>&T�H&9�4P[\9�H&9
4&B^@�@%>&;�I5U*2FE�>&9�O%H�6W>&9 N b���T�H&>&;�9�H&BS@�H&9�m��D�´;!6 N 608$@%4&2F>&2FQ%9\9���9�:�>
@�EP>&;�9`��T06WI52F>JUS@�R!2FE�>&9�H�6<:M>&25@�E Z U^H&9 N T�:�2FE�OD6<B Z 2FO%T�25>�U�m�B�6<��2FE�O
2F>!9�6<4&2F9�H�>&@�H&9�4&@�I5Q�9 6<B Z 25O�T�@�T�4GT�>&>&9MH�6<E�:�9�4�m�2FBS8�H&@�Q�2FE�O�>&;�9\¾�@�[
@�R]>&;�9 N 2�6WI5@�O%T�9�m�6WE N 9ME�;!6<E�:�2FE�Oe>&;�9PBCT�>&T!6<I]:�@%B^8�H&9�;�9�E�4&25@�E
Z 9�>J[\9M9�EV>&;�9C8!6<H&>&2F9�4�b

4.2 Network Traffic Impacti�E�@%T�HDQ�6<H&2F@%T�4DT�4&9�H_4&>&T N 2F9�4�6<E N�N 9�BS@�E�4&>&H�6W>&25@�E�4�mp[\9a;!6&Q�9
Z 9�9�EaRL@%H&:�9 N >&@ N 9�6WI7[]2F>&;V>&;�9 N 9�>&H&2FBS9�E�>�6<IG9��$9M:�>&4�@�R7E�9�>J[�@%H&�
:M@%E�O%9�4&>&2F@%Ea@%Ea>&;�9d>&H�6<E�4&BS2F4&4&25@�ED@%RG×7@�25:M9�=A@�Q�9�H&=Ai'~Y2FED@%T�H�4&U�4&=
>&9MB�b^c];�9S:MH&25>&2F:�6<I�E�9�>�[\@%H&�a806W>&;�4V6<H&9^>&;�9Pxz£�¡%£ :�@%E�E�9M:�>&25@�E�4
Z 9�>J[\9M9�E�>&;�9V�^9 N 2J6<>&@�Hz6WE N >&;�9d:�IF259ME�>z6<E N 6<O%9ME�>�m�[3;�2F:X;DH&9�IFU
@�E*>&;�9GszÛ`~^8�H&@�>&@�:�@%IJm'25E`@%H N 9�H!>&@]O%T!6<H�6WE�>&9�9\H&9�6WI5=A>&2FBS9�;�T�B�6<E�=
>&@�=A;�T�B�6WEP:�@%BSBdT�E�2F:�6<>&2F@%E!b0c];�9]:�@�BSBCT�E�25:�6W>&25@�E Z 9�>J[�9�9�ES>&;�9
�^9 N 2J6<>&@�H^6WE N x`q�c�4&9MH&Q%9�H&4]:�6WE0m�25E_8�H&2FE�:M258�I59�m Z 9C[]2F>&;�2FE�6`I5@�=
:�6<I�E�9�>J[\@�H&�om76WI5>&;�@%T�O%;a[\9d:�T�H&H&9�E�>&I5U_H&T�Ea>&;�9Cx`q�c½4&9MH&Q%9�H&4S6<>
>&;�9P4&25>&9M4C@�R3>&;�9 N 9MQ%9�IF@%8�25E�Oa806WH&>&E�9�H&4�bvc3;�2F4C2FE�>&H&@ N T�:�9�4^>&25BS9
N 9�IJ6�U�4�m Z T�>�E�@�8!6<:<�%9�>GI5@�4&4�m N T�9\>&@�>&;�9\T�4&93@�R�c { ~�mM25Ed:�@�E�>&H�6<4&>
[]2F>&;V>&;�9*szÛ`~aT�4&9 N RL@%H�>&;�9*xS£%¡%£p:�@�E�E�9�:�>&2F@%E�4�b

