
Web100: Extended TCP Instrumentation for
Research, Education and Diagnosis

Matt Mathis John Heffner Raghu Reddy�����������
	
�
������	������
�������
	�������� �!���"�����
#$#"%$%'& �)(*���,+.-����/	
�
���)�
�����
	
���$�102��+4365�7�398

: �<;=�
�
����0?>��
�A@B�
����0C���
��D�D�E2F=GH���
��IJ��D�	

ABSTRACTK2L
MONQPSRUT9VXWZY
[�VU\]N�VC^AY
[�_a`QPS`b\$c�d]Y�\]YeWXY
fbghY�d�PSfJfA`�Vi\�j
YSd]kl^�PS\mP
\*dmPS`�R*c9YSd*\nT9VZWZP�o�R*V�_p\lc�d]VXR*VZ`e\]RqPrR*_J[�c�faV�o�`�_pgsY�d][t^�Pu\mPv^�VXfJ_awex
Vid*yvR*VXd]wb_aWZVzj2N�_aWiN{_aR�R*o�|�WZ_aVZ`e\}ghYSd1[�Y
R~\BP�c�c�fa_aW�PS\]_aY�`�R1Yuw�VXdBP�faf
\�yAc9VZRnYSgBfaY�j
VXd�`�VX\�j�Y�d]k�fJPZyeVXd]RZ�H��yH_p\]R�w�VXd*y�`QPS\]oAd]V
��K2L
M2� R
P�^�PSc�\]_aY
`�PS`Q^�d]VX\*dmP�`�R*[�_JR*R*_aY�`�R~\*dmPS\]VZ��_aVZR�N�_J^�V{PSfafBY�gB\]N�Vv^AVXx
\mPS_afJR�YSg�\]N�VnfaY�j
VXdzfJPZyeVXd]RBg�d]Y
[�\]N�VnPSc�c�fJ_aW�Pu\]_aY
`=�n��YSd�VX��P�[�c�fJV
\]N�V�Y
`�fpy�R~y�[�cA\]Y
[�YSglR*c�o�d]_aY�o�R�cQP�Wmk�VX\rfaY
R*R.��Y�dr`�V�Pud]fay�P�`ey
YS\]N�VXd!`�VX\�j
YSd]k�c�d]Y�T�faVZ[���_aR!faY
`��
VXd!VZfJP�c�R*VZ^�\]_a[�VOP�`�^�faYuj�VXd
c9Vid*ghY�d][�PS`�WZV��
K
N�_aR�_J`AghYSd][�PS\]_aY
`ON�_J^�_a`���_aRBgso�`�^�P�[�VX`b\mPSfafayv_J[�c9YSd*\mP�`e\}\]Y�\]N�V
�Sd]Y�jC\]N!Y�g=\]N�V���`e\]VXd]`�Vi\
T9VZW�PSo�R*V�_a\}^AVZWZY�o�c�faVZR�\]N�VBVXw�Y
fao�\]_aY�`rYSg
PSc�c�fJ_aW�Pu\]_aY
`�R�g�d]Y
[�\]N�V�VZw�Y�fJoA\]_aY
`�Y�g�fa_J`�k�fJPZyeVXd]RZ����Y�j
VZw�Vid�_p\
PSfaR*YnN�_J^AVZR
w�P�faoQPST�faVB_a`�gsY�d][�Pu\]_JY�`�g�d]Y
[�d]VZR*V�PSd]WmN�Vid]RZ��V�^Ao�W�Pu\]Y�d]RZ�
`�VX\�j�Y�d]klP
^A[�_a`�_aR~\*dmPS\]YSd]RZ�eP�`�^lYS\]N�VXd/c9VXY
c�faV�j2N�Y�j�Y
o�fJ^nT9VX`�VX��\
g�d]Y
[�_J`�R*_a�
Ne\1_a`e\]Y�\]N�Vl_J`�`�VXd�j
YSd]kA_a`��
R1YSg�K2L
M P�`�^!\]N�VlfaYuj�VXd
fJPZyeVXd]RZ�
��`�\]N�_aR
cQPSc9VXd��bj
V1cAd]VZR*VZ`e\2P�`rPSd]WmN�_p\]VZWi\]o�d]V1PS`Q^�_a`�gsdmPSR~\*d]o�WX\]oAd]V
\]N�PS\rc�d]Yuwb_J^�VZR�ghYSdvc9VXd*x)WZY�`�`�VXWX\]_aY
`'K2L
M�_a`�R~\*d]o�[�VZ`e\mPS\]_aY
`�\]Y
Vi��c9Y�R*V
Y�\]N�VXd*j2_aR*V
N�_J^�^�VZ`lc�d]YS\]YeWZY
fbVZw�VX`b\]RZ�=��V�R*N�Y�jHVX��P�[�c�faVZR
N�Y�j�\]N�Vn_a`�g�dmP�R~\*d]o�WX\]o�d]V�W�PS`�T9V�o�R*V�^._a`.R*o�c�c9YSd*\zY�g
d]VXR*V�PSd]WmN=�
VZ^�o�WZPS\]_aY
`{PS`Q^vP�^�w�P�`�WZV�^�`�VX\�j
Y�d]kr^�_JPS�
`�Y�R~\]_aWz\]YeY�faRZ�
� oAd$j
YSd]k�jCP�R"[�YS\]_aw
Pu\]V�^�TbyB\]N�V�Y�T�R*VXd]w�PS\]_aY�`q\]NQPu\"R*_a`�WZV
P�T9Y
oA\
 Z¡
¢
£ `�VX\�j�Y�d]k�^�PS\mP�dmPS\]VXRrghYSd!\�y�c�_aW�P�f1`�YuwA_aWZV�`�VX\�j�Y�d]k�o�R*VXd]R
N�P�w�VqghP�fafaVZ`�Tey�P�T9Y�o�\1\]NAd]VZV�YSdm^�VXd]R1YSgC[�P���`�_p\]oQ^AVqT9VXN�_a`Q^�VX�bx
c9Vid*\zo�R*VXd]R��hj2N�YrNQP�w�V�k
VZc�\�o�c.j2_p\]NH¤!YeYSd]V
� Rn¥=PZj��i����V�o�R*V
\]N�V�\]VXd][§¦���_a¨�Pudm^O©1P�c�ª�\]Y�^AVZR*WXd]_aT9Vz\]N�_aR2c�N�VX`�Y
[�VX`�Y
`?�CK
N�V
��VZT  Z«
« P�`�^�¬BVi\  �«
« cAd]YS­�VZWX\]Rrj�VXd]V{ghYSd][�V�^�P�R�Y
`�VOR~\]VXc�_J`
WXfJY�R*_a`���\]N�V1��_J¨ZPSdm^{©1PSc=�

General TermsK2L
M�M$VXd*ghYSd][�P�`�WXV
�Q_a`�R~\*d]o�[�VZ`e\mPS\]_aY
`?�b��VZT  �«
« ��¬�VX\  �«�«

1. INTRODUCTIONK2L
M�_JR
\]N�VB^AY
[�_a`QPS`e\
c�d]YS\]YeWZY
f9gsY�d}^�Pu\mPz\*dmPS`�R*c9YSd*\����)\
W�Pud*d]_aVZR
\]N�Vqw
PSR~\�[�P�­~Y�d]_p\�y.YSgCPSfJf"\*dmPu|�W�Yuw�VXd1\]N�V���`e\]VXd]`�VX\BgsY�dlP�NAo��
V
w�PSd]_aVX\�y�Y�g"PSc�c�fJ_aW�Pu\]_aY
`�R2_a`�WXfJo�^�_a`��l_a`e\]VXdmP�WX\]_aw�V�R*VZR*R*_aY
`�RCR*o�WmN!PSR
\]VZfa`�Vi\/Y�d�®�®b�q�SR*N�YSd*\"¯QY�j2R"R*o�WmN�PSR"��VZTz\*dmPS|�W��eP�`�^lfaY�`���x)fa_aw�V�^
N�_a��N�TQPS`Q^Aj2_J^b\]NnT�o�fakq^�PS\mPB\*dmPS`�R~ghVid]RZ�U°±R*_a�
`�_a��W�P�`e\Ud]V�P�R*Y�`�ghYSd
\]N�V�R*o�WZWZVZR*RlY�gC\]N�V���`e\]VXd]`�VX\z_aRl\]N�V�K2L
M�²u�~M³¦�N�Y
oAd]�
fJP�R*R*ªO^�Vix
R*_a�
`�´µK2L
M�cAd]VZR*VZ`e\]R�P1R*_J[�c�faV}o�`�_pghYSd][�^�PS\mPz^AVZfa_Jw
VXd*ynR*Vid]wA_aWZV
R*o�_p\mPST�faVrgsY�dn\]N�Vrw�P�R~\n[�Pu­�Y�d]_p\�y�Y�g�P�c�c�fa_aW�PS\]_aY
`�R�j2N�_afaV!N�_�^A_a`��
P�faf?\]N�V�^AVX\mP�_afaRBPS`Q^�WZY
[�c�fJVi��_p\�y�Y�g/faY�j
VXd�fJP�y�VXd]RZ�
��\
_JR
gso�`�^�P�[�VX`b\mPSfafay�_a[�c9YSd*\mP�`e\
\]Yq\]N�VB�Sd]YujC\]NrY�g=\]N�V1��`b\]Vid]`�VX\
\]NQPu\lK2L
M<N�_J^AVZRlP�faf�YSgC\]N�V�^AVX\mP�_afaRlY�g
\]N�V�faYuj�VXdqf�PZyeVid]RZ�r�)\z_aR
ghYSd�\]N�_aR1d]V�PSR*Y
`.\]N�PS\�Y�fJ^�P�c�c�fa_aW�PS\]_aY�`�RlP�fpjCPZyAR1j
YSd]k�YSw
VXd�`�Vij
`�Vi\�j
YSd]kbRZ��PS`Q^�\]NQPS\$`�VXj�PSc�c�fJ_aW�Pu\]_aY
`�R$j�Y�d]kzYuw�VXd"Y�fJ^l`�VX\�j�Y�d]kbRZ�
K
N�_aRl_a`�ghYSd][�PS\]_aY
`�N�_J^�_a`��!_JRz`�Y�\zj2_p\]N�Y
oA\l_a\]RzWZY�R~\�¶l[�P�`eyO_J[�x
c9Y�d*\mPS`e\�\]N�_a`���R�NQP�c�c9VZ`�_a`·\]N�VvfaY�j
VXd�fJPZyeVXd]R�\]NQPu\�R*N�Y�o�fJ^±T9V
VX�Ac9Y
R*VZ^�T�oA\�PSd]V�`�YS\��<��Y�d�VX��P�[�c�fJV��CcQPSWik�Vi\rfaY�R*Rr_aR�N�_J^�^AVZ`
Tey�K2L
MC� R�d]Vi\*dmP�`�R*[�_aR*R*_aY
`±[�P�WmN�_a`�Vid*ye����g�cQPSWik
VX\�faY
R*R�_aR�^Ao�V
\]Y�P±¯QPZj
V�^<`�VX\�j�Y�d]k9�z\]N�V�Y�`�fpy�R~y�[�cA\]Y
[¸j2_JfafqT9V�d]V�^�o�WZV�^
c9VXd*gsY�d][�P�`�WZV
�·K
N�Vr_a`QPST�_afa_p\�yH\]YOV�P�R*_afpy·Y
T�R*Vid]w�V!K2L
MC� R�_J`�`�VXd
j
YSd]kb_J`��
Rr_J[�c�P�_pd]R�Y
oAdvPST�_afa_a\�y�\]YHWZY�`Q^Ao�WX\�d]VZR*V�Pud]WiN'_a`�K2L
M
T9VZN�Puwb_aY�d��
\]VZR~\�`�VXj�K2L
MHP�fa�
YSd]_a\]N�[�RZ�eV�^Ao�W�Pu\]V2gso�\]oAd]VCc�d]Y�\]YeWXY
f
d]VZR*V�Pud]WiN�VXd]R�P�`Q^r^�VX\]VXWX\}T�o���RC_a`{K2L
M�P�`�^�\]N�V1faYuj�VXd�f�PZyeVid]RZ�
¤vP�`ey.d]VZR*V�PSd]WmN�Vid]R�VX�Ac9Y
R*V�`�Vi\�j
YSd]kH^�Vi\mP�_afaRnTey�_a[�c�fJVX[�VZ`e\]_J`��
P
^bx)N�YeW�K2L
M�\]YeY�faRqYSdzR*c9VZWZ_JP�fafpy�_a`�R~\*d]o�[�VZ`e\]V�^OP�fp\]VXd]`QPu\]V�c�d]YSx
\]YeWZY�fJRZ�1K
N�_aRBWZP�`�R*Y
faw�Vz\]N�Vz_a`�gsY�d][�PS\]_aY�`ON�_J^�_a`���c�d]Y�T�faVZ[v��T�o�\
_p\/d]VZc�d]VZR*VX`b\]R�PBR*_a�
`�_p�QW�PS`b\�^�o�c�fa_aW�PS\]_aY�`�Y�g6VX¹6YSd*\�\]YBWZVXd*\]_pgsyq\]NQPS\
\]N�V1P
^Ax)N�YeW�_J[�c�faVZ[�VZ`e\mPS\]_aY
`�R2PSd]VzPSo�\]N�VX`b\]_aW
�
K
N�Vl��VZT  �«�« cAd]YS­�VZWX\�jCPSR1WXd]V�Pu\]V�^.R*c9VXWZ_p�QW�PSfJfpy{\]Yr^�VZw
VZfaY
c.P�`
P
^Aw
PS`�WZVZ^�[�P�`�P��
VX[�VZ`e\z_J`e\]VXd*ghP�WZV�ghYSd�K2L
M$�$��V�NQP�w�V�_a`�R~\*d]oAx
[�VZ`e\]V�^�K2L
M \]Y�WZY�fJfaVZWi\qc9Vid*x�WXY
`�`�VZWX\]_aY
`.R~\mPS\]_aR~\]_aWZRzY
`.P�fafUR*_J�Sx
`�_p��W�P�`e\1cAd]Y�\]YeWZY�f"VZw�VZ`e\]RZ�BK
N�VXd]VqPSd]Vq_a`�R~\*d]o�[�VX`b\]RCgsY�d�W�PSc�\]oAd*x
_a`��rWZY
[�[�Y�`OVXw�VZ`e\]R1R*o�WmN.P�R�R*VZ��[�VZ`e\]R1R*VZ`e\zP�`�^�d]VXWZVZ_aw�V�^6�$PSR
j
VXfJf
P�Rn[�PS`ey.[�YSd]V�R*o�TA\]fJV�_a`�R~\*d]o�[�VZ`e\]RzR*o�WmNHP�Rl\]N�Y
R*V�WmNQPud*x
P�Wi\]VXd]_a¨Z_a`���\]N�VBc�d]Y�\]YeWXY
f?VZw�VZ`e\]R
\]NQPu\2W�P�o�R*VzK2L
M±\]Yqd]VZ^�o�WXV1_p\]R
\*dmP�`�R*[�_aR*R*_JY�`!dmPS\]V���K
N�V1_a`�R~\*d]o�[�VZ`e\]R2PSd]V1WZY�fafJVXWX\]_aw�VZfpy!d]VXgsVXd*d]V�^
\]Y�PSR}\]N�V�º�VXd]`�VZf?��`�R~\*d]o�[�VZ`e\}®bVX\z��º��*®��i��j2N�_aWiNv_aRC\]N�V�WXY�d]VzY�g
\]N�V���VZT  Z«
« c�d]Yu­~VXWX\��}K
N�Vz_a`�R~\*d]o�[�VZ`e\]R2PSd]Vl^�YeWZo�[�VZ`e\]V�^!_a`{P
\]VX�b\n^�PS\mPSTQPSR*VvP�w
PS_af�PST�faV�Y
`�fa_a`�V.» ¼�½S¾}PS`Q^HPud]VrR*o�[�[�PSd]_a¨ZV�^�_a`
°�c�c9VZ`Q^A_p�!°z� � w�VXd2\]N�V�fJY�`���d]o�`rj
VzVX�Ac9VZWX\}\]N�_aR}_J`e\]VXd*ghP�WZV�\]Y
T9VZWZY�[�VzPnR~\mP�`�^�Pudm^?�Q_a`!\]N�V1ghYSd][¿YSgUP�K2L
M�À"�A\]VX`Q^�VZ^v®b\mPu\]_aR~x
\]_aWZR�¤vP�`�P��
VX[�VZ`e\���`�gsY�d][�PS\]_aY�`v�
PSR*V��)¤!���C�1» ÁS¼�¾Â�



NIC

Sockets

API

TCP

IP

…

Network

App

User Space

Kernel

KIS

/proc

Web100 library

Web100

Tool

Web100

Tool

SNMP

Agent

���������	��

��
���������������������
���������������� ��!�"#��!�
�����!����%$�&'�����%����$�(
��$)��$+*,
�������-.&/$+� �������0��$+!�!���������$+!21435!.�����6����7+�8� 9,�:
����������
!����;9,$+��-<�=��$���$)��$+*5
�������-?>�9
�������@��A)���B��!=7+��
C��!=&D$+��E�������$+!4"�� (
��������* FG9
� �������=�	�����?>=��
,-+����!���*HE:��E:$+��F���
,
���������"H1I�����G"B�����
��
�E:$�J8��"4K?���;9,����!4���=�#-+����!���*
��!�"L��
�����
��B�����C������$+��7+�4�����
M ����$)�%NB*���
�F)
�����EO��!P������&/�����+1�Q5�R��7+!�$+
���������!�"S���=!���!�7C������*�������(
����$+!�
T��
��5��*���K=������F%��$ ��������
�
I�����
NB*���
�F)
�����EU"B�����=1V�W�T��
I�X$+
�
�� (
K�*��5��$G��E:��*���E:��!8����!Y�=Z\[S]<��7+��!8�\$+!6��$+�S$�&'�����	*���K�������FG&D$+�
����E:$����	��������
�

��$G�����%�����?1

^%_/`'aIbPcedgf:hCiTckjlcXm5dXngno_Wp@q,r/c2p@c?sut�vHt+_Dw'sUx�t�bPazy=t+aIbPc

��_a\]N.\]N�V�P
^�^�_p\]_aY
`�YSgCR*Y
[�V�jCd]_p\mPST�faV�w
Pud]_�PST�faVZRZ�"\]N�Vn��VZT  �«�«
°�MU��P�`�^�k�VXd]`�VXf6^�PS\mPzR~\*d]o�Wi\]o�d]VZR
cAd]YuwA_J^AV1PzWZY
`bw�VZ`�_aVZ`e\�gsdmPS[�VXx
j�Y�d]k�ghY�dBWZY
`e\*d]Y�fJfa_a`���`�Y
`�x)R~\mPS`Q^�Pudm^!Y�dBVX�Ac9VXd]_a[�VZ`e\mP�f=K2L
M�P�fpx
��Y�d]_p\]N�[�R�Y
`rPlc9VXd*x)WZY�`�`�VZWX\]_aY
`�TQPSR*_aRZ��K
N�VB¬�VX\  �«�« » ½   ¾�cAd]YS­�VZWX\
_aR�o�R*_a`��.��VXT  �«�« R*YSgs\�j
PSd]V�_a`�R*o�c�c9Y�d*\�Y�g�fJPSd]��V{N�_a�
N±VZ`�Vid]��y
c�Ney�R*_aWZRzPSc�c�fJ_aW�Pu\]_aY
`�RzYuw�VXd�\]N�VS{q� ®9�u|1VZcQPud*\][�VZ`e\1YSg2ÀU`�VXd]��y6� R
À�®A`�VX\��
|Bo�V{\]YH_p\]RrR~\mPS`Q^�Pudm^�R~x)[�_a`Q^AV�^�`QPu\]o�d]V
�2\]N�Vv��VZT  �«
« cAd]YS­�VZWX\
[qo�R~\2\mP�k
VzP�K2L
M�c�o�d]_aR~\BP�`�^!VZ��PSfa_a\mPud]_JP�`Oc9Y
_a`e\�wb_aVXj ´ \]NQPu\
_aRZ�$gsV�PS\]oAd]VZRl[no�R~\zT9Vqg�P�_pdnP�`�^�P�WZWXVZc�\mPST�faV�_J`~}=�W�9c�PSd*\]RlY�g
\]N�V
��`e\]VXd]`�VX\���K
N�V�¬BVX\  Z«
« cAd]YS­�VZWX\{\mPSk�VZRv\]N�V.[�_aR*R*_JY�`�x)Y�d]_aVZ`e\]V�^
c9Y�_a`b\zYSg
wb_aVXj ´ \]NQPu\�N�_a�
N.c�d]YS�QfaV
��^�PS\mPux)_J`e\]VZ`�R*_aw�V#| � À'PSc�x
c�fa_JWZPS\]_aY
`�RBPud]V1c9VXd][�_p\*\]V�^�\]Yn[�P�k
VBo�R*VBY�g"o�`�WZY�`Aw
VZ`e\]_JY�`QPSf6P�`Q^
`�Y
`Ax�R~\mPS`Q^�PSdm^Hc�d]YS\]YeWZY
fCghVZPS\]o�d]VXRZ�CP�RnfJY�`��.P�R�\]N�VXd]Vr_aR�PSc�cAd]Y�x
cAd]_JPS\]VnWXYeY�dm^�_a`�PS\]_aY
`�j2_p\]NOY�\]N�VXd1c9VZY�c�faV�PS`Q^{c�d]Yu­~VZWi\]R�R*NQPSd]_a`��
\]N�VzR]P�[�V�`�Vi\�j
YSd]kbRZ�CK
N�_aR�_JR�Pnj
Y�`Q^AVXd*gho�f�fJP�T9YSdmPS\]Y�d*y!ghY�d}�QVXf�^
\]VXR~\]_J`���VX�Ac9VXd]_a[�VZ`e\mP�fAP�fa��Y�d]_p\]N�[�RZ�eR*o�WiN�P�R�®�PSfJfpy��$fJY�y�^?� R/�B_a��N�x
®bc9VZV�^rK2L
M}»   Á�¾Â�
��`�P�`nV�^�o�W�PS\]_aY
`�P�f�WZY
`e\]VX�b\��
��VZT  Z«
« N�P�R/T9VZVZ`�o�R*V�^q\]Y1cAd]YuwA_J^AV
P}gsdmP�[�Vij
Y�d]k�gsY�dUWZY
`�^�o�WX\]_a`��BVi��c9Vid]_J[�VX`b\]RZ��c�d]Yuwb_J^�_a`���R~\]oQ^AVZ`e\]R
j2_p\]N�N�P�`Q^AR~x)Y
`nVi��c9Vid]_JVX`�WZV
�"K
N�V
d]V�PSfaxÂ\]_a[�VCwb_aVXj2R/Y�g?K2L
M�w�PSd]_px
PST�faVZRZ�/PS`Q^�\]N�V�PST�_afa_a\�y.\]Y![�Yb^�_pgsyOk�VXy�c�PSdmPS[�VX\]VXd]RzN�VZfac�R�R~\]o�x
^AVZ`e\]R�o�`Q^�Vid]R~\mP�`Q^�\]N�V�w�PSd]_aY
o�R�WZY�[�c9Y
`�VZ`e\]R�\]NQPu\
_a[�cQPSWX\CK2L
M
¯�Y�j2RZ�
��VZT  Z«
« _aRnWZoAd*d]VZ`e\]fpy�_a[�c�faVZ[�VX`b\]VZ^�P�RnP�¥=_a`bo��.k�VXd]`�VXf�cQPu\]WiN
c�fao�RCo�R*Vid2[�Yb^�V�\]YeY�faRZ�
°}fJf9��VZT  Z«
« �hj2_p\]NrVZ[nT9V�^�^�V�^�¬�VX\  �«�« �

WZYb^AV�_JR}P�w�P�_afJP�T�faV�ghYSd1^AY�j2`�faY�P�^rgsd]Y�[��=���
���X�P�'�+���,���)�����
K
N�_aRCc�P�c9VXd}^AVZR*WXd]_aT9VZR2N�Y�j K2L
M±_a`�R~\*d]o�[�VZ`e\]R�WZP�`!T9V�o�R*V�^�ghYSd
��`e\]VXd]`�VX\1[�VZP�R*o�d]VX[�VZ`e\n�)®bVZWX\]_aY
`.½��i�6\]VZR~\]_a`���VX�Ac9VXd]_a[�VZ`e\mP�f$P�fpx
�
YSd]_p\]N�[�R1�)®bVZWX\]_aY
`�¼e�UV�^�o�W�PS\]_aY
`O�)®AVXWX\]_aY
` £ �i�AP�`�^�`�VX\�j�Y�d]k�^A_px
P���`�Y�R*_JRl�)®AVXWX\]_aY
`4�
�i�

2. IMPLEMENTATION OVERVIEWK
N�VzWZYSd]VzY�g/\]N�V1��VZT  Z«
« c�d]Yu­~VXWX\B_aR}\]N�V�c9VXd*x)WZY�`�`�VXWX\]_aY
`{K2L
M
_a`�R~\*d]o�[�VZ`e\�R*VX\��±��\�_aR�^AVX�Q`�V�^�_J`·R~\mP�`�^�Pudm^�R�fJP�`��
oQPS�
Vv_a`�P�`
�~ÀUKC��¤!����^�YeWZo�[�VZ`e\�» Áu¼�¾Â��P�`Q^q_J[�c�faVZ[�VZ`e\]V�^q_a`�j2N�PS\�j�V2W�P�faf
\]N�VBº�VXd]`�VZf?��`�R~\*d]o�[�VZ`e\C®AVX\l��º��*®��i�R�
K
N�V}Pud]WiN�_a\]VXWX\]o�d]V2Y�g?Y�o�d�¥=_a`bo��q_J[�c�faVZ[�VZ`e\mPS\]_aY
`n_JR�^�VXc�_aWX\]V�^�_a`
�$_a�
oAd]V   �2°
\*\mP�WmN�V�^�\]Y�V�P�WmN{R*YeWmk�VX\�_JR�P�R~\*d]o�Wi\]o�d]V�WZY�`b\mPS_a`�_a`��
º��*®Bw�PSd]_JPST�faVZR"PS`Q^�[�VX\mPSx�^�PS\mPA����\]R?�QVZfJ^�R�PSd]V�o�c6^�Pu\]V�^Bgsd]Y�[ k�VXy
c9Y
_a`e\]R$_a`z\]N�V�cAd]Y�\]YeWZY�fbR~\mP�Wmk6�$°�`lP�T�R~\*dmP�WX\]_aY�`nY�g�\]N�_aR$R~\*d]o�WX\]o�d]V
_aR�VX�Ac9Y
R*V�^�\]N�d]Y�o��
N.P±¦�c�d]YeWZªr�QfaVZR~yAR~\]VZ[³_a`e\]VXd*g�PSWZV
��K=YvP�fafaY�j
ghYSd/gho�\]oAd]V�_a`e\]VXd*g�PSWZVZRUP�`�^lYS\]N�VXd/Y�c9VXdmPS\]_a`��BR~yAR~\]VZ[�RZ�Sj
VC^AVX�Q`�V�^
P�c9Y�d*\mPST�faVq°BM/��ghYSd�P�WXWZVZR*R*_a`���\]N�Vz_a`�R~\*d]o�[�VZ`e\]RZ��_a[�c�faVZ[�VX`b\]VZ^
P�R�P1fa_aT�dmPSd*ye�/®A_a`�WZV
\]N�VC_a`�R~\*d]o�[�VX`b\]R$j�VXd]V�^�VZR*_a�
`�V�^q\]Y�R*o�c�c9Y�d*\
P�¤!������_a\2_aR
ghP�_pd]fpy!`�PS\]o�dmPSf9\]Yn_a[�c�faVZ[�VZ`e\
P�`{®b¬�¤vM�P���VZ`e\}Y
`
\]Y
c!Y�g$\]N�_JR2fa_aT�dmPud*yrgsY�d}VX�Ac9Y�d*\]_a`��q\]N�V1_a`�R~\*d]o�[�VZ`e\]RZ� �
��\O_aROP�`QPu\]o�dmPSfnVX�b\]VZ`�R*_JY�` Y�gn\]N�_aRO°BM/�!\]Y�_a[�c�faVZ[�VZ`e\{c9Vid*x
WZY�`�`�VXWX\]_aY
`rK2L
M�WXY
`e\*d]Y
faRZ��° ¦�d]V�P�^�ªqP�WZWZVXR*R*VZR}P�`�_a`�R~\*d]o�[�VX`b\��
j2N�_afaVlP�¦�jCd]_p\]VZª�PSWZWZVZR*R*VXRBPnWXY
`e\*d]Y
f��
K
N�VCfa_aT�dmPud*y�PS`Q^nk�Vid]`�VZfb_a`e\]VXd*g�PSWZVZR�j�VXd]V2^�VXR*_J��`�V�^nj2_p\]Nnd]VZP�R*Y
`Ax
P�T�faVvc9VXd*ghYSd][�P�`�WZV!_a`·[�_J`�^?��K
N�Vr��fJVXR~y�R~\]VX[ VX�Ac9Y�d*\]RnT�_a`QPud*y
^�Pu\mPqPu\
���AV�^�YS¹6R*VX\]R
dmPS\]N�VXd�\]N�P�`�^�Y�_a`��lVX�Ac9VZ`�R*_aw�V2ghYSd][�PS\*\]_a`��
_a`e\]YnNbo�[�PS`�xÂd]V�P
^�P�T�fJV�°1®�L��*��^�PS\mPb� � `rP�Áq©B�B¨1¤!Y
T�_afaVzM$VZ`Ax
\]_ao�[t¼��"\mPSkb_J`��{PvR*`QPSc�R*N�Y�\qY�g   ¼ « w�PSd]_JPST�faVZRz\mP�k�VZRqP�T9Y�o�\n½ «
� RZ�9R*Y�c9Y
fafa_a`���Y
`v\]N�VzY�dm^�VidBYSg/NAo�`Q^bd]V�^�R2Y�g"\]_a[�VZR}c9VXd}R*VZWZY�`Q^c�oA\]RCfa_a\*\]faVzfaY�P�^!Y
`!\]N�VzL
M�{q�
��`nP
^�^�_p\]_aY
`n\]YB\]N�V
fa_aT�dmPSd*ye��\]N�V���VZT  Z«
« R*YSgs\�j
PSd]V2R*o�_p\]V2PSfJR*Y�_a`Ax
WZfaoQ^AVZR}Pn`bo�[qT9VXdCY�g"P�c�c�fa_JWZPS\]_aY
`v\]YeY�fJRZ��K
N�Vid]VzPSd]V�R*Y
[�VBR*[�P�faf
WZY�[�[�P�`Q^vfa_a`�Vix�T�P�R*V�^{\]YeY
faR1j2N�_JWmN.PSd]Vnc�PSd*\]_aWZo�f�Pud]fpy�o�R*VXgso�f"ghYSd
R*WXd]_ac�\]_a`�����°�faR*Y���\]N�VXd]VzPud]VlR*Y�[�V���dmPSc�N�_aW�PSf=\]YeY�fJR2j2N�_aWmN{P�_J^v_a`
wb_aR*oQP�fa_a¨Z_a`��!w
Pud]_�PST�faVZRZ� � `�Vq\]YeY�f"j2_Jfaf�^�_aR*c�fJPZy.P�d]o�`�`�_a`���R~\*d]_ac
WmNQPSd*\�Y�g�P�w�PSd]_JP�T�fJV�� RBw
PSfJo�VzY�d�_a\]R�WiN�P�`��
Vlc9VXdBo�`�_p\}\]_J[�V��}°�`�x
Y�\]N�VXd}cQPud*\]_JWXo�fJPSd]fpyvo�R*VXgho�f=c�PSd*\}_aRC\]N�V{¦�\*d]_JPS�
VZª�\]YeY
f���j2N�_aWiN!fJYSx
W�Pu\]VZRC\]N�V1c9VXd*gsY�d][�PS`�WZV1T9YS\*\]faVZ`�VZWmk�P�R
\]N�V1R*VZ`Q^AVXd��bd]VZWZVZ_aw�Vid���YSd
`�Vi\�j
YSd]k9�UK
N�_aR}\]YeY�f=_aR�^�VZR*Wid]_JT9VZ^!_a`{®AVXWX\]_aY
`4�b�   �

3. TCP BASED MEASUREMENTK2L
M±N�P�R2PS`r_J^�VZP�f6w
PS`e\mP��
VBc9Y
_a`e\
\]Yn[�V�PSR*o�d]V}\]N�VB`�VX\�j�Y�d]k9�/��\
_aR
R*_p\]oQPu\]V�^rPu\
\]N�V}`�VXWikqY�g�\]N�V���`e\]VXd]`�VX\�N�Y�o�d]��f�PSR*RCR*o�WmN�\]NQPS\�_p\
c�d]YeWXVZR*R*VZRB\]N�Vqw�P�R~\�[�Pu­�Y�d]_p\�yvY�g�P�faf/^�Pu\mP�[�Yuwb_a`���\]NAd]Y
o���Nv\]N�V
��`e\]VXd]`�VX\��"�)\
\�yAc�_aW�PSfafay�N�P�RC^A_pd]VZWX\C_a`e\]VXd*d]o�cA\CfaVZw�VZf6PSWZWZVZR*RC\]Yz\]N�V
�~MHfJPZyeVXd
P�`Q^�`�VX\�j�Y�d]k�^�VXwA_aWZVXRZ�"��_p\]N�cAd]Y
c9VXd
_J`�R~\*d]o�[�VZ`e\mPu\]_JY�`
VZw�Vid*y�K2L
MH°�Wmkb`�Y�j2faV�^���[�VZ`e\U_JR
P�`�Y
c�c9Y�d*\]o�`�_p\�yq\]Y�WZY
fafaVZWX\C_a`Ax
ghYSd][�PS\]_aY
`.P�T9Y�o�\1\]N�Vn`�VX\�j�Y�d]k9�6\]N�Vzg�PSdzVX`Q^Ax)R~yAR~\]VZ[�P�`�^�VXw�VZ`
\]N�V2PSc�c�fJ_aW�Pu\]_aY
`=�"��VZT  Z«
« R~\*d]_aw�VXRU\]Y1WZP�c�\]oAd]V
\]N�_aR/_a`�ghYSd][�PS\]_aY
`?�
��\�_aRBWZY�`bw�VZ`e\]_aY
`QPSf=\]Y�WZfJPSR*R*_ag�y���`e\]VXd]`�VX\}[�V�P�R*oAd]VZ[�VZ`e\C\]YeY
faR�PSR
� K
N�V�¤!�~� P�`�^·º��~®�Pud]V!`�Y�\�WZoAd*d]VZ`e\]fpyH_a`±R~yA`�W���T�o�\n\]N�_aR�_aRo�fp\]_a[�PS\]VXfay�P1�
Y
P�f�gsY�d�\]N�V2º��*®l\]Y�_a[�c�faVZ[�VX`b\UP�R*o�c9VXd]R*VX\�Y�g6\]N�V¤!�~�}�
� °}`H®b¬�¤vM�[�Yb^Ao�faVngsY�dz\]N�V�K2L
M<À/�b\]VZ`�^�V�^�®b\mPS\]_aR~\]_aWZRq¤!�~�Y
`�\]Y�clYSg�\]N�VU��VZT  Z«
« fa_JTAdmPSd*y�N�P�R$T9VXVZ`zcQPSd*\]_JPSfJfpyz_a[�c�faVZ[�VX`b\]VZ^Tey!©BfJVX`{K�o�d]`�VXd2Y�g"°B°��}¬1ÀUK » ¼   ¾)�



PSWX\]_aw�V�YSdzcQP�R*R*_aw�V��$^AVZc9VZ`Q^A_a`���Y
`�j2N�VX\]N�VXdzY�d�`�Y�\�\]N�VXy{_a`�­�VZWX\
\*dmPu|�WB_a`e\]Y�\]N�V2`�Vi\�j
YSd]k9�C» ¼�¾=®b\*d]_aWX\]fpy�R*c9VZP�kb_a`���j
VZT  �«�« _aR
c�P�R~x
R*_aw�V���T9VZW�PSo�R*V
_p\U^AYeVZR"`�YS\/Tbyz_p\]R*VZfpg9_a`S­~VZWX\UPS`eynP�^�^A_a\]_aY�`QP�fe\*dmPu|�W
_a`e\]Y�\]N�Vn`�VX\�j�Y�d]k9�z��`{\]N�Vqo�R*oQP�f"WZP�R*V
�?\]N�Vq[�V�P�R*oAd]VZ[�VZ`e\]RBPud]V
POR*_J^�V!T9VX`�VX��\�Y�gBY�dm^�_a`�PSd*yH\*dmPS|�WvcQPSR*R*_J`��.\]NAd]Y
o���N·\]N�V!`�VX\*x
j�Y�d]k9���BY�j�VZw�VXd��"��VZT  Z«
« NQPSRl\]N�V�¯9P�w�Y�dqY�g}PSWX\]_aw�V�[�V�P�R*oAd]VXx
[�VX`b\]R�T9VXW�P�o�R*VrK2L
M�_JRzR*VZ`�^�_a`��r\]N�V�cQPSWik
VX\]RlP�`Q^Oc�d]YeWZVXR*R*_J`��
\]N�V�°}Wikb`�Yuj2faV�^A�
[�VZ`e\]R9\]NQPu\�_p\�o�R*VZR?ghY�d�[�V�P�R*oAd]VZ[�VZ`e\��6��VZT  �«�«
_aRrT9VZR~\vWmNQPudmP�WX\]VXd]_a¨ZVZ^ PSR!c�P�R*R*_aw�VO_J`�R~\*d]o�[�VZ`e\mPu\]_JY�`�Y�gnP�Wi\]_Jw
V
\*dmPS`�R*c9YSd*\��
��VCT9VZfa_aVZw�VC\]NQPu\U\]N�_aR�PSc�c�d]Y
P�WmN�NQPSR�P1`bo�[nT9VXd/YSg6c�d]Y�gsY
o�`Q^�P�^Ax
w�P�`e\mPS�
VZR2Yuw�VXd2YS\]N�VXd}[�V�PSR*o�d]VZ[�VZ`e\�\]VZWiN�`�_��eo�VZRZ�bj2N�_JWmN!j�VBj2_afJf
^AVZR*WXd]_aT9V2_a`�\]N�V
d]VZR~\UY�g6\]N�_JR/R*VZWi\]_JY�`=��®bY
[�VCY�g9\]N�VZR*VC\]VZWmN�`�_��eo�VXR
Pud]VzP�fpd]V�P�^Ay�j
Y�d]k�_a`!cAd]Y
��d]VXR*RZ�QY�\]N�VXd]R}PSd]V�R*_a�
`�_p�QW�PS`b\2d]VZR*VZPSd]WmN
Y�c�c9YSd*\]o�`�_p\]_aVZRC\]NQPu\}NQP�w�VByeVi\C\]Y�T9V1VX�Ac�faYSd]V�^?�

3.1 Augmented Iperf��� �=����_aRzP!c9Y
c�o�fJPSdz��`e\]VXd]`�VX\1c9VXd*ghYSd][�P�`�WXV�\]VZR~\]VXd�\]NQPu\z_aRzg�d]VXx
�eo�VZ`e\]fay�o�R*V�^�\]Yq[�V�PSR*o�d]V�P�w�P�_afJP�T�fJVB��`e\]VXd]`�Vi\
\]N�d]Y�o��
N�c�oA\1» ½�Á�¾)�
°}fp\]N�Y
o��
N�� � �=���B_aR?\]N�V"\]YeY
f�YSg�WmN�Y�_aWZVUgsY�d�Y
`�V
	�\]_a[�VU\]VXR~\]RZ�u[�P�`ey
c9VXY
c�faV�WZY�`�R*_J^�VXdq_p\z\]YvT9V�g�Pudq\]YeY{VX�Ac9VZ`�R*_aw�V�ghYSdnY�`��
Y�_J`��vd]VXx
c9VZPS\]V�^�\]VZR~\]RZ��T9VZW�PSo�R*V�_p\!`�Y�d][�PSfJfpy±d]V��eo�_pd]VZR�R*VZw�VXdmPSf�\]VZ`�RrYSg
R*VXWZY
`�^�RBYSg�gso�faf�dmPu\]Vn^�PS\mPn\*dmP�`�R~ghVXd]R�\]Y���VX\BP�WZWZoAdmPS\]Vq[�V�P�R*oAd]VXx
[�VX`b\]RZ�!��g�� � �)���._aRzd]o�`HPvgsVXj \]_a[�VZRlc9VXdn^�PZye�"½)� £ ^�PZyARlc9VXdy�V�PSd��A_p\
j2_afaf=_a`�\]Y�\mP�f6WZY�`�R*o�[�VBR*o�T�R~\mP�`e\]_JP�f9`�VX\�j�Y�d]k�d]VZR*Y�o�d]WZVZRZ�
��� �=���!d]V��bo�_pd]VZRBR*o�WiN�faY
`��r\]VZR~\]R�T9VZW�P�o�R*Vn_p\�WZY�[�c�oA\]VZR}\]N�VnP�wexVidmP��
V�c9VXd*ghYSd][�P�`�WZV1PSWXd]Y
R*R�\]N�V�VX`b\]_pd]V2\*dmP�`�R~ghVXd��bj2N�_aWmN�_J`�WZfaoQ^AVZR
\]N�Vqw
VXd*yr\]_a[�VzWZY�`�R*o�[�_a`���K2L
M�®bfaYuj,®b\mPud*\1Pu\B\]N�VzT9VZ��_a`�`�_a`��
YSg6\]N�V2WZY
`�`�VZWi\]_JY�`=�U®b_a`�WZV�®AfaY�j'®e\mPSd*\/\*dmP�`�R~ghVXd]R�d]VZfJPS\]_aw�VZfpy�fa_p\*\]faV
^�PS\mP}_J`qPCd]VZfJPS\]_aw�V
faY
`���\]_a[�V
�S_p\"��d]VZPS\]fpyq^�VZcAd]VZR*R*VZR�\]N�V�Y
T�R*VXd]w�V�^
P�w�VidmP��
V�^�PS\mP!dmPS\]V��{°U­~PZy�K
_pd]o�[�PSfJP!NQPSRq_a`�Wid]V�P�R*V�^�\]N�V�P�WZWXo�x
dmPSWXy±Y�g�w�Vid*y±R*N�Y�d*\
� � �=����[�V�P�R*oAd]VZ[�VZ`e\]R�Tey·o�R*_a`��O��VZT  �«�«\]Yr^�Vi\]VZWX\}\]N�VlVZ`Q^{Y�g�®bfJY�j�®e\mPSd*\��6R*Y�\]NQPu\1_p\1WZP�`OT9VqVX�AWZfao�^�V�^
g�d]Y
[�\]N�V{P�w�VXdmP���V�^�Pu\mP.dmPS\]V{W�PSfaWZo�fJPS\]_aY�`=� » ¼ « ¾1�BVrjCP�R�PST�faV
\]Y.Y
TA\mP�_a`   R*VZWZY�`Q^·^�PS\mP�dmPS\]Vr[�V�P�R*oAd]VZ[�VZ`e\]Rq\]N�PS\�o�R*V ¡ ¼��
faVZR*R}`�Vi\�j
YSd]k�\*dmPS|�W�T�o�\}PSd]V�R~\]_afaf6j2_a\]N�_a`  �« � Y�g"faY
`��
VXd�� � �)���[�VZP�R*o�d]VX[�VZ`e\]RZ�
°}`'P�fp\]VXd]`�PS\]_aw�V�PSc�cAd]Y�P�WmN�[�_a�
Ne\ro�R*V.P���� � �������)�<» ½
½u¾zR~\�yAfaVPS`QPSfayAR*_aRr\]YeY�f�\]Y�PSo�\]Y
[�Pu\]_aW�P�fafpy�_a`�R*c9VXWX\vP.cQP�Wmk�VX\�\*dmPSWZVOP�`Q^
\*d]_a[ Y�¹�\]N�V}®bfaYuj�®b\mPud*\��/K
N�_aR�P�c�cAd]Y�PSWiNnj�Y
o�f�^�_a`�WZo�dUg�Pud�[�YSd]V
Yuw�Vid]N�V�P�^?��R*_J`�WZV!VXw�VXd*yHc�P�Wmk�VX\�N�P�Rn\]YOT9V!cAd]YeWZVZR*R*V�^�TeyHT9Y�\]N
��� � �������)��PS`Q^�K2L
M�_p\]R*VZfpg�����VZT  �«�« N�P�R�\]N�VOP
^Aw
PS`e\mP��
V�YSgcAd]YuwA_J^A_J`���\]N�V!`�VZWZVXR*R]PSd*y±_J`�R~\*d]o�[�VZ`e\]R�R*o�WiN·\]NQPu\�\]N�VvVZ`�^±YSg
®bfaYuj ®b\mPud*\vW�PS`�T9V�^AVX\]VZWX\]V�^�j2_p\]N'R*o�|�WZ_aVZ`e\!cAd]VZWZ_aR*_aY
`'j2_a\]N
faY�j dmPS\]V�c9Y
fafa_a`��A�

3.2 Experimental link layers��VBPud]VBPZj
PSd]VBYSg$Pu\
faV�PSR~\CY
`�VBV��eo�_ac�[�VZ`e\/w�VZ`Q^AY�d�j2N�Yz_aR�o�R*_a`��
��VZT  Z«
« \]Yz_J`bw�VXR~\]_J�
PS\]V}N�Y�j�\]N�VZ_pd
cAd]Y
c�d]_aVX\mPud*y�fa_a`�k�fJPZyeVXd�\]VZWiNAx
`�Y
faY
�Sy�_a`e\]VXdmP�Wi\]R�j2_p\]N�R~\mPS`Q^�PSdm^�K2L
M$��°�fp\]N�Y�o��
N·\]N�VXy·N�Puw
V
`�Y�\�WiN�Y
R*VZ`v\]Y�c�o�T�fa_aR*N!\]N�VZ_pdBc�PSd*\]_aWZo�fJPud�P�c�c�fa_aW�PS\]_aY�`=�9\]N�Viyv^A_�^
YS¹6VXd1R*c9VXWZ_p�QWnWXY
[�[�VZ`e\]R2Y
`�_a[�c�d]Yuw�VZ[�VX`b\]R
\]Y�P�WZY�o�c�faVqY�gU_a`�x
R~\*d]o�[�VZ`e\]RZ�bj2N�_aWiNrj
V�NQP�w�VB_J`�WZfaoQ^AV�^r_a`e\]Yn��VXT  �«�« �
��_a\]N�Y
oA\UK2L
M._a`�R~\*d]o�[�VZ`e\mPS\]_aY
`?��fa_a`�kzfJPZyeVXdU^AVZR*_a�
`�Vid]RUYSgs\]VZ`ld]VXx
R*YSd*\q\]Y{R*_a[�c�fJV�T9VX`�WmN�[�PSd]kb_a`���\]Yv\]o�`�Vn\]N�VZ_pdqc�d]Yb^Ao�WX\]RZ�!K
N�_aR
PSc�cAd]Y�P�WmN<_aRvYuw�Vid]fay'R*VX`�R*_p\]_aw�V�\]Y±P±fJPSd]��V�`bo�[nT9Vid!YSg�c9YeY�d]fpy
WXY
`e\*d]Y
fafaV�^�cQPSdmPS[�VX\]VXd]RZ�Uj2N�_aWmN·[�PSk�VZRl_p\�w�VXd*y�^�_p|�WZo�fa\q\]Y.Vigsx
gsVZWX\]_aw�VZfpy�Y
c�\]_a[�_a¨ZV{\]N�V�fa_a`�k·fJP�y�VXd�� ��_p\]N'^�Vi\mP�_afaV�^�K2L
M�_a`�x
R~\*d]o�[�VZ`e\mPS\]_aY
`H\]N�VrVZ`��
_a`�VXVXd�W�P�`H\]VZfaf2VX��P�Wi\]fay�j2Nby�\]N�VvK2L
M

c9VXd*gsY�d][�P�`�WZV�WmNQP�`��
V�^6�QPS`Q^�o�R*V1\]N�_aRC\]Yn��o�_J^�V1\]N�VZ_pd�^�VZR*_a�
`?�

3.3 NTAFK
N�V�¬BVX\�j
Y�d]kzK=YeY
f�°�`QPSfpy�R*_aR/��dmPS[�VXj
YSd]k���¬1K$°��/��» Á   ¾�j
P�R/^�Vix
w�VZfaY�c9V�^�PS\C¥=PZjCd]VZ`�WZV���VXd]k
VZfaVXy�¬1Pu\]_aY
`QPSf9¥�PST9Y�dmPu\]Y�d*y��Â¥���¬1¥$�
ghYSd
PSo�\]Y�[�PS\]_aW�P�fafpyq[�Y
`�_p\]YSd]_J`��1WmNQP�`��
VZRU_a`n\]N�V�¦�N�VZP�fp\]N�ª1YSg6[no�fax
\]_ac�faVU��`e\]VXd]`�Vi\�c�PS\]N�RZ�=��\=c9VXd]_aYb^�_aW�PSfafay�d]o�`�R�P�WX\]_aw�V/[�V�PSR*o�d]VZ[�VZ`e\
\]YeY
faRZ��_a`�WZfaoQ^A_a`���� � �=���BP�`Q^1WXY
fafaVZWX\]R$��VXT  �«�« R~\mPu\]_aR~\]_JWXRZ�"��\�WZY
`Ax
w�VXd*\]R
\]N�VZ[�\]Yn\]Yq¬BVX\m¥?Y
�
��VXd�VZw�VZ`e\]R2P�`�^!Pud]WiN�_Jw
VZRC\]N�VZ[ » ½ ¡ ¾Â�
K
N�VXR*V�R~\mPS\]_aR~\]_aWZR"W�PS`zT9V�c9Y�R~\*x�cAd]YeWZVZR*R*V�^�\]Y}R*o�c�c9YSd*\�\*d]VZ`�^�P�`�P�fpx
yAR*_aRZ�z¥=VZVqVX\��?P�f���» Á
Á�¾U^�VZR*Wid]_JT9VqN�Y�j \]N�VXy{NQP�w�Vlo�R*VZ^OPud]WiN�_aw�V�^
¬1K�°B�!d]VZR*o�fa\]R/\]Y1T�o�_afJ^nP�^�Pu\mP�T�P�R*VCY�g=©�d]_J^n`�VX\�j�Y�d]klR~\mPS\]_aR~\]_aWZRZ�
°±R*_a��`�_p�QW�PS`e\�[�YS\]_aw
Pu\]_JY�`nT9VZN�_a`Q^l\]N�_aR"VX¹6Y�d*\U_aR"\]NQPS\/_p\Uc�d]Yuwb_J^�VZR
Pqj
P�yrY�g$WZY�d*d]VZfJPu\]_J`���WiN�P�`���VZR2_a`!_a`�g�dmP�R~\*d]o�Wi\]o�d]V�\]YnWmNQPS`��
VXR�_a`
c9VXd*gsY�d][�P�`�WZV
�
°,�
YeYb^{d]VZWZYSdm^�YSg�c�P�R~\B`�VX\�j
Y�d]k!WZY
`�^�_p\]_aY
`�R�W�P�`.P�faR*Y�T9Vqo�R*V�^
\]Y�P�_J^{_a`vc�d]Vix�faY
P
^�_a`���YSgUWZVXd*\mP�_a`{`�VX\�j�Y�d]k!cAd]Y
c9VXd*\]_aVZRZ�}��Y�d�VX�bx
P�[�c�faV
�Q¥?_a`AoA��NQP�R2cAd]YSwb_aR*_aY
`�R}\]Y�cAd]VZR*VX\��UKCKB�H�UKCK���Pud]_JP�`�WXV
�
®AR~\]NAd]VZR*N=��P�`�^·YS\]N�VXd�cQPSdmPS[�VX\]VXd]Rq_J`�\]N�V�d]Y
oA\]V!W�PSWiN�V
��j2N�_JWmN
PSd]VnT9Vnc�d]VXfJY
P
^AV�^._a`e\]Y!K2L
M'j2N�VZ`.PrWXY
`�`�VZWX\]_aY
`OR~\mPSd*\]RZ��®AVi\*x
\]_a`��{��YeYb^�w
PSfJo�VZRzghY�dl\]N�VXR*V�c�PSdmPS[�VX\]VXd]RzW�P�`�d]VXR*o�fp\n_a`�N�_a�
N�Vid
c9VXd*gsY�d][�P�`�WZV
���BY�j
VXw�VXd��2_a`�WZYSd*d]VZWX\�w�P�fao�VZR�[�PZy·R*_a�
`�_p��W�P�`e\]fpy
Nbo�d*\zc9VXd*gsY�d][�PS`�WZV
�rL
Pud]VXgho�f
PS`QP�fpyAR*_aRqYSg2faY
�
��V�^H^�Pu\mPrW�PS`HP�_J^
_a`�c�d]Y
c9Vid]fayHP�R*R*_a�
`�_J`��.\]N�VZR*VrcAd]VZfaY�P�^�V�^Hw�P�fao�VZRZ��K
N�V�¬BVX\  Z«
«
��YSd]k�°}d]Y�o�`Q^4|1VZP�[�Y
`?�=^�VZR*WXd]_aT9V�^O_a`.R*VZWi\]_JY�`�¼A� Á�c�d]Yuwb_�^AVZR�P
[�Y�d]V}�
VX`�VXdmPSf6g�dmP�[�VXj�Y�d]k�gsY�d
\]N�_JR�R*Y�d*\CYSg$P�^�w�P�`�WXV�^�\]o�`�_a`��l_a`Ax
ghYSd][�PS\]_aY
`?�

3.4 Internet tomography��g?P1fJPud]�
V}WZY
`e\]VZ`e\Uc�d]Yuwb_J^�VXdUj
VXd]VC\]Yz^AVZc�faY�yq��VZT  Z«
« j2_p\]N�¬BVi\*x
¥=Y��
��VXd�Y�d�R*Y�[�V!Y�\]N�VXd�^�PS\mP�T�P�R*Vv_a`·\]N�VZ_pd�R*VXd]w
VXd�g�Pud][�Rn\]N�Viy
WZY�o�fJ^�WZY
fafaVZWX\/��`b\]Vid]`�VX\=c9VXd*ghYSd][�P�`�WZV�R~\mPu\]_aR~\]_JWXRC��V
� ���"c�P�Wmk�VX\=fJY�R*R
dmPS\]VXRzP�`Q^vd]Y�o�`Q^v\*d]_ac�\]_J[�VXRm�2\]YrP�faf/Y�gU\]N�VZ_pd�WZo�R~\]Y
[�VXd]RZ�lK
N�_aR
c9VXd*gsY�d][�P�`�WZV}^�Pu\mPBWZY
o�fJ^�T9V2P�fa_a�
`�VZ^nj2_a\]Nqd]Y
o�\]_a`���_J`AghYSd][�PS\]_aY
`
\]Y�^AY�fJPSd]�
VzR*W�PSfaV���`e\]VXd]`�Vi\C\]Y
[�Y
�SdmP�c�Nbye�
K
N�Vid]V·_aROR*_a�
`�_p��W�P�`e\.c9Y�\]VZ`e\]_JP�f��n\]YeYA�ngsY�d.[�Y�d]V�j2_J^�VXx)R*cAd]V�P
^
^�VXc�faY�y�[�VX`b\�����g��BghY�d�Vi��PS[�c�faV
�1P±fJPSd]��V�`bo�[nT9VidvY�gqW�PS[�c�o�R
`�Vi\�j
YSd]k�P
^A[�_J`�_aR~\*dmPS\]Y�d]Rno�R*V�^H_a`�R~\*d]o�[�VZ`e\]V�^HK2L
M \]Y.WZY�fafJVXWX\
R~\mPS\]_aR~\]_aWZRrP�WXd]Y�R*R�\]N�VZ_pd�W�P�[�c�o�R�YSdrWXY
[�[no�`�_p\�y.\]YHP�c�c�fpy�\]N�V
\]VZWmN�`�_��eo�VZRCc�d]YS\]Y�\�yAc9V�^�_a`!\]N�VB¬1K$°����A\]N�V�P�����d]VZ�
PS\]_aY
`�YSg$\]N�V
^�Pu\mP�R*VX\]RlPSWXd]Y
R*Rz[no�fp\]_Jc�faVqW�PS[�c�o�R*VZR1WZY�o�fJ^.T9Vq[�_J`�V�^{ghY�dzc9Vid*x
ghYSd][�P�`�WZVzP�`�^�\]Y
c9Y�faY
�
_aW�PSf/^�Pu\mP�P�T9Y�o�\C\]N�V���faY
TQPSf���`b\]Vid]`�VX\��
��VXT  �«�« [�P�k�VXR/\]N�_aR�R*YSd*\
Y�g6[�VZP�R*o�d]VX[�VZ`e\/[no�WmNn[�YSd]VCghV�PSR*_JT�faV
T9VZW�PSo�R*V}_p\
_aR�c�P�R*R*_aw�Vl�Â^�YeVZR�`�Y�\�`�VXWZVZR*R]PSd]_afpy�d]V��eo�_pd]V�P
^�^�_p\]_aY
`QPSf
[�V�PSR*o�d]VZ[�VZ`e\$\*dmPu|�Wu�"P�`�^n^AYeVZR/`�Y�\/_a`�WZo�d/\]N�V�NAo��
V
cAd]YeWZVZR*R*_a`��
Yuw�VXd]N�V�P
^�Y�g/_a`�R*c9VZWi\]_J`���cQPSWik
VX\C\*dmP�WZVXRZ�

4. TCP EXTENSIONS{B`�^�VXdl\]N�V�¬BVi\  �«
« c�d]Yu­~VXWX\�j
Vr^�VXw�VZfaY
c9V�^�jCd]_p\mP�T�faV!c9VXdnWZY
`Ax
`�VXWX\]_aY
`!WXY
`e\*d]Y
faR
ghYSd2R*VZw�VXdmPSf?K2L
M·VX�b\]VZ`�R*_aY
`�RZ��K
N�VZR*V1WZY�`b\*d]Y�faR
��d]VZPS\]fpy�R*_a[�c�fa_pgsyl\]N�V
\]VXR~\]_J`���Y�g6VX�Ac9VXd]_a[�VZ`e\mPSf�K2L
M�PSfa�
Y�d]_p\]N�[�R
T9VZW�PSo�R*V�\]N�VXy.VZ`�P�T�faV�d]VZR*V�Pud]WiN�VXdn\]Y{WXY
`����
oAd]VrPS`Q^�\]VZR~\ld]_aR*key
`�Vij K2L
M ghV�Pu\]o�d]VZRlo�`�^�VXdzWZY�`e\*d]Y
fafaV�^�WZ_pd]WZo�[�R~\mPS`�WZVXR1j2_a\]N�Y
oA\
_a`e\]VXd*ghVXd]_a`���j2_p\]Nv`�Y�d][�PSf�R~yAR~\]VZ[ Y�d�`�Vi\�j
YSd]k!Y�c9VXdmPS\]_aY
`?�}©BVZ`Ax
VXdmPSfJfpy�Y�o�dBK2L
M'Vi�A\]VX`�R*_aY
`�R1PSd]Vl_a[�c�faVZ[�VZ`e\]V�^rR*o�WmNv\]NQPS\}\]N�Viy
PSd]V�Y�¹{Tey�^�VXghP�o�fp\CR*Yl\]NQPu\
WXd]_p\]_aW�P�f9¯�Yuj2R
PSd]VB`�Y�\CWXY
[�c�d]Y�[�_aR*V�^
Tey1o�`b\]VXR~\]V�^1K2L
M�P�fa�
YSd]_p\]N�[�RZ�"À"�Ac9VXd]_a[�VZ`e\mP�f
K2L
MOPSfa�
Y�d]_p\]N�[�R
W�PS`vT9V1VZ`�P�T�faV�^!P�`Q^�WZY
`A�Q��o�d]V�^�Y
`vPqc9VXd}WZY
`�`�VZWX\]_aY�`vTQPSR*_JR}PSR
`�VXV�^�V�^�Tey�\]N�VBd]VZR*V�Pud]WiN�VXd��



0 50 100 150
Time (sec)

0

100

200

300

400

cw
nd

 (
14

48
-b

yt
e 

se
gm

en
ts

)
Standard
Floyd HSTCP

�
�=��
,7+�������6
���$�9

��������G&D$+�z�;9,$	��

������� �������B$�9

 >)$+!��	��
���!=7

�����!�"B����"<��$+!�7+��
�����$+! ��J8$+��"B��!����+>
$+!��S��
���!�7.�������
��7+�X�)�X����"
���z]4��$+!�7+��
�����$+!S��J8$+��"B��!�����&D$+�,*R����7+�\9
��!�"=$ 9

 1��,�
��KX$+�=�! �"

�����$+!�"�
G��!8��$ �������#�B$�9%>I���������6��
��Y*���!���(;��������K��=��
���$�&�$5Q5]
�B����-+����
5� ���=
���!�7:
���7+!�� NB����!P�\*�$+
�
���$G����� �%�z]&�B$�9('W��!�"#��$+!)(

��*))�=��!8��* F �\*R����7+�I����"���������$+!���!+�������-,�1u�����.)P�������z��!	�����zKX$���(
��*���!�����-S��$+�=�����	�������X��!=
���$6KX����$)$6
�E���*�*W>B
�$�� �����/�B$�9~��A)� ��


�*�$ 9L
��������I��$P$	� ����* F81u�
�=�%�
��7+�X�)�X����"0�B$ 9<���������=��
V&/�=*�*=KB��!�")(
9\��")���:
���J8������*?����E:��
I&/��
������I���B��!������5
�����!�"�����"1�B$ 9@9,$+��*�":KX�
��K�*��,��$1'D� �z!���J8���T"�$P��
�,�1��\& �����I�����
*�$+
�
V��J8��!8��>)�����2�
��7+�X�)�X����"
�B$ 9 ������$�J8����
\E�������&W��
�������1

^ _D`'aTb8c43Vf65Vt�vHs.7Tv2b87:9Ix<;1=k_/`'i>5Vq�cXc?7A@CBEDGF

K
N�V{WZY
[qT�_a`�VZ^�d]VZR*Y�o�d]WZVXRrYSgz^�VX\mPS_afJVZ^�K2L
M _a`�R~\*d]o�[�VZ`e\mPS\]_aY
`
PS`Q^vc9VXdBWZY
`�`�VZWi\]_JY�`�WZY
`e\*d]Y
faR�N�VZfac�P�faf"c�NQP�R*VXR�YSg�\]VZR~\]_a`��rK2L
M
Vi�A\]VX`�R*_aY
`�RZ�"¬BVXj�o�`e\]VZR~\]V�^zP�fa��Y�d]_p\]N�[�R$WZP�`lV�P�R*_afpylT9V
^�VXT�o����
V�^
_a`lVZ`bwb_ad]Y�`�[�VZ`e\]R?j2N�VXd]VU\]N�V/d]VZR*V�PSd]WmN�Vid/NQP�R��
YeYb^qwb_aR*_aT�_afa_p\�yl_a`b\]Y
\]N�VBcAd]Y�\]YeWZY�f=T9VZN�P�wA_aYSd2P�`�^�WZY�`e\*d]Y
f6Yuw�VXdC_p\]RCY
c9VidmPS\]_aY
`�RZ�
¤!YSd]V
[�Pu\]o�d]VzVX�b\]VZ`�R*_JY�`�R}W�P�`�T9VzV�PSR*_Jfpy{WXY
[�cQPud]V�^!j2_p\]N{Y�\]N�VXd�PSfJ��Y�x
d]_p\]N�[�R$Y�d/c�PSdmP�[�Vi\]VXd"WmN�Y
_aWZVXR"_J`lWZY�`�WZoAd*d]VZ`e\"Y�d/R*V��eo�VZ`e\]_�PSfbR*_�^AVXx
Teybx)R*_J^�Vn\]VZR~\]RzY�`�\]N�V�R]PS[�V�VZ`Q^OR~yAR~\]VZ[�RZ����`�\]N�V���`QP�f/R~\mPS�
VZR
YSg}^�VZw
VZfaY
c�[�VX`b\��=PSfJ��Y�d]_p\]N�[�RzW�PS`�T9Vnj2_J^�VXfay�^�VXc�faY�yeV�^O\]YrWZY
fpx
faVZWi\Bd]V�PSf$Y
c9VXdmPu\]_aY
`QPSf��QVXf�^vVi��c9Vid]_JVX`�WZVz_a`{R*o�WmN�PnjCPZy!\]N�PS\}d]VXx
R*VZPSd]WmN�VXd]R/W�PS`n[�P�`�P���V�\]N�V�d]_JR*kbR/PSR*R*YeWZ_JPS\]V�^nj2_p\]NnVi��c9Vid]_J[�VX`b\mPSf
cAd]Y�\]YeWZY�faRB_a`!cAd]Yb^�o�Wi\]_JY�`vVZ`bwb_pd]Y
`�[�VX`b\]RZ�
��`�\]N�VvgsY
fafaYuj2_a`���R*VZWX\]_aY�`�Rrj�V�_Jfafao�R~\*dmPu\]VO\]N�V�c9VXd�WZY
`�`�VZWX\]_aY�`
K2L
M,WZY�`e\*d]Y
faRqj2_p\]N�R*VZw�VXdmPSfCVX��P�[�c�fJVXRqYSg�Vi��c9Vid]_J[�VX`b\mPSf
PSfJ��Y�x
d]_p\]N�[�RZ�

4.1 Testing possible standard algorithms®AP�fafpy��$faY�y�^?� R��B_a�
N�®Ac9VZVZ^�K2L
M�gsY�drfJPSd]�
Vvj2_a`�^�Y�j2R�»   Áu¾�P�`Q^
K=Y
[¿º�VZfafay6� R�®bW�P�fJPST�faV�K2L
M2» Á « ¾UN�Puw
VlT9VXVZ`vd]VZ_a[�c�faVZ[�VZ`e\]V�^r_J`
\]N�Vr��VZT  Z«
« k�VXd]`�VXf
Tey�K�Y
[ |1o�`�_a��P�`±P�`�^��$fJYSd]VZ`�WXV{�$faYuj�VXd
Pu\ � �}¬1¥�o�`�^�VXd�\]N�Vl¬BVX\  Z«
« c�d]Yu­~VZWi\��lK
N�VZR*VnP�fa�
YSd]_a\]N�[�R�W�P�`
T9VOVZ`�P�T�faV�^�PS`Q^�WZY�`����
o�d]VZ^�c9VXdr¯�Y�j�j2_p\]N���VZT  �«�« WXY
`e\*d]Y
f
w�PSd]_JPST�faVZRZ�1c9Vid][�_a\*\]_a`��HWZY
[�c�PSd]_aR*Y
`�\]VZR~\]R.» He� ¢ ¾zT9VX\�j�VZVZ`�\]N�V
w�PSd]_aY�o�R}P�fa�
YSd]_p\]N�[�R�P�`Q^�R~\mP�`�^�PSdm^rWZY
`��
VZR~\]_aY
`!WZY
`e\*d]Y
f��
K
N�V � ��¬B¥�\]VZP�[ _aR2WZo�d*d]VZ`e\]fpy�\]VZR~\]_a`���Pld]VZ_a[�c�faVZ[�VZ`e\mPS\]_aY�`rYSg
�UVZ�
P�RUL�Y
`��
VZR~\]_aY�`�¤vP�`�P��
VX[�VZ`e\C» ½S¾Â�"��VUj
Y
o�fJ^qfa_ak�V�\]Y�_J`�WZfaoQ^AV
P�^�^A_a\]_aY�`QP�f"WXY
`���VZR~\]_aY
`�WZY�`b\*d]Y�f"P�fa��Y�d]_p\]N�[�RZ�9R*o�WiN�PSR1�b°1®AK1»  �¡ ¾
PS`Q^!_a`���VZT  �«
« �

4.2 Workarounds®bY
[�V�Vi��c9Vid]_J[�VX`b\mPSflK2L
M³P�fa�
YSd]_p\]N�[�R.PSd]V�j
YSd]k
Pud]Y
o�`Q^�R{gsY�d
R*c9VXWZ_p�QW!cAd]Y
T�fJVX[�Rn_a`H\]N�V�`�VX\�j
YSd]k�VZ`bwb_ad]Y�`�[�VZ`e\��/R*o�WiN�PSR�_a`�x