c�@`��T06WE�>&25R�US>&;�9]2FE�¾�T�9�E�:M93@�R�szÛ�~v806W:X��9�>&=AI5@�4&47@�ES4&U�4&>&9�Bl8$9�H&=
R�@%H&B�6WE�:�9�m�[\9*H�6<Ee6*E�T�B Z 9�H�@�R�>&9�4&>&4 Z 9�>�[\9�9�E���9�H&BD6<ED:�IF259ME�>
2FE�4&>�6<IFI�6W>&25@�E�4�2FEC>&;�9\sSk���h { �^sÜ6W>¤~�25>&>&4 Z T�H&O�;0yG6<E N ��9�H&B�6<E�U
h�s`u*�ß6<>Duv6<H&4&IFH&T�;�9�y^:�6<IFI52FE�O½6g�^9 N 2J6<>&@�H�2FE�iJ>�6WI5U�h�i�j]k�cCy&m
[];�25:<;P25E^>&T�H&E�4\:�@�E�>�6<:�>&9 N >&;�9z��9�H&BD6<EPx�q�c�4&9�H&Q�9�H\IF@�:�6<>&9 N 25E
uv6WH&I54&H&T�;�9�m���9�H&B�6<E�U�b}c];�9]>&9�4&>&4G[\9�H&9]:�@�E N T�:M>&9 NPZ UCRL9M9 N 2FE�Ov6
;�2FO%;�=?��T!6<IF2F>JUDH&9�:�@�H N 2FE�OD@%RG>&;�9���9MH&B�6<E N 9�Q�9�I5@�8�B^9�E�>&=A>&9�4&>*4&9�>
:M@%IFI59�:M>&9 N 6W>!>&;�9 Z 9�O�25E�E�25E�O*@%R$>&;�9\8�H&@�K�9�:�>�2FE�>&@^6�:�@%B^8�T�>&9�H�4&9�>&=
T�8aRL@%Hv6pQ�2 N 9�@�=A:�@%E�RL9�H&9�E�:�9�mo2�b 9�b`[\9dH&9�8�I�6W:�9 N >&;�9^BS25:MH&@%8�;�@�E�9
Z U�6�Û0�Gc�H&9�:�@�H N 9MH�h�@%HV6P:M@%BS8�T�>&9MH�y`8�IJ6�U�25E�O�6^>�6<8$9�m�[];�2FI59
IF9�6�Q�2FE�OP9�Q�9�H&U�>&;�2FE�Ov9MI54&9v6W4�2F>3[�@%T�I N_Z 9CR�@%H]4&9�4&4&2F@%E�4*[32F>&;PH&9�6<I
4&T Z KL9�:�>&4�b^i�E�8!6<H&>&2F:�T�I�6WH�m}4&9�O�BS9�E�>�6<>&2F@%EY[ 6<4 Z 6<4&9 N @%Ea4&25IF9�E�:�9
N 9�>&9�:M>&25@�ED8$9�H&RL@�H&BS9 N 6<T�>&@%BD6<>&2F:�6<IFI5U Z U_��9�>��^9�9M>&25E�O�b�c3;�9dH&9�=
4&T�IF>&25E�O�4&9�O�BS9�E�>&4a[\9�H&9eH&9M:�@%O�E�2FØ�9 N 4&9M806WH�6<>&9�IFU Z U»>&;�9ex�q�c
4&9MH&Q%9�H&4e6<E N >&;�9�;�U�8�@%>&;�9�4&9�4D:�@�E�:�6W>&9�E!6<>&9 N >&@Y:�6<IF:�T�I�6W>&9�>&;�9
�¼fpj�@�Q�9�H]>&;�9*[];�@%IF9 N 2J6<IF@%O�T�9�b�c];�9�4&9*>&9�4&>&4Ch&6`>&@�>�6<I�@%R�BS@�H&9
>&;!6<Ee�%Ý`;�@%T�H&4�y0[\9�H&9`:�@%E N T�:�>&9 N 6<> N 2F�$9�H&9�E�>]>&2FBS9�4\@�R!>&;�9 N 6�U
@�E N 2F�$9�H&9�E�> N 6�U�4\@%R}>&;�9][\9�9M�om�2FE�6<E�6<>&>&9MBS8�>�>&@*25E�Q�9�4&>&25O$6<>&9S6
[]2 N 9v6W4]8$@%4&4&2 Z IF9*Q�6<H&2F9�>JUP@�R�H&9�6<IF=AI52FRL9�E�9�>�[\@%H&�P:�@�E N 25>&2F@%E�4�b

�`I5I�2FE�6<IFI�m�[\9d[\9�H&9D6 Z I59S>&@_H&T�E��%Ý :�@%B^8�IF9�>&9S>&9�4&>&4�m�H&9�4&T�I5>&2FE�O
2FEw6WEw6�Q%9�H�6WO%9P[\@%H N 6<:�:�T�H�6<:MUe@%R ÝW®�b °�æSmFød[]2F>&;�4&2FE�O%IF9vQ�6WI5T�9�4
2FEV>&;�9zÝ�£%æ´>&@Vè%ê�æ´H�6<E�O%9*RL@�H38!6<:<�%9M>&=?IF@%4&4]:�@�E N 2F>&25@�E�4 Z 9�>�[\9�9�E
®$b5��æ©6<E N è%bF¡%æSb�x`25O�;�9�HP8!6<:<�%9�>&=AIF@%4&4PH�6<>&2F@%4�m�H&9M4&T�IF>&25E�OeRLH&@�B
O�9�E�9�H�6<IFI5U Z 6 N E�9�>J[�@%H&�g:�@%E N 25>&2F@%E�4�m�T�4&T!6<IFIFU�IF9 N >&@w6 Z H&9�6<��=
N @�[]E�@%R]>&;�9 { I52F9�E�>&=X�^9 N 2�6W>&@%Hd@%H��^9 N 2J6<>&@%H&=Ax`q�c�4&9�H&Q�9�HSIF25E��
N T�9D>&@D>&25BS9M=?@�T�>^:�@%E N 2F>&2F@%E�4 Z 9�2FE�OYH&9�6<:<;�9 N m�@%HS>&;�9V2FE06 Z 2FIF25>�U
>&@P9�4&>�6 Z IF2F4&;�6p:�@�E�E�9�:�>&2F@%E�6<>S6<IFI�b��a9C[�9�H&9³6 Z IF9�m�;�@�[\9�Q%9MH�m�>&@
H&9M:�@%H N @%E�9 N 2J6<IF@%O%T�9S[]2F>&;�¡%�%b ®�æÜ8!6<:<�%9�>*IF@%4&4�m�[];�25:<;DH&9�4&T�I5>&9 N
2FE�6p[\@�H N 6W:�:�T�H�6<:�U_@%R3è<®$b5£�æSbGc];�254 N 2�6WI5@�O%T�9C2F4]Q%9�H&U N 25¢^:�T�IF>
>&@_T�E N 9�H&4&>�6<E N 9�Q%9�EaRL@�H*;�T�B�6WE�4�b^��H&@%B�>&;�9SH&9�:�@�H N 9 N 4&>�6<>&2F4&=
>&2F:�4S[�9v:M@%E�:�I5T N 9D>&;06W>�6<>SIF9�6W4&>SRL@%H^806W:X��9�>&=AI5@�4&4SH�6<>&2F@%4 Z 9�I5@�[

ø c];�9`[\@%H N 6<:M:�T�H�6W:�UP@%E_>&;�9`:�I59�6<E��%ÝW��x�Ø�H&9M:�@%H N 25E�OS2F4pÙ��%bF¡%æSb

q¤6<E�O%T!6<O�9 �D�zj04 k�j»��H�6 N 9 N h&æ´��:�:�y
f7E�O%IF254&; Ý%��b5ê�æ Ý�Ý%b ®�æ
��9�H&B�6<E Ý%£�b5è�æ Ý�å%b ®�æ
�$H&9�E�:X; Ù%��b5¡�æ Ý�è%b ®�æ
iJ>�6<IF2J6<E Ù%Ý�b5è�æ �Sá<�

È\ë�ì�ÎLÅaù$ÇPÐ�Ì7Å�Å�Õ�É�íPÅ�Õ�Í$Â$î�ÁLÒMÁLÍ$î�ú½Í$Ä�ñ�ÔPÕ�Õ�Ã�Ä�ë�Õ�ÑgíPë�Ò�Å�Ë
ë�î�ñ�íPÅ�Ë�Ã�ÎLÒ�Ë�Í$ûaüDÃ�Óeë�îÖýDÄ�ë�ñ�ÁLî�Â²þ�ÿ`Å�Ä�Õ�Å�î}Ò�ÔPÕ�Õ�Å�Ì�Ò��
ë�ì�ÎLÅ��PÍ$û]ívÅ�Õ�Í�Â$î�ÁLÒ�ÁLÍ�î��vÃ�ÒMÌ�Ã�ÒCë�ËPë�ÿ`ë�Ä�ë�Ì�É�Ä�ë�Ë�Å

q\6<E�O%T!6<O�9 c�H�6<E�4&:�H&2 Z 9 N k�8$9M9�:X;�j09�:�b
fGE�O%IF254&;�=A>&@%=Af7E�O%IF2F4&; è�å%æ °$è%æ
��9MH&B�6<E�=A>&@%=X��9�H&B�6WE °$Ý%æ °�®�æ
��H&9�E�:<;�=?>&@�=A�$H&9�E�:X; èW°�æ °$�%æ
i�>�6<IF2�6WE�=A>&@�=?i�>�6<IF2�6WE Ý��%æ °$å%æ

È\ë�ì�ÎLÅ��$Ç��½Í�î�Í$ÎLÁLî�Â$Ã�ë�Î	��î�ñ
��Ò�Í����`î�ñ½È\Ä�ë�î�Ë�ÎLë�Ò�ÁLÍ$î�íPÅ�
Ë�Ã�ÎLÒMË þ�ÿ`Å�Ä�Õ�Å�î!Ò©ÔPÕ�Õ�Å�Ì�Ò�ë�ì�ÎLÅ��ßÍ�î È\Ä�ë�î�ËMÕ�Ä�Á�ì7Å�ñ ë�î�ñ
Ð�ÌGÅ�Å�Õ%É�íPÅ�Õ�Í$Â�î�ÁLï�Å�ñ���î�Ì�Ã�Ò

è%æ^m�>&;�2F4\E�T�B Z 9�H 6<IF@%E�9]254GE�@%>\4&T�¢S:�2F9�E�>G>&@*8�H&9 N 2F:�>\[\@�H N =A9�H&H&@�H
H�6<>&9�bD��@%HV¡<®�æ|8!6<:<�%9�>&=AIF@%4&4�m0>&;�9VIF@%4&4d25Ee�¼fpj´2F4d4&25O�E�2F��:�6<E�>�m
Z T�>_[\9V4&>&2FI5I]@ Z 4&9�H&Q�9�IF9�4&4 N 9�O%H�6 N 6W>&25@�E�>&;06WE�H&9�8$@%H&>&9 N 25E½¯5åW±
@%EY4&U�E�>&;�9�>&2F: N 6<>�6�bPi�E�BS@�4&>*:�6<4&9M4�m}@%T�HC9M��8$9�H&2F9�E�:M9v2FE N 2F:�6<>&9M4
>&;!6<>\[\9C6WH&93IF2F�%9�IFUC>&@*R&6<:�9]8!6<:<�%9�>&=AIF@%4&4\H�6W>&25@�4 Z 9�IF@�[Üè%æ^m�[];�9�H&9
>&;�9�H&9S2F4�E�@v:MI59�6WH�:�@�H&H&9�IJ6<>&2F@%E Z 9�>J[�9�9�ED8!6<:<�%9�>&=AIF@%4&4v6<E N [\@%H N =
9�H&H&@�H7H�6W>&9 h���f�j]y&m$6<E N ��f�j047H&9MB�6<2FE�6<>GIF9�Q%9�IF4�:�IF@%4&9\>&@*>&;�@%4&9
9���8$9MH&259�E�:�9 N T�E N 9�H`@%8�>&25BD6<I Z 6<E N [32 N >&;D:�@%E N 2F>&2F@%E�4�b