R*o�|�WZ_aVZ`e\�T�o�¹6VXd]_a`��n_a`!d]Y
oA\]VXd]R2Y�d}R~j2_p\]WiN�VZRZ�
��\�_aR�j
VZfaf�^AYeWZo�[�VZ`e\]V�^�\]NQPu\!K2L
M�`�VZV�^ARrP�gso�faf1T�P�`Q^bj2_J^A\]N�x
^�VXf�PZyOc�d]Yb^Ao�WX\zYSgCT�oA¹6VXd]_a`��rPS\lVZw�Vid*y�c9Y�\]VZ`e\]_JP�fUT9Y�\*\]faVZ`�VZWik�_a`
\]N�V�`�VX\�j�Y�d]k�\]Ynd]V�PSWiN!gso�faf$^�PS\mPqdmPu\]V�» ¼eÁ�¾)�
��g$\]N�V�`�VX\�j
Y�d]kr^�YeVXR
`�YS\lNQP�w�V�R*o�|�WZ_aVZ`e\qT�o�¹6VXd]_a`����"Y�`�V�Y�gC\]N�V�d]V�P�R*Y�`�Rz\]NQPS\qK2L
M
c9VXd*gsY�d][�P�`�WZV�R*oA¹6VXd]R1_aR�T9VZW�PSo�R*V�K2L
MC� Rn®bfaYujCx�®e\mPSd*\1j2_afaf�Yuw�Vid*x
¯QY�j \]N�V�R*N�Y�d*\��eo�VZo�V
�"PS`Q^.\]N�V�WZY�`�`�VXWX\]_aY
`�j2_afaf
c�d]VX[�PS\]o�d]VXfay
VZ`e\]VXd{L�Y
`���VZR~\]_aY
`,°}w�Y
_J^�P�`�WXV�Pu\�P·R*[�PSfaf1j2_J`�^�Y�j��¿�$faY�y�^6� R
¥=_a[�_p\]V�^ ®AfaY�jCx�®b\mPud*\u»   ½S¾l_a[�c�faVZ[�VZ`e\]R�PHj
Y�d]k�PSd]Y�o�`�^�gsY�dv\]N�_aR
c�d]Y�T�faVZ[³Tey�WZfJPS[�c�_a`��!®AfaY�jCx�®b\mPSd*\lPSR�\]N�Vqj2_a`�^�Y�j��
VX\]R�fJPSd]��V
�
K
N�VqP�fa��Y�d]_p\]N�[¿NQPSR1P�cQPudmP�[�VX\]VXd��JIY}�K L�L*MON�P�QELRNb�=j2N�_aWiN{fa_a[�_p\]R
\]N�V�P�[�Y�o�`e\"Y�g �eo�VZo�V�R*cQPSWZV�j2N�_JWmNzj2_JfafAT9V
o�R*VZ^lTey�\]N�V�WZY
`�`�VZWix
\]_aY
`�^Ao�d]_a`��1®AfaY�j�®b\mPSd*\/TeylR*faY�j2_J`��1\]N�V
_a`�WXd]V�P�R*V2YSg>S�T>UWVlj2N�VZ`
_p\�_aR�fJPSd]��VXd�\]NQPS`H\]N�_aRnw�P�fao�V�����g+IS}�K L*L*MON�P*QELRN�_aR�R*VX\�R*[�PSfafJVid
\]NQPS`O\]N�VqR*N�Y�d*\]VZR~\ �eo�VZo�Vl_a`O\]N�Vq`�VX\�j�Y�d]k9�6\]N�VnR*N�Y�d*\��eo�VZo�Vl_aR
faVZR*R1fa_ak�VZfpyv\]Y�W�P�o�R*VqcAd]VZ[�PS\]oAd]VzfJY�R*R*VZRZ�lK2L
M�NQPSR�P�WiN�P�`�WXVl\]Y
d]V�PSWiN!PqfJPSd]��V�VZ`�Y�o��
N�j2_a`Q^�Y�j�\]Yl�Qfaf9\]N�VB`�VX\�j�Y�d]k�c�_ac9V1T9VighY�d]V
VX�Ac9VXd]_aVZ`�WZ_a`���_p\]RC��d]R~\}faY
R*RZ�
K
N�V.^�Y�j2`�R*_J^�V�\]Y·¥=_a[�_p\]V�^�®bfJY�jCx�®b\mPud*\v_aRr\]N�PS\!K2L
M ®AfaY�jCx
®b\mPud*\=d]VXw�VXd*\]R=g�d]Y
[ VX�Ac9Y
`�VZ`e\]_�PSf�\]Y2R~\]VZVZc�fa_a`�VZPSd$j2_a`Q^AY�j���d]Y�jC\]N
P�T9Yuw�V:IS}�K L*L*MON�P�QEL�Ne����N�_afaV�\]N�_aR{[�PZy N�VZfac�Y
`,P�c�PSd*\]_aWZoAx
fJPSdzo�`Q^�Vid*x�T�o�¹6VXd]VZ^!fa_J`�k9�=_p\��Sd]V�PS\]fpy�R*faY�j2RlK2L
M Y�`Ofa_a`�kbRBj2_p\]N
c�d]Y�c9VXd1T�o�¹6VXd]_a`���P�`Q^{^AYeVZR*`=� \BN�VZfac�PS\BP�faf$gsY�d1fa_a`�kbR}j2_a\]N{VXw�VZ`
R*[�P�fafaVXd��eo�VZo�VZRZ��M/d]Y�c9VXd]fpy�R*VX\*\]_a`��XIY}�K L*L*MON�P�QEL�N.d]V��eo�_ad]VXR�P
^bx
w�P�`�WXV1Y
oA\*x�YSgsx)TQPS`Q^�_J`AghYSd][�PS\]_aY
`{PST9Y
oA\}\]N�V1`�Vi\�j
YSd]krc�PS\]N?�
K
N�_aRq_JRlY
`�V�VX��P�[�c�faV�YSgBPvWXf�PSR*RnYSgBPSfa�
Y�d]_p\]N�[�Rl\]N�PS\lj
V�d]VXghVid
\]YlPzj�Y�d]k�PSd]Y�o�`Q^ARZ�UK
N�VXy�o�R*V}R*Y
[�V}Y
o�\]R*_J^AVB_a`�gsY�d][�PS\]_aY�`=�bR*o�WmN
P�RlT9Y�\*\]faVZ`�VZWmk �eo�VZo�V�R*_a¨ZV
��\]Yv_a`�WXd]V�PSR*V�K2L
M<c9VXd*ghYSd][�P�`�WZV�Tby
fa_a[�_a\]_a`���K2L
M±_a`rR*Y
[�VBj
P�y�\]Yqc�d]VZw�VX`b\
_a\Cg�d]Y
[ Yuw�VXd*j2N�VZfa[�_a`��
\]N�V2`�VX\�j�Y�d]k9�$��YSd]k
Pud]Y
o�`Q^�R/W�PS`�`�YS\�T9V2R~\mP�`�^�Pudm^�_a¨ZV�^�T9VZWZP�o�R*V
\]N�Viy{�
VZ`�VXdmP�fafpy�^�Y�[�Y�d]VnN�PSd][¿\]NQP�`O�
YeYb^O_pgCP�c�c�fa_aV�^{\]YvPSd]T�_px
\*dmPSd*yrcQPu\]N�R
j2_p\]N�Y�o�\�P
^Aw
PS`�WZVB_J`AghYSd][�PS\]_aY
`?�
K
N�V ��YSd]k³°2d]Y
o�`�^ |�PSVZ[�Y
`§�h�O° |z��WZY
[�c9Y�`�VZ`e\�Y�g�\]N�V
¦�¬�VX\�j�Y�d]k�°}j
PSd]V � c9VXdmPu\]_J`�� ®byAR~\]VZ[�ª o�`�^�VXd�\]N�V,¬BVX\  Z«
«
c�d]Yu­~VXWX\u»  �« ¾A_a[�c�faVZ[�VX`b\]R=P
gsdmPS[�VXj
YSd]kB\]Y2R~y�R~\]VX[�PS\]_aW�P�fafpy�WZY�fafJVXWX\
P�`�^�[�P�`QPS�
V�WZY
`A�Q�
oAdmPS\]_aY
`q^�Pu\mP2gsY�d"j�Y�d]k�PSd]Y
o�`Q^ARZ�$��\�o�R*VZR"c9Y�fpx
_aWXy!P�`Q^rc�d]_aY�d�[�V�P�R*oAd]VZ[�VZ`e\]R2P�R}WZY�fJfaVZWi\]V�^vTey�\]N�V�¬1K$°����)®AVZV
R*VZWX\]_aY�`�½A� ½A��PST9YSw
Vu�q\]Y�R*VX\�c9VXd*x)WZY�`�`�VZWX\]_aY
`�WXY
`e\*d]Y
faR�R*o�WmN�PSR
IY}�K L*L�MONYP*QELRNb����`O\]N�_aR1[�P�`�`�VXdB_a\1W�P�`ON�VZfac�\]YrR~yAR~\]VZ[�Pu\]_aW�P�fafpy
^�VXc�faY�y�j�Y�d]k�PSd]Y�o�`Q^ARZ�
¬BYS\]V
\]NQPu\U\]N�V
�O°�|�[�VZWmNQPS`�_aR*[ W�PS`�`�Y�\�T9VC�
faY
T�P�fafpy�^�VXc�faY�yeV�^
T9VZW�PSo�R*Vl\]N�VzWZY
`A�Q��o�dmPS\]_aY�`�^�PS\mP�^�YeVZRB`�Y�\BR*W�P�faV
�1��\}j
Y
o�fJ^OT9V
T9VX\*\]VXd2\]Y�VZfa_a[�_a`QPu\]V1\]N�V�o�`�^�VXd]fpyA_a`���cAd]Y
T�fJVX[�R2\]N�P�`!\]Yqj2_�^AVZfpy
^�VXc�faY�y�j
Y�d]k�PSd]Y�o�`�^�RZ�/��V�N�Y
c9V�\]NQPS\
_J`�\]N�V1faY�`��qd]o�`���VZT  Z«
«
j2_afaf�NQP�w�V�\]N�_aRrVi¹6VZWX\�¶�T9VX\*\]VXd!Y
T�R*VXd]w
PST�_afa_p\�y�j2_afaf�VX�Ac9Y
R*V�\]N�V
o�`�^�VXd]fpyA_a`���`�VX\�j�Y�d]k�c�d]Y�T�faVZ[�R}P�`�^r\]N�V1�O° |,W�P�`vT9V�o�R*V�^r\]Y
^�VX[�Y
`�R~\*dmPu\]Vr\]N�V!c9Y�\]VX`b\]_JPSf}YSgB\]N�V!`�Vi\�j
YSd]kHTeyH[�P�R*kb_a`���\]N�V
c�d]Y�T�faVZ[�R�gsY�d�R*c9VZWZ_p�QW{N�Y
R~\�c�P�_pd]RZ��K
N�_aR�WZY
[qT�_a`QPu\]_JY�`�[�_a�
Ne\
[�Y�\]_aw�PS\]V�`�VX\�j�Y�d]kOP
^A[�_a`�_aR~\*dmPS\]YSd]Rl\]YvWXY�d*d]VZWX\z\]N�V�o�`�^�VXd]fpyA_a`��
c�d]Y�T�faVZ[�R
gsY�dBP�faf=o�R*VXd]RZ�

4.3 User mode congestion control��VXgsY�d]VCj
V2faYeY
kqPS\UVX��PS[�c�faVZR"Y�g6o�R*_a`��B��VZT  Z«
« \]Y1WXY
`e\*d]Y
fA[�Y�d]V
P�����d]VZR*R*_aw�VOK2L
M�PSfa�
Y�d]_p\]N�[�RZ�Cj
V{`�VXV�^·\]Y.WZY
`�R*_�^AVXd�_aR*R*o�VZR�Y�g
g�PS_pd]`�VZR*R�P�`�^vP�c�c�d]Y
cAd]_JPS\]V�VX�Ac9VXd]_a[�VZ`e\mP�f6VX\]_��eo�Vi\*\]V
�
®AY�[�Vz`�VX\�j
Y�d]kbR�R*o�WmN�P�R�|BVZcQPud*\][�VZ`e\�YSg�ÀU`�VXd]��y6� R�À�®A`�Vi\1PS`Q^
[�P�`eynWZY�d]c9YSdmPS\]VB_a`e\*dmP�`�VX\]R
Pud]VB[�_aR*R*_aY
`�Y�d]_aVZ`e\]V�^6�b[�V�P�`�_a`���\]N�V



0 5 10 15 20
Time (sec)

0

50

100

150

200
cw

nd
 (

14
48

-b
yt

e 
se

gm
en

ts
)

�ÂP
�	�}VZ`�Y
0 5 10 15 20

Time (sec)

0

50

100

150

200

cw
nd

 (
14

48
-b

yt
e 

se
gm

en
ts

)

SampleRTT
MinRTT
CurCwnd

��TQ� ��VZ�
P�R
�;!	������������!�$��5E:$P"��+>�9z�T
����T��&D�����'��KX$+�=�V�
$+!=�z
�����$+!�"%
�*�$�90
��������H�����V������"�� ����$+!B��*���
���9 ��$P$������2�5� [YQ0��$+!�7+��
�����$+!G��J8$+��"B��!����
������������!:��!��E�����+1u�������
	I��78��
�� E:$)"=�,��*�$��z
���$ 9

2��������K?����!�7%��$+!8����$+*�*���"���
z�5&/��!=������$+!�$�&2�����
�X��������� J8��":KX$�����*���!�����-1)P�������
��
,E:����
�������"�KPF:������"=� �2������!=���5��!6
���E:��*���"6��!�"CE:��!=��E���E
�u��� 'W��*�
�$���*�$�������"�,�1I�
�=��
���E:����
�������E:��!8��
z9,�����\����-+��!#��
���!�7��
� "�[SK���
�KX$�����*���!�����-S��!�"#��!S�����=��$ A)��E�������* F���"�E:
,"=��*R��F81

^%_/`'aIbPc��Vf��kx�cXb.p@w�7TcLy=w'sI`gc?x�t+_/w'sUy=wgsVt�b8w'r	m�c?iTv�9T_Dwgb

`�VX\�j�Y�d]k�_aR�^�VZR*_a�
`�V�^�R*c9VZWZ_p�QW�PSfafay�\]YzR*o�c�c9Y�d*\U\]N�V}c�d]_a[�Pud*y�[�_aR~x
R*_aY�`{Y�g"_p\]R2N�Y�R~\�YSd]��PS`�_a¨�PS\]_aY�`=�6PS`Q^r_aR2c�d]Y�c9VXd]fpy�R*_J¨XV�^r\]Y�^AY�R*Y��
��`�\]N�VZR*VU`�VX\�j
YSd]kAR?\]N�VU`�YS\]_JY�`zY�gAg�P�_pd]`�VZR*R$_aR�d]VZc�f�PSWZV�^�Tey1\]N�V/`�Y�x
\]_aY�`l\]N�PS\$[�_aR*R*_aY
`Ax)WXd]_p\]_JWZP�fA^�Pu\mP2_aR$[�YSd]V�_a[�c9YSd*\mP�`e\�\]YC\]N�VUY�d]�
PSx
`�_a¨�PS\]_aY
`�\]NQPS`�P�faf9Y�\]N�VXdC^�PS\mPb�/��`�\]N�VXR*V�`�VX\�j�Y�d]kbR�_p\
_aR
c9Y�R*R*_aT�faV
\]YnWZY
`�^�o�Wi\CVX�Ac9VXd]_a[�VZ`e\]R�\]Y�[�V�PSR*o�d]V}\]N�V1_a`e\]VXdmP�Wi\]_JY�`vT9VX\�j
VZVZ`
[�YSd]V�P�����d]VZR*R*_aw�VlPSfJ��Y�d]_p\]N�[�R}PS`Q^�fJVX��P�WiyvPSfJ��Y�d]_p\]N�[�R2_a`vPS`vPSo�x
\]N�VZ`e\]_aW
R*VX\*\]_a`���»   ¼��b½ £ ¾Â��j2_p\]N�Y�o�\UP�^�^Ad]VXR*R*_J`���P�fafAY�gQ\]N�V
c9Y
fa_p\]_aW�P�f
_aR*R*o�VZR}P�R*R*YeWZ_JPS\]VZ^rj2_p\]Nrg�PS_pd]`�VZR*RZ��°�R
faY�`���PSR
\]N�V1Vi��c9Vid]_J[�VX`b\mPSf
PSfa�
Y�d]_p\]N�[�R�Pud]VCo�R*V�^l_a`nWZYeYSdm^�_a`QPu\]_JY�`nj2_p\]N�[�_aR*R*_aY
`�x)WXd]_p\]_aW�PSf�PSc�x
c�fa_JWZPS\]_aY
`�R
P�`�^q\]N�VC¬�VX\�j�Y�d]k � c9VXdmPS\]_aY�`�L�VZ`e\]VXd��
\]N�VXy�Pud]V2R*N�VZfpx
\]Vid]V�^�g�d]Y
[�WXY
`e\*d]Yuw�VXd]R~ye�/K
N�_JR�R*_a\]o�PS\]_aY
`r_aR
VZR*c9VZWZ_JPSfJfpyrw
PSfaoQP�T�faV
gsY�dnWZY
`�^�o�Wi\]_J`���VX�Ac9VXd]_a[�VZ`e\]Rz\]Y{[�VZP�R*o�d]V�\]N�VrPSWX\]oQPSf�g�PS_pd]`�VZR*R
YSgUP�fa�
YSd]_p\]N�[�RC\]NQPu\}PSd]VlP�fafaVZ�
VZ^!\]Y�T9V1o�`Ag�PS_ad��
��`�\]N�_aR
w�VZ_a`?�e��VZT  �«
« _a`�WZfao�^�VZR
R*Y�[�V�WXY
`e\*d]Y
faR
\]YzR*o�c�c9Y�d*\Co�R*VXd
[�Yb^AV1WZY�`��
VXR~\]_JY�`{WZY
`e\*d]Y�fÂ�Aj2N�Vid]V1\]N�V1[�P�­~YSd]_a\�y!YSg$\]N�VBWZY
`��
VZR~x
\]_aY�`�WZY�`b\*d]Y�f�PSfa�
Y�d]_p\]N�[ _JR�_a[�c�fJVX[�VZ`e\]V�^v_a`�Pro�R*VXd*x)R*cQPSWZV�^�PSVXx
[�Y�`=��K
N�_aR2g�PSWZ_afJ_p\mPu\]VZR�ghP�R~\]VXd�c�d]YS\]Y�\�yAc�_J`���T9VZW�PSo�R*V�_p\�_JR2w�P�R~\]fpy
VZP�R*_aVXdC\]Yl^�VZT�o���WZYb^AVB_a`�o�R*VXd*x)R*c�P�WZV2\]NQPS`�_a`�\]N�V�k�Vid]`�VZf��/K�Yq^�Y
\]N�_aR2j�V�_a[�c�faVZ[�VZ`e\]V�^�\�j�Y�K2L
M±WZY�`e\*d]Y
f�w�PSd]_JPST�faVZRZ¶