4.3 End-to-End SystemEvaluationiJEeÛG9�:M9�B Z 9�HC¡<®%®$�%m�[\9�:�@�E N T�:�>&9 N 6`IJ6<H&O�9�4&:�6WI59*BdT�IF>&2F=?IF2FE�O�T06WI
9�E N =A>&@�=?9ME N >&H�6<E�4&I�6W>&25@�E*9�Q�6<IFT06W>&25@�E*@%R�>&;�9G��9M4&8$@%IF9���H&4&>&=A4&;�@�[\:�6<4&9
4&U�4&>&9�B�bo�$@%H}9�6<:<;*@%R�>&;�97>&;�H&9�9GI�6WE�O�T06WO%9\8!6<2FH&4¤h�fGE�O%IF254&;�=AiJ>�6<IF2J6<E!m
��9�H&B�6WE�=Ai�>�6<IF2�6WE�6<E N �$H&9�E�:<;�=AiJ>�6WI52J6<E!y&m�RL@�T�H�>&9M4&> N 2�6WI5@�O%T�9�4G>&;06W>
[\9�H&9�E�@�>�8�H&9�Q�2F@%T�4&IFUC4&9�9ME Z U*>&;�9]4&U�4&>&9�B N 9�Q�9�IF@%8$9�H&4�[\9�H&9GT�4&9 N
>&@S9�Q�6WI5T!6<>&9*>&;�9C8�9�H&RL@%H&BD6<E�:�9C@�R!>&;�9*>&H�6<E�4&I�6W>&25@�ED4&U�4&>&9�B�b0c];�9
N 2�6WI5@�O%T�9�4V2FE�:MI5T N 9 N >J[�@e4&:�9�E!6<H&2F@%4���@%E�9D:�@�Q%9�H&2FE�Og[]2FE�>&9�HS4&��2
Q�6<:�6W>&25@�E�4�mo>&;�9P@%>&;�9�Hv6 Z @%T�>C4&T�BSBS9MHCH&9�4&@�H&>&4�bD��E�9^@%Hd>J[\@P@%R
>&;�9 N 2J6<IF@%O%T�9�4dRL@%H*9�6<:<;eI�6WE�O�T06WO%9P:�@�E�>�6<2FE�9 N BCT�I5>&2F=ABS@ N 6<IG9���=
8�H&9�4&4&25@�E�4�bwc];�9D>&9�4&> N 6<>�6_2FE�:�I5T N 9 N 6_BS2F��>&T�H&9D@�R N 2�6WI5@�O%T�9�4
>&;!6<>][\9�H&9`:�@%IFI59M:�>&9 N B^@%E�@%=AI52FE�O%T!6<IFI5UP8�H&25@�H3>&@^4&U�4&>&9�B N 9MQ%9�IF@%8�=
BS9�E�>Ch Z @�>&;V:�IF2F9�E�> 6<E N 6WO%9�E�>]4&8$@��%9d>&;�9`4�6<BS9*IJ6<E�O%T!6<O�9�y&m!6WE N
N 6<>�6¤:�@%IFI59M:�>&9 NSZ 25IF2FE�O�T06WI5IFU³h N T�H&25E�OC>&;�9z�MT�IFU³¡W®%®��d�D�Ü9���8$9�H&2F=
BS9�E�>�y&m�T�4&25E�Od>&;�9S6<:�>&T!6<I�>&H�6<E�4&IJ6<>&2F@%EV4&U�4&>&9MB�b0c3;�2F47BS2F��>&T�H&9�@%R
N 6<>�6d:M@%E N 2F>&25@�E�4d[ 6W4*25E�>&9�E N 9 N 8�H&25B�6WH&25IFUVR�@%H*:�@�BS8�H&9M;�9�E�4&2FQ%9�=
E�9�4&4z6WE N E�@�>3R�@%H]:�@%B^806WH&254&@�ED@%R�>&;�9 N 2F�$9�H&9�E�>`:�@%E N 25>&2F@%E�4�b

�a938�9�H&RL@%H&B^9 N 6<Ed9���>&9�E�4&2FQ%9]4&T�2F>&9]@%R$9MQ�6WI5T!6<>&2F@%E�4G@%ES>&;�9 6 Z @�Q�9
N 6<>�6%b�c];�9_9�Q�6<IFT06W>&25@�E�4P[\9MH&9�6<IFI]9�E N =A>&@%=A9�E N m�RLH&@%B¥25E�8�T�>S>&@
@%T�>&8�T�>�m�E�@%>G2FE�>&9�E N 9 N >&@S6<4&4&9�4&4�2FE N 2FQ�2 N T!6<I$BS@ N T�I59�4G@%H�:M@%BS8$@�=
E�9�E�>&4�bp��9d8$9�H&RL@�H&BS9 NaZ @%>&;aBS@�E�@�=?IF2FE�O�T06WI79�Q�6WI5T!6<>&2F@%E�h�[];�9�H&9
>&;�9VO%9ME�9�H�6W>&9 N @%T�>&8�T�>SIJ6<E�O%T!6<O�9D[ 6<4d>&;�9P4�6WBS9�6W4C>&;�9V2FE�8�T�>
IJ6<E�O%T!6<O%9�y&mS6<4_[\9�IFIz6<4_:�H&@%4&4&=AIF25E�O%T!6<Id9�Q�6<IFT!6<>&2F@%E!bl�$@�HV:�H&@�4&4&=
IF25E�O%T!6<I�9�Q�6WI5T!6<>&2F@%E�4�m�:MI52F9�E�>�T�>&>&9MH�6<E�:�9�4![�9�H&979MQ�6WI5T!6<>&9 N @%E*>&H�6<E�4&=
IJ6<>&2F@%E*RLH&@�B�fGE�O�I52F4&;v��9�H&B�6WE³6WE N �$H&9�E�:<;*>&@�iJ>�6WI52J6<E!m�6<E N 6<O%9ME�>
T�>&>&9�H�6<E�:�9�4*[\9MH&9*9�Q�6<IFT06W>&9 N R�H&@%B�iJ>�6<IF2J6<EV>&@P9�6W:X;D@�R7>&;�9d>&;�H&9�9
IJ6<E�O%T!6<O%9M4�b»�a9D9�Q�6<IFT06W>&9 N @�E Z @�>&;�>&9���>&T06WI�B�6WE�T06WI5IFUg>&H�6<E�=
4&:�H&2 Z 9 N 2FE�8�T�>¤6<4}[\9�IFI�6W4!@%E*2FE�8�T�>!RLH&@�B�6<:�>&T!6<I�4&8�9�9�:<;�=AH&9�:�@�O%E�25>&2F@%E
@%R}>&;�9*@�H&25O�25E!6<I76WT N 25@$bG�a9z6WI54&@SO�H�6 N 9 N >&;�9*4&8$9�9M:X;_H&9�:�@%O�E�2FØ�9 N
@%T�>&8�T�>v6W4z6 ¸ 8!6<H�6W8�;�H�6<4&9�¹D@�R7>&;�9d>&H�6<E�4&:�H&258�>&2F@%E�4�m�>&@SB^9�6<4&T�H&9



q¤6WE�O�T06WO%9 c�H�6<E�4&:�H&2 Z 9 N k�8�9�9�:<;�j�9M:�b
fGE�O�I52F4&;�=A>&@�=?i�>�6<IF2�6WE è�è%æ °�£�æ
��9�H&B�6WE�=A>&@�=?i�>�6<IF2�6WE £�¡%æ ¡%Ù�æ
�$H&9�E�:<;�=A>&@%=Ai�>�6<IF2�6WE °�°�æ £<°$æ
iJ>�6WI52J6<E�=A>&@%=AfGE�O�I52F4&; °$Ù%æ £%Ù�æ
iJ>�6WI52J6<E�=A>&@%=X��9�H&B�6WE °$Ù%æ £%��æ
iJ>�6WI52J6<E�=A>&@%=A�$H&9�E�:<; °�®�æ ¡%Ù�æ

È�ë�ì�ÎLÅ��$Ç��SÄ�Í$Ë�Ë���ÎLÁ�î�Â$Ã�ë�Î��`î�ñ
��Ò�Í����`î�ñ�È\Ä�ë�î�Ë�Î�ë�Ò�Á�Í$î�íPÅ�
ËMÃ�ÎLÒ�ËÞþ�ÿ�Å�Ä�Õ�Å�î!Ò©ÔPÕ�Õ�Å�Ì�Ò�ë�ì�ÎLÅ�� Í$î È\Ä�ë�î�Ë�Õ�Ä�ÁLìGÅ�ñ ë�î�ñ
Ð�ÌGÅ�Å�Õ%É¼íPÅ�Õ�Í$Â$î�ÁLï�Å�ñ���î�Ì�Ã�Ò

>&;�9aI59�Q�9�IF4v@�R*4&9�B�6WE�>&25:DIF@%4&4P@%Rd2FE�RL@�H&B�6<>&2F@%E N T�9a>&@eH&9�:�@�O%E�25=
>&2F@%ED9MH&H&@%H&4�b�k'8$9�9M:X;DH&9�:M@%O%E�2F>&25@�ED[\@%H N 6W:�:�T�H�6<:�2F9�4z6WE N >&;�9dH&9�=
4&T�IF>&4C@�R34&8�9�9�:<;�O�H�6 N 9 N 6<4�6^8!6<H�6W8�;�H�6<4&9�6W8�8�9�6<HS2FEec36 Z IF9�¡%b
c�H�6WE�4&IJ6<>&2F@%E�4][\9�H&9`O%H�6 N 9 NDZ UPBdT�IF>&258�IF9�;�T�B�6<E_O%H�6 N 9�H&4S6<>\>&;�9
IF9�Q�9�I�@�Rvk�9�BD6<E�>&2F:�Û�2�6WI5@�O%T�9�s`E�2F>&4�h&k�Û�s�4�y&b´�$@�Hv9�6<:<; N 6W>�6
4&9M>�m�@%E�9]O%H�6 N 9�HG��H&4&>GB�6WE�T06WI5IFUC4&9MO%BS9�E�>&9 N 9�6<:<;ST�>&>&9�H�6<E�:�9]2FE�>&@
k�ÛGs`4�b`��IFI!O�H�6 N 9�H&4*>&;�9�E�T�4&9 N >&;�2F4�4&9MO%BS9�E�>�6W>&25@�E�2FED@%H N 9�H`>&@
6W4&4&25O�E�4&:�@�H&9�4PRL@%HP9�6W:X;½k�Û�sÖ8�H&9�4&9�E�>_25Eg>&;�9DT�>&>&9MH�6<E�:�9�b¼�a9
R�@%IFI5@�[\9 N >&;�9D>&;�H&9�9�=A8$@�25E�>_O%H�6 N 2FE�Og4&:<;�9MBS9D8�H&9MQ�25@�T�4&IFU N 9�Q%9MI5=
@�8$9 N RL@�H]>&;�9 { =Xk�c��SjY:�@%E�4&@%H&>&2FT�B�m�6<4 N 9�4&:�H&2 Z 9 N 2FEY¯Fè<±Jb0fp6W:X;
k�ÛGs´254]O%H�6 N 9 N 6<4]9�2F>&;�9�H ¸ ~�9�H&RL9�:�>&¹Dh�BS9�6<E�2FE�OP>&H�6<E�4&IJ6<>&9 N :�@%H&=
H&9M:�>&I5U�6<E N @�T�>&8�T�>S254d¾�T�9�E�>�y&m ¸ ��u*¹�h�BS9�6<E�25E�O�2F4S>&H�6WE�4&IJ6<>&9 N
H&9�6<4&@%E!6 Z IFU�:�@�H&H&9�:�> Z T�>*@%T�>&8�T�>*B�6�U Z 9 N 2F4&¾�T�9�E�>�y&m�@%H ¸ õ\6 N ¹
h�B^9�6<E�25E�O�E�@%>�8�H&@%8�9�H&I5U*>&H�6WE�4&IJ6<>&9 N y&b0�a97:�6WI5:MT�IJ6<>&9\>&;�9\8$9MH&:�9�E�>
@�R3k�Û�s�4`>&;06W>z6<H&9*O�H�6 N 9 N [32F>&;P9�6<:<;D@%R�>&;�9V6 Z @�Q%9d:�6W>&9�O%@�H&259�4�b
¸ ~�9�H&RL9�:M>&¹Y6WE N´¸ ��u*¹S8$9�H&:M9�E�>�6<O�9�4v6<H&9v6WI54&@P4&T�BSBS9 N >&@�O%9�>&;�9�H
2FE�>&@�6d:�6W>&9�O%@�H&UD@%R ¸ �`:�:�9�8�>�6 Z I59M¹V>&H�6<E�4&IJ6<>&2F@%E�4�b`��Q�9�H�6<O�9S8$9�H&=
:M9�E�>�6<O�9�4v6<H&9S:�6<IF:�T�IJ6<>&9 N RL@�H�9�6W:X; N 2�6WI5@�O%T�9�m�9�6<:<;DO%H�6 N 9�H�m\6WE N
4&9M806WH�6<>&9�IFU�R�@%H*:�IF259ME�>z6<E N 6WO%9�E�>dT�>&>&9MH�6<E�:�9�4�b^�a9S>&;�9ME�:�6WI5:MT�=
IJ6<>&9 N :M@%B Z 2FE�9 N 6�Q�9�H�6<O�9�4]RL@%H�6<IFI$O%H�6 N 9MH&4^6WE N RL@�H 6<IFI N 2�6WI5@�O%T�9�4
R�@%H]9�6<:<;VIJ6<E�O%T!6<O�9C8!6<2FH�b