� wW@CB�°§w�P�fao�V·Y�get�b)aIc ^�_aR]P�T�fJVXR�\]N�V ¦~P
^�^�_p\]_aw�V·_J`�WXd]V�PSR*VZª
cQPud*\/Y�g�\]N�VCK2L
MC� R�°}�*¤k|�WXY
`���VZR~\]_aY
`�WXY
`e\*d]Y
fAP�fa��Y�d]_p\]N�[v�
��N�VZ`HR*VX\���S�T>UWV�d]VZ[�PS_a`�RlWZY
`�R~\mP�`e\no�`�faVZR*Rld]V�^�o�WZV�^�Tey
R*Y
[�V�WXY
`���VZR~\]_aY
`v_a`�^�_aW�PS\]_aY�`=�QYSd�P
^S­�o�R~\]V�^rTby6¶

��� s.7.@/7���azx�t�L�j2`�^�j2_afaf2T9VvP�^S­~o�R~\]V�^�o�c�Y�d�^AY�j2`±Tey�\]N�V
R*_a�
`�V�^nw�P�fao�VUjCd]_a\*\]VX`n\]Y�L�j2`�^�°B^u­~o�R~\���PS`Q^�L�j2`�^�°�^S­~o�R~\
_aR2WZfaV�PSd]V�^6�

K=Y1_a[�c�faVZ[�VZ`e\$WXY
`���VZR~\]_aY
`�WZY�`e\*d]Y
fA_J`no�R*VXd/R*c�P�WZV
�
R*VX\/\]N�V������� 
w�PSd]_JPST�faVv\]Y.\*d]o�V
��K
N�Vvk�VXd]`�VZf
j2_afaf�R~\]_afaf�[qo�fp\]_ac�fa_aW�PS\]_aw�VXfay·^AVXx
Wid]V�P�R*V S�T!U V!j2N�VZ`�WZY�`���VZR~\]_aY
`O_JR1^�VX\]VZWi\]V�^?�BK
N�Vq^�PSVZ[�Y
`�P�^Ax
­�o�R~\]R	S�T>UWV�_J`rR~\]VZc�R2Tey�jCd]_p\]_a`���\]Y�! T>U V���V�"$#?L*M���ghY�d}VX��PS[�c�faV
�
Tey�jCd]_p\]_a`��&%   Vi��PSWX\]fpy!Y�`�WZV�c9VidCd]Y
o�`�^r\*d]_acr\]_a[�V
�

K�Y.w
PSfJ_J^�PS\]V!\]N�VZR*V!w�PSd]_JP�T�faVZRZ�
j
VrjCd]Y�\]V{POR*_J[�c�faV!o�R*Vid�[�Yb^�V
WZY�`��
VXR~\]_JY�`nWZY�`e\*d]Y
fb^�PSVZ[�Y
`�j2N�_JWmNqP�c�cAd]Y���_a[�Pu\]VZfpy1_a[�c�faVZ[�VZ`e\]R
R~\mP�`�^�Pudm^ ��VX`�YvR~\�y�faV�L�Y�`��
VXR~\]_JY�`�°�w�Y�_J^�P�`�WZV{»   H�¾2P�`�^ �UVZ��PSR
» ½S¾Â� K
N�V�ghY�fJfaY�j2_a`��·c�R*VZo�^�YSx�WXYb^�V�R*o����
VZR~\]R!\]N�V�_J[�c�faVZ[�VZ`e\mPSx
\]_aY
`?�AP�fp\]N�Y�o��
N�\]N�V�P�Wi\]oQP�f�_J[�c�faVZ[�VZ`e\mPS\]_aY
`�\]YeY�k�P
^Aw
PS`b\mPS�
V}Y�g
\]_a[�VXd]RZ��VX\]W
�AghY�d}VX|�WZ_aVZ`�WXye� '

�)( �+*=�-,/. � � �B�10)0324.+5)6�7)8 � .:9)2);=<?>
@ � � � ��(A, ����BDCg�:EB�F<3>
G �:H?�JI
@ HKE4BDC �+L4B @ �:MN0
.:HKE�O��+LQP
�8�)HKE4B @ �+MR0?S+T��KS)�)HKEJP
�)( ��*=�U,/.:HKE�O��+LWV @ HKEKBDC �+L4B @ �+MKX��+�)HKE4B @ �+M=<
P

S)�)HKE)6�E4Y:T @ �W0 �ZP
�B�B� ��[\P

] �)��� @ I
@ HKE4BDC �+L4B @ �:MN0
.:HKE�O��+LQP
�8�)HKE4B @ �+MR0?S+T��KS)�)HKEJP
�)( ��*=�U,/.:HKE�O��+LWV @ HKEKBDC �+L4B @ �+MKX��+�)HKE4B @ �+M=<
P

^ TX�+TX�
0 �8�)HKEKB @ �+M4_`, �8�)HKEKB @ �+M�a�O ��H G 5�54b).��DC � *=� G 5K5=<ZP
� �c, ^ TB�+TX�1V36+8)d)9K6=<
S)�)H)E)6)E4Y:T @ �W0 �ZP

�K* @ � � �c, ^ TX�:TX�1ef7)2)5)6=<
S)�)H)E)6)E4Y:T @ �W0?_2�:a$C �+LQ,), ^ TX�+TX�)_:7)2K5)6F<:b�gJh~�+<iP

�B�B� ��[\P
j

j

��_p\]N±\]N�V!��VXT  �«�« _a`�g�dmP�R~\*d]o�Wi\]o�d]V{_a`�c�f�PSWZV
�C\]N�Vvk�VXd]`�VZf2cQPSd*\
Y�g/\]N�_JR}_a[�c�faVZ[�VZ`e\mPu\]_JY�`v_aRBR*_a[�c�faV
�2�)\BY�`�fpy!d]V��bo�_pd]VZR ¢ fa_a`�VZR�Y�g
' � `,Y�o�d.`�VX\�j
YSd]kARZ� ��VX��P�R�P�faR*Y'd]V��eo�_pd]VZRON�_a�
N�VXd.d]VXR*Y
fao�\]_aY
`\]_a[�VXd]Rq\]N�P�`H`�Y�d][�P�fafpyHcAd]YSwb_J^�VZ^�Tby�¥=_a`bo��HÁb� ¼���K
N�VrR~yAR~\]VZ[WZfaYeWmk�j
P�R2d]VZWZY
`A�Q��o�d]V�^�\]Y�c�d]Yuwb_J^�V1\]N�VB`�VZWZVXR*R]PSd*y�d]VZR*Y
fao�\]_aY�`=�



0 2e+05 4e+05 6e+05 8e+05 1e+06
Receive buffer size (bytes)

0

20

40

60

80

100

T
hr

ou
gh

pu
t (

M
bp

s)
10000
65000
128000
512000
1000000

��������*�$�����$+!8������!=
\$+!��	*���!=�\&D$+�,� �����#
���!�"6K����?����
���������� ��A)��

����������
���!P��
I������J+������$+��
T��������� J8�
K����?���T
�������
 >P��!="��o��A)��
T��
V�����
����������J8��"#������$+�=7+�����=��1

^%_/`'aTb8c	�Tf65ut+a.7Tc?sut�F v2t�v

35!5�����T*���& �H9,�V
����I�,7+�������	$�&=$+!���(;
�����$+!�"%"���* ����
'��!�

���������������
��� �����R�+>���)P��� J���*���!8�'��$\�����T������$+��7+�=���=�u$�&������z��$+!�!���������$+!H1 � �

����z������
u����E:� ���G��
u�����,��$+!�!���������$+!:7+$P��
V������$+�=7+���)*�$ 9�(��8�������
��!�":�����?����

$D�S��
,� �,���������=��
�� ��
 � "�"�[SK��=
,��!P������&/�����\*���!��5�������
' �����
*�$P� ��*X��!8������&W�����
��
I������
T�B�����"! 
zKX$�����*���!�����-<,�1�35!G�����\����7+�P��>
9,�

����	�	��*�$��,$�&$#&%�'('��)��� �+*,
-
@9
����������!������ ��
���
z&/��$+EU��KX$+�=�
����E:
5��$  ��CE:
�>2��!="�����������!�76�������	���������G��
%�	)P�������:K��=��*�"���!�7
���#���
�����	KX$�����*���!�����-X1,������
���

��7+$)$P"#�������#&D$+�,���=��
>��$ 9%1

^%_/`'aIbPc/.VfGjlcXm5dXngn@x�t�bP_/q y)iIvHb8tYt�wuw'r

WXfJVZPSd���VZP�R~y1\]Y}w
PSfa_�^�PS\]V�WZYb^�V
�$°�fafeY�gA\]N�VU_a`e\]VXd]VZR~\]_a`��}WZY
[�c�faVX�A_a\�y
_aR}_a`r\]N�Vz^�P�VZ[�Y�`=�bj2N�_aWmNv_aR}ghPSd}V�PSR*_JVidB\]Y�^AVZT�o���P�`�^!P�^�P�cA\�P�R
\]N�V�VX�Ac9VXd]_a[�VZ`e\mP�f/PSfJ��Y�d]_p\]N�[tVZw
Y
faw�VZRZ����oAd*\]N�VXd][�YSd]V
�=WiN�P�`���VZR
WZP�`vT9V1\]VZR~\]VZ^�j2_p\]N�Y�o�\2d]VZT9YeY�\]_a`����
��_a\]N���VXT  �«�« _p\�_aR�w�VXd*yvV�P�R~y{gsY�dlP�`ey{d]VZR*VZPSd]WmN�VXd�\]YrP
^�^.P�^Ax
^A_p\]_JY�`QPSf�R*_a[�c�faV�WZY�`b\*d]Y�faRq�ÂPS`Q^!VZw
VZ`!_a`�R~\*d]o�[�VZ`e\]Rm��\]Y�K2L
M±gsY�d
dmPSc�_J^rcAd]Y�\]YS\�yAc�_a`��lY�g$VX�Ac9VXd]_a[�VZ`e\mP�f6P�fa��Y�d]_p\]N�[�RC_a`!o�R*VXd2R*cQPSWZV
�
�BP�wA_a`��2PCg�dmP�[�VXj�Y�d]kB\]N�PS\=V�P�R*_afpy�R*o�c�c9Y�d*\]R?R*c9VZWZ_JPSfJ_a¨ZVZ^zd]VZR*VZPSd]WmN
_a`�R~\*d]o�[�VZ`e\]R1PS`Q^�P
^�^�_p\]_aY
`�P�f/c9VXd�WZY�`�`�VZWX\]_aY
`OWZY
`e\*d]Y�fJR��Sd]V�PS\]fpy
ghP�WZ_afa_p\mPS\]VZR}dmP�c�_�^rc�d]Y�\]YS\�yAc�_a`����
K
N�_aRv_aRv`�YS\!j2_p\]N�Y�o�\�P�^�Y�j2`�R*_�^AV
¶·VX�Ac9Y
R*_a`���\]N�_aR!^�VZ�Sd]VZV�YSg
WXY
`e\*d]Y
f�W�P�`�PSfaR*Y1g�P�WX_Jfa_p\mPS\]V�P�T�o�R*V
�$��\U_aRU`�Y�\/\]VXd*d]_aT�fpyn^�_p|�WZo�fp\U\]Y
_a[�PS�
_a`�V�P�����d]VZR*R*_aw�VZfpyz\]o�`�V�^1c9VZVXd*xÂ\]YSx�c9VXVXd"PSc�c�fa_aW�Pu\]_JY�`�R$WZP�o�R*_a`��
WXY
`���VZR~\]_aw�V1WZY�faf�PSc�R*V1YSg$PzW�PS[�c�o�RU`�Vi\�j
YSd]k9�/�BY�j
VZw
VXd��e\]N�_aR�d]_aR*k
_aRq`�Y�\n`�VXj Y�dno�`�_��eo�VZfpy�W�PSo�R*V�^�Tey���VZT  Z«
« R*Y�g�\�j
PSd]V
��°�`Q^6�
o�`�fa_ak�V
|1VZ`�_JPSfax)YSgsx�®AVXd]wb_aWZVZR$\]YeY�faR/P�fpd]V�P
^byzo�R*V�^�\]Yb^�PZye�SPC��VZT  �«�«
K2L
M�j2_afafQ`�Y�\�fJ_aV}P�T9Y�o�\�_p\]R�VZ`�^�c9Y�_J`e\U�~M.P
^�^Ad]VZR*R*VZRZ�APS`Q^n_aR�R~\]_Jfaf
WXY
`�R~\*dmPS_a`�V�^vTey�\]N�V�d]V��eo�_pd]VZ[�VZ`e\]RCY�g�d]VZfa_�PST�faVl^�VZfa_aw�VXd*ye�

1985 1990 1995 2000 2005
Year

0.1

1

10

100

1000

10000

M
bp

s

Expert
Novice
Ethernet

�����Y��$+������$+!8����*5KB����
���!�"����������S���=�.*�� &D����F=��*��S$�&10V��������!����S���
� ��
C��J�����*R��K�*�� 
��X����"�
C&D��$+E ��!P����$P"���������$+!o��$kE���������� �;F81 �����
�����R��!�7+*���
S����� �������B��* "B�����4�X$+��!8��
C$�&��;!8������!����Y�X����&/$+��E���!����
E:��*���
���$+!���
 1 �����6"B��
�����"4*���!������*��������
������C7+��!�������*�������!�"4��!
��J8������7+��������$+��7+�=���=�GK���
���"k$+!k9z$+��-P
���������$+!�
(!'"���&/����* ��K=���?���

�������
 >?9
������� ��$+
�� &D��$+E32C�54e��! �(6�7 �6��$  +2C�54o��$P"B��F8>u��!="
Z\$+����� �5E:������� ��!#��$+!8����!���!P����*T��$+��!�"Y�������S����E:��
�>?9
�������Y�B��J8�
"���$+�=�?��"C��KX$+�=�\��"�8 "����
��$ ����7+�����z��*�$P��-G
��X����"�
���!�"�
��=$+�������
�B����-+������$+�8FC����E:��
 1