c36 Z IF9�£a4&;�@�[]4D>&;�9eH&9�4&T�I5>&4D@�RC>&;�9eBS@�E�@�I52FE�O%T!6<Id9�E N =A>&@%=A9�E N
>&H�6WE�4&IJ6<>&2F@%EgRL@�HS>&;�9VRL@�T�HSIJ6<E�O%T!6<O�9�4�m�6WE N c36 Z I59P°a4&;�@�[]4S>&;�9
H&9M4&T�IF>&4]@%R!>&;�9�:MH&@%4&4&=AI52FE�O%T!6<I!9MQ�6WI5T!6<>&2F@%E�4�b0c];�9*H&9�4&T�IF>&4\25E N 25:�6W>&9
6W:�:�9�8�>�6 Z IF9*>&H�6<E�4&I�6W>&25@�E�4\2FES>&;�9�H�6WE�O�9�@%R\¡%Ù � °�£�æ»@�R¤k�ÛGs�4*h�25E�=>&9MH&I52FE�O�T06^T�E�25>&4�y�[]2F>&;D4&8$9�9�:<;eH&9�:�@�O%E�25ØM9 N 2FE�8�T�>&4�b^�¼;�2FIF9S>&;�2F4
IF9�Q�9�I\@%R�>&H�6<E�4&I�6W>&25@�E´6W:�:�T�H�6<:�UY:�6<E�E�@�> Z 9P:�@�E�4&2 N 9MH&9 N 25BS8�H&9�4&=
4&2FQ%9�mG@%T�HST�4&9�HS4&>&T N 2F9�4�6<E N 4&U�4&>&9�B N 9�BS@%E�4&>&H�6<>&2F@%E�4P25E N 25:�6W>&9
>&;!6<>^25>d254D6<IFH&9�6 N Ue4&T�¢S:�2F9�E�>SRL@�H�6<:<;�2F9�Q�2FE�Oa9��$9M:�>&25Q�9V:�@�BSBdT�=
E�2F:�6<>&2F@%Ee[]2F>&;eH&9�6WI\T�4&9MH&4�bD�a9P9���8$9�:M>S8$9�H&RL@�H&B�6<E�:�9_I59�Q�9�IF4*>&@
H&9�6<:<;Y6�H�6WE�O�9�@�R�Ý<® � Ù<®$æ»[]2F>&;�2FES>&;�93E�9���>\U�9�6<HG@%R�>&;�9]8�H&@�KL9�:�>�b

5. ACKNOWLEDGMENTSc];�9*H&9�4&9�6WH&:X;D[\@�H&�PH&9�8$@%H&>&9 N ;�9�H&9d[ 6W434&T�8�8$@%H&>&9 NaZ UP>&;�9d�z6W=
>&2F@%E!6<I!k':�259ME�:�9]�$@�T�E N 6<>&2F@%EST�E N 9�H���H�6<E�>�E�T�B Z 9�Hpê�ê%å�¡%¡%¡�ÙC6WE N
>&;�9Pf7T�H&@%8�9�6<Egs�E�2F@%EeT�E N 9�H���H�6WE�>CE�T�B Z 9�Hdi'k'cº�%ê�ê%êW=M���%è�Ý%¡
6W4V8!6<H&>_@%R*>&;�9�KL@�25E�>_f7sSá<�Sk��Ö�^q!i��z�÷H&9�4&9�6<H&:<;�2FE�2F>&2�6W>&25Q�9�b
�`E�US@%8�2FE�2F@%E�4�m���E N 2FE�O�4^6WE N :�@�E�:MI5T�4&25@�E�4]@�H\H&9�:�@�BSBS9�E N 6W>&25@�E�4
9M��8�H&9�4&4&9 N 25EP>&;�254\BD6<>&9�H&2J6<I76<H&9*>&;�@%4&9*@�R!>&;�9v6<T�>&;�@�H�h�4�y]6<E NVN @
E�@%>]E�9�:�9�4&4�6WH&25IFUVH&9M¾�9�:M>3>&;�9*Q�2F9�[]43@�R�>&;�9*fGs½@�H3>&;�9*�zk'�3b

6. ADDITION AL AUTHORSk�b�õ}T�H&O%9�H�mGÛ�b��*6W>&9�4�m�q¤b�q}9�Q�2FE0m { b�q\6<E�O%IF9�U�m�uvb!~�9�>&9MH&4&@%E!m�cCb
k':<;�T�IF>&Ø�m��zb���6<2 Z 9�I76<E N Û�b���6WI5IJ6<:M9zh { 6<H&E�9�O%2F9z�^9MI5IF@%E!n�~�2F>&>&4&=
Z T�H&O%;!m�~��zmWszk'�znW9�B�6<2FIJ��� ���������������A�'�����A�������J
�����#����%�� ��5 ��� "!#�
����#%$��&!#��� ª(' �A�  ��
�����)�	�
����
����¤������ yJm�6<E N ��b%�^:�Û�@%E�@%T�O%;!m$6<E N
xSb%k'@%IF>�6<Tvh�s`u*�zm<uv6WH&I54&H&T�;�9�m���9MH&B�6<E�Uon'9�B�6W25IJ�*� $'��
��#�J�  �������()
	�������â�� ������� y&m%6WE N j]b { 6W>&>&@%E�2�m$�*b'q¤6WØ�Ø�6WH&2�m��Sb��D6WE06�m�6<E N f�b

~�2�6WE�>�6Vh�iJc { =A25H&4&>�m�c�H&9�E�>&@�m�i�>�6<IFUon�9�B�6W25IJ�+� 
������  #��,�����%���������,�
����#$��� " ����#�����)�	��'��
}&��� y&m�6WE N fpb { @%4&>�6<E�>&2FE�2oh�s�E�25Q�9�H&4&25>�U]@%R�c�H&25=
9�4&>&9�m�iJ>�6<IFUon'9�B�6<2FIJ� 
 @%4&>�6WE�>&2.-�8�4&25:M@�b T�E�25Qob >&H&2F9�4&>&9�b 25>�y&m�6WE N q\b�õo9�=
4�6<:M259�H�m3xzb*õ}IJ6<E�:X;�@%E!mV6WE N Û�b¤×�6<T�RLH&9�U N 6<Øwh { q!i�~7k�nd��H&9�E�@�=
Z I59�m3�$H�6<E�:�9�n 9�=AB�6<2FI��/��0 ��������#���21�������
��������43���������51����M#�
 ª  #
�46  ���'#���7��$�028�����9����� ������()�	����������9�� y&m�6<E N q¤bWc36 N�N 9�2oh��`f7c]xSj��Sn
��E�:�@�E06�m�iJ>�6WI5Uon�9�=AB�6<2FIJ� ��?���%�������%	������ ª ���0&�'� y&b

7. REFERENCES¯F�<±Sk�b}õ}T�H&O%9�H�m�q\boõo9�4�6<:�2F9�H�m}~ob { @%IF9�>&>&2Jm��3b!�^9�>&Ø�9�mo6WE N
{ b!�^@%H&9MI�b�c];�9*�`fpk�~G��q!f�Ú�×G@%i'~¼ÛG2J6<IF@%O�T�9vÛ`6<>�6 Z 6<4&9�b
iJE;:�<�=�>@?BA,C�<�=�D�E�FGFH>@IKJ�L�L�M�m��z6<I Z @�H&O�m!Û�9�E�B�6<H&�om�¡W®%®���b
i'k { �zb

¯F¡<±Sj]b { 6<>&>&@�E�2Jm!�Db��$9 N 9�H&2F:�@�m}6<E N �zb�q¤6�Q�2F9�b!j0@ Z T�4&>
��E!6<IFU�4&254]@�R3k�8$@��%9�EaiJE�8�T�>]:�@�B Z 25E�2FE�O�k'>�6<>&2F4&>&25:�6WI76<E N
u*E�@�[]IF9 N O�9�= Z 6W4&9 N iJE�RL@%H&B�6W>&25@�E�k'@%T�H&:�9�4�b�iJEN:,<O=@>HFGFHP�Q4R%S@T
=UWVXI�F�J�L�L�MZY[A,A,A]\^=�<H_@TGI�=E^=�R^`aC(VX=�bKc�VXQ4>dD�E�FGFH>@I
e�FH>H=�S@R%QfV2Qf=�Rgc�R
Pih,R%P�F@<HTGVXc�R%P�QfR�SZjX`dD%e+hNJ�L�L�Mk�m
�D6 N @%E�E06 N 2 { 6<BS8�25O�I52F@�m�i�>�6<IFU�m�ÛG9�:�9MB Z 9MHz¡<®�®���b

¯F£<±`�zb�q¤6�Q�259�m��3b}~�2J6<E�9�4&2Jm!6WE N 6<IJb���H&:<;�25>&9�:M>&T�H&9v6WE N ÛG9�4&2FO%E
{ @%E�4&2 N 9�H�6<>&2F@%E�4�2FEV�`fpk�~G��q!f�Ú5�]6Sk'8$9�9�:<;Dc�H�6<E�4&IJ6<>&2F@%E
k�U�4&>&9MBÖRL@�H]f7= { @%BSB^9�H&:�9*��8�8�I52F:�6<>&2F@%E�4�b�iJE;:�<�=�>@?B=UlVXI�F
mlnpoqJ�L�L�M�m$k�6<E�Û�259�O�@�m { �Sm�¡<®%®$�%b�� { �Db

¯ °%±S�*b�q\6<Ø�Ø�6WH&2�b}k�8�@%�%9MED>&H�6<E�4&I�6W>&25@�E0�0:<;06WI5IF9�E�O%9�4S6<E N
@%8�8$@%H&>&T�E�25>&2F9�4�b�iJE;:�<�=@>�?BY�rsD%np:�J�L�L�M�m$õo9�25K�25E�O�m { ;�2FE!6%m
��:�>&@ Z 9�Hz¡W®%®���b

¯Fè<±`q¤b�q!9�Q�2FE0m}Û�b}�*6<>&9�4�m��zb�q¤6�Q�2F9�m��3b!~�2�6WE�9�4&2Jm!Û`b���6WI5IJ6<:�9�m
cCb���6<>�6<E!6 Z 9�m�6<E N �Db���@�4&Ø�:�Ø�U�E!6%b�fGQ�6<IFT06W>&25@�ED@%R¤6
~�H�6W:�>&2F:�6<I}iJE�>&9�H&IF25E�O%T!6pRL@%H�c36<4&��=X��H&259ME�>&9 N Û�2�6WI5@�O%T�9�4�b�iJE
:�<�=@>GFHFGP�QfR%S@T#=Uatl`d`ursnpvOJ�L�L�Lw\x=�<G_@THI�=E�y,R
Y[R%VXF@<Gz{Q4R
S�C(c�T#c�R%PuY[R%VXF�<Hz{Q4R%S@C(c�z�`*E�Es<O=@c�>@I�F@T&m�k'9�6<>&>&IF9�m
�D�zm}¡<®%®�®�b�� { q\b

¯FÝ<±`�3b!�^9�>&ØM9�m { b�q¤6WE�O�I59�U�m��zb�q\6&Q�2F9�m}��bo�^:�ÛG@%E�@%T�O%;!m
xzb}k�@�I5>�6WT0m�q¤b�q!9�Q�2FE!m�cCb�k�:<;�T�IF>&Ø�m��zb���6<2 Z 9�IJm
j]b { 6<>&>&@�E�2Jm!�*b�q¤6WØ�Ø�6WH&2�m��zb��D6<E!6%m��3b�~�2�6WE�9�4&2Jm
fpb}~�2J6<E�>�6�m�q\boõo9�4�6<:�2F9�H�m�xzb!õoI�6WE�:<;�@�E0m}Û�b�×p6WT�RLH&9MU N 6WØ�m
6<E N q¤b�c36 N�N 9�2Jb�c];�9*�`fpk�~7��q}fpÚ}k�8�9�9�:<;�=A>&@%=Xk'8$9�9�:<;
c�H�6<E�4&I�6W>&25@�E�k'U�4&>&9�B�b�i�EN:,<O=@>GFHFHP�Q4R%S@T#=UamlC(b	c�R
n%c�R%S@C(c�S�Fgo"FG>@I�R%=�z{=@S@|grq=�R�U[F�<�F@R%>GFZjXmdn}osvOJ�L�L�Jk%m��D6WH&:X;
¡<®�®�¡%b

¯FÙ<±`�3b!�^9�>&ØM9�m!��b��^:�Û�@%E�@%T�O%;!m76WE N xzb!k'@%IF>�6<T!b!k'8$9�9M:X;
j09�:�@%O�E�2F>&2F@%ED@�Q%9�H]�`9�>��^9�9�>&2FE�O { @%E�E�9�:�>&2F@%E�4�b�iJE;:�<�=@>�?
A�C(<O=�D�E
FHFH>�I	J�L�L�M�m��S6<I Z @%H&O$m!ÛG9ME�B�6WH&�om�¡<®�®��%b�i'k { �zb

¯Få<±Sõ\b!�^2FIFE�9�H*6<E N k�b}k�9�B^E06WE�2Jb!j0@ Z T�4&>zk'8$9�9�:<;�j09�:�@�O%E�25>&2F@%E
@�Q%9�H`i'~³��9�>�[\@%H&��4�b�iJE;:�<�=�>@?BY�rq`dD%D%:�J�L�L�M�m�k�6<IF>]q¤6<��9
{ 25>�U�m�szk'�zm!�D6�U�¡<®�®���b

¯Fê<±Sk�b}j0@%4&4�6<>&@$m�xzb�õ}IJ6<E�:X;�@%E!m�6<E N q\b!õ}9M4�6<:�2F9�H�b�fGQ�6<IFT06W>&25@�E
@%R36Sk'8$9�9M:X;D>&@�k'8$9�9M:X;Dc�H�6WE�4&IJ6<>&2F@%Eek�U�4&>&9�BD�G�$H&9�E�:<;
f7��8�9�H&259ME�:�9d2FEV>&;�9*��f�k�~G��q!f�Ú!~�H&@�K�9�:�>�b�i�END%C(~@bKQfV2VXFHPKVX=
:�<�=@>�?BM���VXIZY[R
V2F@<HR%c�VXQ4=�R%c�zsrq=�R�U�F@<OF@R%>HF�=�RNrq=�b�EsC�VXc�VXQ4=�R%c�z
npQ4R
S�C(Q4THVXQ4>@T+jGr�y,npY[tZ��J�L�L�Jk�m�c36W258�9�2�m�c36W25[ 6WE0m��`T�O�T�4&>
¡<®�®�¡%b

¯F�<®%±`xzb}k�@�I5>�6WT0m�c^b�k':X;!6%6WRWm��3b}�^9�>&Ø�9�m}6<E N �Sb���6<2 Z 9�IJb�c];�9
i'k'qefGQ�6WI5T!6<>&2F@%E�k'U�4&>&9�B�RL@%H�×79�H Z BS@ Z 2FI!=Gi&i'b�iJE;:�<�=@>�?
Y�rq`lD
D%:�J�L�L�M�m$k�6<IF>]q¤6W�%9 { 25>�U�m�szk'�zm��D6�U�¡W®%®���b