^%_/`'aTb8c/9Vf�h6iTc0j _;:=vHb
7=<.vHq

5. EDUCATION��VXT  �«�« NQPSRqPSfaR*YOcAd]Yuw�V�^�o�R*VXgho�f�_a`�Pr\]V�PSWiN�_a`��{VZ`bwb_pd]Y
`�[�VX`b\��
¥�Pud*d*yL|1o�`�`{o�R*VZRB_a\B_a`�P�`�VX\�j
YSd]kA_a`��rWZfJPSR*RzPS\B\]N�V#{�`�_aw�VXd]R*_p\�y
Y�gC¤!_a`�`�VXR*Y�\mP�\]YrN�VZfac�R~\]oQ^AVZ`e\]R1VX�Ac�faYSd]VnWZY�`�WZVZcA\]R1d]VZfaVZw�P�`e\B\]Y
K2L
M$��R*o�WmNzP�R?\]N�V/TQPS`Q^bj2_�^b\]N�x�^�VXf�PZy�c�d]Yb^Ao�WX\�P�`�^1N�Y
R~\�`�VX\�j
YSd]k
T�oA¹6VXd]RZ�
��`�\]N�_aRCWZfJP�R*RZ��R~\]oQ^AVZ`e\]R���d]R~\2�
P�_a`{Plj�Y�d]kb_a`���kb`�Yuj2faV�^A�
V�YSg$\]N�V
��VXT  �«�« ��dmPSc�N�_JWZP�f=\]YeY�faR�_a`{P�¥=°�¬�VZ`bwA_pd]Y�`�[�VZ`e\��"K
N�VZ`=�A\]N�Viy
o�R*V}\]N�VZR*V2\]YeY
faR
\]YlR~yAR~\]VZ[�PS\]_aW�PSfJfpy�w�PSd*y�T9Y�\]N�R*VZ`Q^�PS`Q^�d]VZWZVZ_aw�V
T�oA¹6VXd2R*cQPSWZV�ghYSdBPnK2L
M±¯QY�j d]o�`�`�_a`��nYuw�Vid}Pnj2_�^AVzPSd]V�P�c�PS\]N?�
P�`�^lVi��PS[�_a`�V�\]N�V�_a[�cQPSWX\$Y�`nc9VXd*gsY�d][�PS`�WZV
�$KUyAc�_aW�PSfed]VZR*o�fp\]R/PSd]V
R*N�Y�j2`�_a`H�$_a��o�d]V�¼��r��d]Y�[�\]N�_aRzVX�Ac9VXd]_a[�VZ`e\��?\]N�VXyOfaV�PSd]`.\]NQPS\
VZ_p\]N�Vid1P�R*VZ`�^!Y�d}d]VZWZVX_Jw
VlT�o�¹6VXd}R*[�PSfJfaVXd}\]NQPS`!\]N�VzT�P�`Q^bj2_J^A\]N�x
^�VXf�PZy�cAd]Yb^�o�Wi\nj2_afaf}cAd]Y
c9YSd*\]_JY�`QPSfJfpy�fa_a[�_p\�\]N�d]Y�o��
N�c�oA\��HK
N�Viy
P�faR*YqR*VZVB\]N�V}_a[�cQPSWX\
YSg$w�PSd]_aY
o�RC^�VXghP�o�fa\
T�o�¹6Vid
R*_a¨ZVZR 	�PC�S¼nºz�
T�oA¹6VXd�R*_a¨ZV{fa_a[�_p\]R�VZw�VZ`�\]N�Vr[�Yb^�VZR~\�c�PS\]N±o�R*V�^�TeyH\]N�V!WXf�PSR*R
\]Y  u£ ¤!T�c�RBw
VXd]R*o�R2\]N�VzPSWiN�_JVXw
PST�faV ¡�« % ¤!T�c�RZ��®e\]oQ^AVZ`e\]RCW�P�`
P�faR*YrVZ[�c�_pd]_aW�P�fafpyO^�Vi\]VXd][�_a`�Vz\]N�VlTQP�`�^Aj2_J^A\]NAx�^�VZfJPZy{c�d]Yb^Ao�WX\BY�g
\]N�VBcQPS\]N!o�R*V�^�ghY�d2\]N�V�VX�Ac9VXd]_a[�VZ`e\��
K
N�VC[�Yuwb_a`��}TQPud��SdmP�c�N�^�_ac�f�PZyeVZ^qTeyz\]N�V���VZT  Z«
« \]YeY�faR�_aR/N�VZfacAx
gho�f=_a`vWXY
`�`�VZWX\]_a`��n`�VX\�j
Y�d]k�VZw�VX`b\]R2PS`Q^vK2L
M±T9VZNQP�wb_aY�d���®b\mPud*\*x
_a`��Bj2_p\]N�P�^�V��eo�PS\]VZfpylR*_a¨ZV�^�T�oA¹6VXd]RZ�
^�_aR*c�fJPZyA_J`��B\]N�V
\]NAd]Y
o��
N�c�o�\
c9VXdCR*VXWZY
`�^�R*N�Yuj2R2Pz�
VX`b\]faVBK2L
M·R]PZjC\]YeY�\]N?�
¥?YeY
kb_a`��lR*_a[no�fp\mPux
`�VXY
o�R*fpyzPu\B¦~L�Y
`��
VZR~\]_aY
`Q®A_a�
`�P�faR*ªBd]VZc9YSd*\]V�^zPS\=\]N�V/R*VZ`Q^AVXd$R*N�Y�j2R
P�^�_pd]VZWi\�WZYSd*d]VZR*c9Y
`�^�VZ`�WZV2T9VX\�j�VZVZ`�WZY�`���VZR~\]_aY
`�R*_a�
`QPSfaR
P�`�^qdmPS\]V
d]V�^Ao�WX\]_aY
`!�h\]N�V2^�Y�j2`ejCPudm^�V�^���VCY�g9\]N�VCR]P�jC\]YeYS\]N9�i�UK
N�_JRUR*VXd]w�VXR
\]Y}`�_aWZVZfpyz_afafJo�R~\*dmPS\]V�\]N�V
K2L
M{WZY�`��
VXR~\]_JY�`�WZY�`b\*d]Y�fafJVid�� R"T9VXNQP�wb_JYSd��
��\�_aRBPSfaR*Yrc9Y�R*R*_JT�faVl\]Y�R*VZV�\]N�VlWXY�d*d]VZfJPS\]_aY�`.T9VX\�j
VZVX`vd]Y
o�`�^AxÂ\*d]_ac
\]_a[�V}P�`Q^�PS`Q^nj2_a`Q^AY�j�R*_a¨ZV�P�R�\]N�V�T9YS\*\]faVZ`�VZWmk��eo�VZo�VC�Sd]Yuj2RZ��PSR
R*N�Y�j2`v_a`{�$_a��o�d]V £ �



������
	
��=$ 9

 �����&�������R��7+� �#J������R��K�*���
 ��
 �#�����G����������1C����������(
����� J8���I$+!G���=��
��B$�9 
�*�������
IKX���;9z����!�������"�
�>P
�$������\��������� J8��9
��!=(
"�$�9 ��
������	E�����$+��� �;FG*���E:� �z&/$+�,������
 �B$ 9%1

^ _D`'aTb8c��uf�h�bP_/vH`Hc<t�wVwgr ;

®e\]oQ^AVZ`e\]R$NQP�w�V
o�`�_pghYSd][�fpyld]VXc9Y�d*\]V�^z\]NQPS\"\]N�_aR/\�yAc9V�Y�g6N�P�`�^�R~x)Y
`
Vi��c9Vid]_JVX`�WZVlj2_a\]N���VXT  �«�« N�P�R�^AVZVZc9VZ`�V�^v\]N�VZ_pdBo�`Q^AVXd]R~\mP�`�^�_a`��
YSg?TQP�`�^Aj2_J^A\]NAx�^�VZfJPZylc�d]Yb^�o�WX\U_aR*R*o�VZRUR*c9VZWZ_p�QWZP�fafpye�AP�`Q^nK2L
M�T9VXx
N�P�wA_aYSd���VZ`�VidmP�fafpye�

6. DIAGNOSTICSK
N�V���VZT  Z«
« cAd]YS­�VZWX\nj
P�Rq_J`�_p\]_�PSfafay�[�Y�\]_aw
Pu\]V�^�TeyO\]N�V�d]VZWZY���x
`�_p\]_JY�`O\]N�PS\BY�dm^�_a`�PSd*y{`�VX\�j�Y�d]kvo�R*VXd]R1_a`�R*o�WmN.^A_aw�VXd]R*Vq��VZfJ^�RBP�R
N�_a�
NvVZ`�VXd]��yrc�NeyAR*_aWZRZ��WZY
[�c�o�\mPS\]_aY�`QP�f6T�_JY�faY
��ye�QP�R~\*d]Y�`�Y
[lyrP�`Q^
[�Vi\]VZY�d]Y�fJY���y<» Á�¾�j�VXd]V{w�VXd*y·o�`�NQPSc�ceyHj2_p\]N±\]N�V{c9VXd*ghYSd][�P�`�WXV
YSg1\]N�VX_ad�`�VX\�j�Y�d]kHTQPSR*V�^�PSc�c�fa_aW�Pu\]_JY�`�RZ� K
N�VZ_pd!^A_aR*R]PS\]_aR~g�PSWX\]_aY
`
j
P�RUVX��P�WZVid]TQPS\]VZ^�Tbyz\]N�V
N�_a�
N�fpync�o�T�fa_aWZ_a¨ZV�^l��d]R~\U`�VX\�j
YSd]kn¥=P�`Q^
®bc9VZV�^k�}VZWZYSdm^�» ¼
¼�¾Â�C��V�WZY
_a`�VZ^!\]N�V1\]VXd][µ¦���_J¨ZPSdm^�©1P�c�ª{» Á�½S¾
\]Y1^�VZR*WXd]_aT9V�\]N�V
R*_p\]oQPu\]_JY�`nj2N�Vid]V
`�VX\�j
YSd]kA_a`��BVX�Ac9VXd*\]R"WZY�o�fJ^q��VX\
YSdm^�VXd]R�Y�g�[�P��
`�_p\]oQ^�VUT9VX\*\]VXd�c9VXd*ghYSd][�P�`�WZVU\]N�P�`zY�dm^A_a`QPSd*y1o�R*VXd]RZ�
PS`Q^�\]N�V�^A_a¹6Vid]VZ`�WZVB_JRC_a`�WXd]V�P�R*_a`���VX�Ac9Y
`�VX`b\]_JPSfJfpye��®bVZV1�$_a�
oAd]V��A�
{�`Q^AVXdr\]N�V{��VZT  �«
« cAd]YS­�VZWX\vj�VOgsYeWZo�R*V�^�Y�`'\�j
Y·P�R*c9VXWX\]R!YSg
WXfJY�R*_a`��!\]N�Vq��_a¨�Pudm^�©1P�c?¶B��d]R~\���d]V�Pu\]fpy._a`�WXd]V�P�R*V�\]N�Vn`�VX\�j�Y�d]k
PS`Q^�R~yAR~\]VZ[¸P
^A[�_a`�_aR~\*dmPS\]YSd]RvP�T�_afJ_p\�y�\]Y�_a`�R*c9VZWX\�\]N�V�`�VX\�j�Y�d]k
PS`Q^1cAd]Y�\]YeWZY�feR~\mP�WmkB\]YCN�VZfacz^A_�PS�
`�Y
R*V�N�_J^�^�VX`�T�o���RZ�SP�`�^1R*VZWZY
`�^?�
PSo�\]Y�[�PS\]V}VZ`Q^bx�R~yAR~\]VZ[,\]o�`�_a`��1\]Y�d]V�^Ao�WZVC\]N�V}faVZw�VZf�Y�g=VX�Ac9VXd*\]_aR*V
`�VZV�^AV�^�Tbyn\*d]o�V}VZ`Q^�o�R*Vid]RZ�UK
N�_aR
fJPS\*\]VXdCP�R*c9VZWX\
_JR
P�`�VX�b\]VZ`�R*_aY
`
YSg
cAd]_JYSdzP�oA\]Y�\]o�`�_a`���j
YSd]k6» ½ ¢ �  
  �   �S¾�P�`�^{j2_afaf/T9VqWXYSw
VXd]V�^�_J`
Plgho�\]oAd]V�cQPSc9VXd��
°}fp\]N�Y
o��
NO`�VX\�j
YSd]k�^�_JP���`�Y
R~\]_aWZRlPud]VnWZVZ`e\*dmPSf/\]Y�\]N�Vqc�d]Yu­~VZWi\lP�R
P�j2N�Y�faV
�A_J`�\]N�_JR�R*VZWX\]_aY
`�j
V}j2_Jfaf?^�VXR*WXd]_aT9V�Y�`�fpy�P�WZY
o�c�faVBYSg=\]N�V
[�Y�R~\2_a[�c9Y�d*\mP�`e\2VX��PS[�c�faVZRZ�

6.1 The triage instrumentsK
N�VO\*d]_JPS�
V�_a`�R~\*d]o�[�VZ`e\]R�PSd]VO[�Y
R~\ro�R*VXgso�f1gsY�d!\]N�V�w�VXd*y���d]R~\
_a`bw�VZR~\]_a�
PS\]_aY
`{YSgUP�c9VXd*ghYSd][�P�`�WXV�c�d]Y
T�faVZ[v��K
N�VZR*Vz_a`�R~\*d]o�[�VZ`e\]R
cAd]YuwA_J^AV
P}^�_pd]VZWX\"_a`�^�_aW�PS\]_aY�`qYSg�\]N�V�VX�b\]VZ`e\=\]Y2j2N�_aWmNnP}T�o�fJk1^�PS\mP
\*dmPS`�R~gsVXdC_aR
fa_a[�_a\]VZ^�Teyq\]N�V}R*VZ`Q^A_J`��zN�Y
R~\��ed]VXWZVZ_awb_J`��qN�Y
R~\CYSd�\]N�V
c�PS\]N�_a`�T9VX\�j
VZVX`=�2Tey±\*dmPSWikb_a`��.\]N�V�VZw�VZ`e\]R�\]N�PS\rW�P�o�R*V.K2L
M
\]Y.R~\]Y
c·R*VZ`Q^A_a`���^�PS\mPb��K
N�V!��VZT  �«�« o�R*Vid�\]YeY
f}kb_a\�_J`�WZfaoQ^AVZR
P�©�{���\]YeY�fB��R*N�Y�j2`�_a`H�$_a��o�d]V/H
�1ghYSdq^�_aR*c�fJPZyA_J`��v\]N�Vnd]VXf�Pu\]_aw�V

P�[�Y�o�`e\]R}Y�gU\]_J[�V�\]N�PS\�K2L
M�R*c9VZ`�^�R}jCP�_p\]_a`���_a`�V�P�WmN�Y�g/\]N�VZR*V
\]N�d]VXV�R~\mPS\]VZRZ¶

�Yc?y=c?_O9'cXbXfBK2L
M R~\]Y
c�c9VZ^·R*VZ`�^�_a`��.^�Pu\mPOT9VXW�P�o�R*Vv_p\�dmP�`±Y
o�\
Y�g$d]VZWXVZ_aw�VXd2j2_a`Q^�Y�j���K
N�_aR}_a`Q^�_aW�Pu\]VZRC\]NQPu\C\]N�VBd]VZWXVZ_aw�VXd}_aR
P�c�c�fpy�_a`��q¯QY�j'WZY�`e\*d]Y
f?TQP�Wmk�c�d]VXR*R*o�d]VB\]Yn\]N�VBR*VZ`�^�VXdz��T9Vix
W�P�o�R*V�\]N�VBP�c�c�fa_aW�PS\]_aY
`r_aR
`�YS\
k�VZVXc�_a`��lo�c�j2_p\]N�\]N�VB^�PS\mP
�
Y�d!\]N�PS\�\]N�V�d]VZWZVZ_aw�Vidv_aR![�_aR~xÂ\]o�`�V�^<��_a`�R*oA|�WZ_aVZ`e\!T�o�¹6VXd
R*cQP�WXVu�i�

��v2t+i\fBK2L
M�R~\]Y
c�c9V�^qR*VX`Q^�_a`���^�Pu\mPBT9VZW�PSo�R*VC_p\/dmP�`nY�o�\UY�gQWZY
`Ax
�
VZR~\]_aY
`lj2_a`Q^�Y�j������
	��Q��YSd/VX�Ac9VXd]_aVZ`�WXV�^zP2d]VX\*dmPS`�R*[�_aR*R*_aY
`
\]_J[�VXY
o�\���K
N�_JR��
VZ`�VXdmP�fafpy�_a`Q^A_JWZPS\]VZR�_J`�R*o�|�WX_JVX`b\B`�VX\�j
YSd]k
W�P�c�P�WZ_p\�yrY�d�PncAd]Y
T�fJVX[�j2_a\]Nr\]N�V1`�VX\�j�Y�d]k�cQPu\]N=�

5Vc?s.7TcXbBfBK2L
M�R~\]Y
c�c9V�^nR*VZ`�^�_a`��z^�PS\mPBVZw
VZ`n\]N�Y�o���N�_p\�N�P�RUR*o�g�x
�QWZ_aVZ`e\
WXY
`���VZR~\]_aY
`{PS`Q^�d]VZWZVX_Jw
VXd
j2_a`Q^AYuj���K
N�_JRC_a`�^�_aW�PS\]VXR
\]NQPS\B\]N�V�®bVZ`Q^AVXdBdmPS`.Y�o�\�YSgC^�PS\mP.�ÂPSc�c�fJ_aW�Pu\]_aY
`�fa_a[�_p\]V�^Q�
Y�d1R*Y�[�VqYS\]N�VXd1R*VZ`Q^AVXd�PSfJ��Y�d]_p\]N�[�R*o�WmNOP�RB\]N�Vl¬BP���fJV
» ½ « ¾
Y�dB®b� ®�» �S¾=R~\]Y
c�c9VZ^r\]N�V1R*VX`Q^�Vid��

��`![�Y
R~\}R*_p\]oQPS\]_aY�`�R2\]N�VzK=d]_JP���VnK=YeY
f�_J^AVZ`e\]_a��VZR2Y
`�VlR*o�T�R~yAR~\]VZ[
P�R?\]N�VUc�d]_a[�PSd*y�T9Y�\*\]faVZ`�VZWmk6�uVXfJ_a[�_a`QPu\]_a`��2VX¹6Y�d*\=\]NQPu\�[�_a�
Ne\=NQP�w�V
T9VZVZ`{j
P�R~\]V�^.^�VZT�o��
��_a`���\]N�VlY�\]N�VXd�`�Y�`�x)T9Y�\*\]faVZ`�VZWmk�V�^vR*o�T�R~yAR~x
\]VZ[�RZ�
K
N�VC\*d]_JP���V1©�{���\]YeY
f�_JR�T�o�_Jfp\UY
`�\]Y�c�Y�g?PB��VZT  Z«
« fa_JTAdmPSd*yq\]NQPS\
Y
`�fpynPSR*R*o�[�VZR�R*_J[�c�faV
R*VZ[�P�`e\]_aWZR$g�d]Y
[<\]N�V�o�`�^�VXd]fpyA_a`���_J`e\]VXd*ghP�WZV
\]Y�\]N�Vlk�VXd]`�VZf$_a`�R~\*d]o�[�VZ`e\]RZ�1K
N�_JRBfJ_aTAdmPSd*yvj
P�R1R*c9VZWX_a��W�P�fafpyO^�Vix
R*_a�
`�V�^O\]Yrc�d]Y�\]VXWX\1��VXT  �«�« ^A_�PS�
`�Y
R~\]_aW�\]YeY
faR1gsd]Y�[ WiN�P�`��
VZR�_a`
\]N�Vq^�Vi\mP�_afaR1Y�gU\]N�Vlk�VXd]`�VZf$_a[�c�faVZ[�VZ`e\mPu\]_JY�`=����`{[�Y�R~\1W�PSR*VZRBj
V
j
Vid]V�R*o�WZWXVZR*R~gho�fÂ¶1R*o�T�R~\mPS`e\]_�PSf/k�VXd]`�VXf"WiN�P�`���VZR1o�R*oQP�fafpy.^�_J^�`�Y�\
VZw�VX`·d]V��eo�_ad]V�d]VZWZY�[�c�_afa_J`��.\]N�Vr\]YeY
faRZ����o�d*\]N�VXd][�Y�d]V���[�Y�R~\�Y�g
\]N�V�©�{B��\]YeY�faRnPud]V�_J[�c�faVZ[�VZ`e\]V�^�P�Re¦~©1K
º¿j2_J^���VX\]R*ª��/R*Yr\]NQPS\
Y�\]N�VXdU\]YeY
fQ^AVZw�VZfaY�c9VXd]R�WZP�`�d]VZo�R*V}Vi��_aR~\]_a`���WXYb^�VCdmPS\]N�VXd�\]N�P�`nd]Vix
_a[�c�faVZ[�VZ`e\6\]N�VX_ad$Yuj2`�d]V�PSf�\]_a[�V��SdmP�c�N�_aW�P�fb^A_JR*c�fJP�yAR�gsY�d$��VZT  Z«
«
w�PSd]_JP�T�fJVXRZ�

6.2 Path diagnostics��V
PSd]VCY�g�\]VZ`�PSR*k�V�^z\]Y1N�VZfacn^�VZT�o��}fJY�`��1c�PS\]N�R$\]NQPS\"ghP�_af�\]Y�R*o�cAx
c9Y�d*\zN�_a�
N.^�PS\mP�dmPS\]V�PSc�c�fJ_aW�Pu\]_aY
`�RZ�$VZw�VZ`�\]N�Y�o��
NOV�PSWiN.R*VZWX\]_aY
`
Y�g9\]N�VCcQPu\]N�R*VZVZ[�R"\]Y1N�Puw
VCR*o�|�WZ_aVZ`e\Uo�`bo�R*V�^qW�PScQPSWZ_p\�y�PS`Q^lW�P�`
_a`Q^A_Jwb_J^�o�P�fafpy�R*o�c�c9Y�d*\�PCN�_a�
Nl^�Pu\mP
dmPS\]V�^�_JP���`�Y
R~\]_aW�\]VXR~\��/¤vPS\]N�_aR
P�`�^ �}V�^�^by�NQP�w�V�^AVZw�VZfaY
c9VZ^�Pr��VZT  Z«
« TQPSR*V�^.N�_a�
N�_a`e\]VZ`�R*_p\�y
`�Vi\�j
YSd]k!^A_JP��
`�Y
R~\]_aW�» Á<Hu¾=\]NQPu\}P
^�^bd]VZR*R*VZR2\]N�_aRCR*_p\]oQPu\]_JY�`=�
K
N�V � � ��(KE � �P��\]YeY�f!_aR±T�P�R*V�^ Y
` \]N�V�ghY
fafaY�j2_a`���R*_J[�c�fa_a��V�^[�P�Wid]Y
R*WZY�c�_aWzWZY
`��
VZR~\]_aY
`{[�Yb^AVZfÂ» Á ¢ ¾Â¶


������ �������
������������
«! H
" # �   �

��YSdUP�R*c9VZWZ_p��W�\mPSd]��VX\U^�Pu\mP2dmPu\]V
Y
`nP�cQPud*\]_aWZo�fJPSd/c�PS\]N?��\]N�V�w�P�fao�V
Y�g2VZP�WmN�w
Pud]_JP�T�faV�VX�AWZVZcA\ # ��\]N�V�faY
R*RzdmPS\]V
�"_aRlkb`�Y�j2`U}�$ P&% �8P&%h�
K
N�Vz[�_a`�_a[qo�[ d]Y�o�`�^r\*d]_ac!\]_a[�V��;��KCK2�
_aR�^�VX\]VXd][�_a`�V�^rTey�\]N�V
faVZ`��S\]N�Y�g�\]N�VC`�Vi\�j
YSd]kzcQPS\]N?�ePS`Q^q\]N�V2¤vPS�A_a[no�[ ®AVZ��[�VZ`e\U®A_a¨ZV
�)¤{®�®��=_aR/^�VX\]Vid][�_J`�V�^1TeyzR~j2_p\]WiN�VZR/P�`�^zd]Y�o�\]VXd]R"PSfaY
`���\]N�V�c�PS\]N?�
K
N�V�Y
Tb­~VXWX\]_aw�VrYSg2\]N�V�\]VZR~\n_aRl\]Y.^AVX\]VXd][�_a`�V�_pgBP�`ey.R*VZWX\]_aY
`·Y�g
\]N�V{c�PS\]N±WZY
`e\*d]_aT�oA\]VZR�[�Y�d]V{cQPSWik
VX\�fJY�R*R�\]N�P�`�\]N�VvT�o�^���VX\]V�^
[�PS�A_a[no�[ # P�R�WZY�[�c�oA\]V�^.gsd]Y�[ V��eo�PS\]_aY
`   �.��g�PS`by�R*VZWX\]_aY
`



N�P�R�\]YeYv[qo�WmNOc�P�Wmk�VX\zfaY
R*Rz_p\�j2_afaf�c�d]VXw�VZ`e\1\]N�VnVZ`e\]_ad]VnVZ`Q^bx)\]YSx
VX`Q^rc�PS\]N!g�d]Y
[ R*o�R~\mP�_a`�_a`���\]N�VB\mPSd]��VX\�^�Pu\mPqdmPS\]V
�
��VZT  Z«
« VZ`�P�T�fJVXRqo�Rz\]Yv^�_pd]VZWX\]fpy.[�Y
`�_p\]YSdnPSfaf�\]N�V�w�PSd]_JPST�faVZRl_J`
V��bo�PS\]_aY
`   ��P�R2j
V1\]VZR~\2V�PSWiN!R*VZWX\]_aY
`{YSg$\]N�V1c�PS\]N?�

6.3 Diagnostic Servers��VZT  Z«
« [�P�k�VXRq_p\�WXY
`bw�VZ`�_JVX`b\l\]Y�_a[�c�faVZ[�VZ`e\l^�_JPS�
`�Y�R~\]_aW!j
VZT
R*Vid]w�VXd]R�\]N�PS\�P�WZWXVZc�\�WZY
`�`�VZWi\]_JY�`�RUgsd]Y
[ P�`eynWZfa_JVX`b\�P�`�^�c9VXd*ghYSd][
^A_JP��
`�Y
R~\]_aW�\]VZR~\]R1Y�`O\]N�VqWXY
`�`�VZWX\]_aY
`OTQPSWikr\]Y�\]N�VnWZfa_aVZ`e\��lK
N�_aR
PSc�cAd]Y�P�WmN±yA_aVZfJ^�R�P ¦�Y�`�VvWZfa_aWmkAª�^�_JP���`�Y�R~\]_JWv\]N�PS\�WZP�`�cAd]YuwA_J^AV
`�YuwA_aWZV�P�`Q^OVX�Ac9VXd*\�o�R*VXd]R�j2_a\]N.w�VXd*y���YeYb^�_a`�ghYSd][�PS\]_aY
`�P�T9Y
oA\
\]N�VzWZfa_JVX`b\�WZY�`��Q��o�dmPu\]_JY�`�P�`�^!\]N�V�`�Vi\�j
YSd]k!c�PS\]N=�
K
N�VzT�_a��P�^Ax
w�P�`e\mPS�
V{Y�g�^�_JP���`�Y
R~\]_aW{j
VXT�R*VXd]w�VXd]R�_aR�\]NQPu\�P�R*[�P�faf}`Ao�[nT9VXd
YSg�j�VZfaf=WZY�`�`�VZWX\]V�^�R*VXd]w�VXd]RCWZP�`�c�d]Yuwb_�^AV�\]N�_JR�R*VXd]wb_JWXVBghYSd}PqNbo���V
`bo�[nT9VXd"YSg6WZfa_aVZ`e\]RZ��j2_p\]N�Y
oA\
PS`eyqR*c9VXWZ_JP�fQR*o�c�c9Y�d*\/Y�`n\]N�VCWXfJ_aVZ`e\��
��Y�d�Vi��PS[�c�faV
�r\]N�V ®��B¬1KCÀ�®�KµR*VXd]w�VXd�» ½-H�¾)�{j2N�_aWiN W�PS` T9V
_a`bw�Y�k�V�^�Pu\ ( ��� � I�b)b @�� H �B� @ ��� � @ �I����E�T I������H��b�Y�d!Tey �B�K*�HX� �
@�� H �B� @ ��� � @ �I����E�T	�������A��WZY�`���d][�R
WZY�d*d]VXWX\�®��B¬�Y�c�\]_aY
`r`�VZ��Y�x
\]_JPu\]_JY�`�P�R$d]V��bo�_pd]V�^zgsY�d/N�_J��Nqc9Vid*ghY�d][�PS`�WZV
K2L
M.Y
c9VidmPS\]_aY
`qYSw
VXd
faY�`��{cQPu\]N�RZ�!K
N�V�WmN�VZWmk�V�^OY
c�\]_aY�`�Rl_J`�WZfaoQ^AV���_a`Q^�Y�j�®AW�PSfa_J`����
K
_a[�VZR~\mPS[�c�Rv»  Z¢ ¾BP�`Q^±®�°}L�º�» Á £ ¾Â��K
N�_JR�R*Vid]w�VXd�_aR�o�R*Vigho�fCgsY�d
WXY
`���d][�_a`���\]N�VlWZYSd*d]VZWX\�[�PS`Ao�P�f=N�Y
R~\�\]o�`�_J`��{» Á)�S¾�PS`Q^{^�Vi\]VZWX\*x
_a`���[�_J^�^�faVZT9Y��AVZR
\]N�PS\2_a`QPSc�c�d]Y�c�d]_JPS\]VXfay!R~\*d]_ac!R*Y
[�V�Y�c�\]_aY
`�RZ�
�}_aWiN�PSdm^�L
PSd]faR*Y
`<^�VZw
VZfaY
c9V�^ P·c�PSd*\]_aWZo�f�Pud]fpy�o�R*VXgho�f1j
VZT R*_p\]V
(���� � I�b�bDC �P����HKE��z� � �)E�� �:H4*z���X�+MQI
�g���
�Kb�\]NQPu\�o�R*VZRrPr­~Puw�P�PSc�xc�faVX\�_a`·\]N�VrTAd]Y�j2R*VXd�P�`�^H��VZT  Z«
« _a`·\]N�VrR*VXd]w
VXd�\]YO[�V�P�R*oAd]V
PS`Q^ ^�_JPS�
`�Y�R*V���`b\]Vid]`�VX\.cQPu\]N�RZ� » £ ¾�K
N�_aR�^A_JP��
`�Y
R~\]_aW�R*VXd]w
VXd
_aR{T�P�R*V�^'_a`<fJPSd]��V�cQPud*\{Y
`'\]N�V � ��¬B¥t¦�TQPS`Q^Aj2_J^b\]N \]VZR~\]Vid]ª
» ¡ ¾�^�VZw�VXfJY�c9V�^,Tey,K�Y�[ |1o�`�_a��PS`=� L
PSd]faR*Y
` NQPSR�^�VXw�VZfaY
c9V�^
R*Y�[�V�P�^�^�_p\]_aY
`�P�f/N�VXo�d]_aR~\]_aWZR1ghYSdl^�_JP���`�Y
R*_a`��vWZY
[�[�Y�`���`e\]VXd]`�Vi\
[�_aR~x)WZY�`��Q��o�dmPu\]_JY�`�RZ��_a`�WZfaoQ^A_a`��q^�VX\]VZWi\]_J`��q\]N�VB`bo�[qT9VXd
Y�`�VBghP�R~\
À"\]N�Vid]`�VX\}^AVZc�faY�yA[�VZ`e\
c�d]Y�T�faVZ[v¶U^Ao�c�faVX��[�_aR*[�Pu\]WiN�VZR
T9VX\�j
VZVZ`
`�Yb^�VZRZ��®b_J`�WZV2\]N�_aR
R*VXd]w�VidC_aR
j
VZfaf6WZY
`�`�VZWi\]V�^�\]YqÀ�®A`�Vi\��A°�T�_afaVZ`�V
����`e\]VXd]`�VX\iÁ���PS`Q^r®b\mPSdmK�°BM�²
®b\mPudm¥=_a�
Ne\C_p\�W�P�`�c�d]Yuwb_J^�VBY�`�V�WZfa_JWmk
^A_JP��
`�Y
R*_aRBYSgU[�P�`ey�c�d]Y
T�faVZ[�R}PS\}[�Y
R~\2j
VXfJf�WZY
`�`�VZWX\]VZ^!o�`�_Jw
VXd*x
R*_p\]_aVZRZ�

7. ANTI-CONCLUSION¬�Y�cQPud*\2Y�g"\]N�VB��VZT  �«�« c�d]Yu­~VZWi\�_aR}WZY
[�c9Vi\]V�^?�$��V1WZfJP�_a[ \]NQPu\
Vi�A\]VX`Q^�VZ^�c9VXd*x)WZY
`�`�VZWX\]_aY�`�K2L
M�_a`�R~\*d]o�[�VZ`e\mPS\]_aY�`�P�`Q^�WXY
`e\*d]Y
faR
j2_afaf
cAd]YSw
Vn\]YvT9V�VX�b\*d]VZ[�VZfpyOw�P�faoQPST�faV�ghYSdqd]VZR*VZPSd]WmNHP�Rzj
VZfaf�P�R
^AVZT�o��
��_J`��n\]N�V�Y�c9VXdmPS\]_aY�`QP�f=��`e\]VXd]`�VX\}P�`�^!P�c�c�fa_aW�PS\]_aY�`{TQP�R*V��
K
N�V2VX�b\]VZ`Q^AV�^n_a`�R~\*d]o�[�VZ`e\mPS\]_aY
`qNQP�RUY
c9VX`�V�^�P1�Sd]V�PS\�`�VXj±wb_aR~\mP
_a`e\]YvK2L
M�P�`�^O`�VX\�j�Y�d]kO^AyA`QPS[�_aWZR��=d]VXR*V�PSd]WmN�VXd]RzN�Puw
V�P�fpd]V�P�^Ay
o�R*V�^·��VZT  Z«
« \]Y�Y
T�R*VXd]w�VvcAd]VZwb_aY
o�R*fpy�o�`�VX�Ac�faYSd]V�^±K2L
M�c�N�VXx
`�Y
[�VZ`�PA����VrPSd]VrP�Wi\]_Jw
VZfpyHR*VZVZkb_a`��OP
^�^�_p\]_aY
`�P�fCo�R*Vid]R�P�`�^�d]VXx
R*VZPSd]WmN�VXd]R2\]Y�VX�Ac9VXd]_a[�VZ`e\
j2_p\]N!��VZT  Z«
« �
K
N�V�º��*®�^�PS\mPqR~\*d]o�WX\]oAd]VZR2W�P�`vVZP�R*_afpyvT9V1o�R*V�^vP�R}Pqg�dmP�[�VXj�Y�d]k
gsY�d�WZY
`e\*d]Y�fJfa_a`���PS`Q^�\]VZR~\]_a`���VX�Ac9VXd]_a[�VZ`e\mPSf=K2L
M�P�fa�
YSd]_a\]N�[�R2_J`
j
PZy�RBT9VXyeY
`�^!\]N�Vz_a`�_p\]_JP�f/R*WZY�c9VqYSg�\]N�Vl��VZT  Z«
« c�d]Yu­~VZWi\��zK
N�_aR
N�P�R}P�fpd]V�P�^Ayrc�d]Yuw�VZ`�\]YnT9VzPlw
PSfJo�P�T�fJV�fao�T�d]_aW�P�`e\CgsY�d�K2L
M�WZY�`�x
��VZR~\]_aY
`vd]VZR*VZPSd]WmN=�
K
N�V{�O°�|³WZY�`e\*d]Y
faRrcAd]YuwA_J^AV�P.¯QVX�A_aT�faV�PS`Q^���VZ`�VXdmPSfB[�VZWmNQPux
`�_aR*[ \]Y�P�^S­�o�R~\�K2L
M�_a`v`�Y
`Ax���VZ`�VidmP�f"PS`Q^!`�Y
`�x)R~\mPS`Q^�Pudm^rjCPZyAR
\]Y}Yuw�VXd]WZY�[�V�R*c9VXWZ_p�QW�cAd]Y
T�fJVX[�R�_a`l\]N�V�`�VX\�j�Y�d]k9�SR*o�WmNlP�R$_a`�R*oA|�x
WX_JVX`b\�T�oA¹6VXd]_a`��A�"��\U_aR�fa_ak�VZfpyl\]NQPu\U\]N�V
�O°�|�WZY�`e\*d]Y
faR�j2_afaf�ghY�R~\]VXd

^�_aR*WZo�R*R*_aY
`�P�T9Y�o�\2\]N�V1d]VXf�Pu\]_aw�VzWZY
R~\]R}Y�g$���A_J`��n\]N�V�`�VX\�j�Y�d]k�wbRZ�
R~\mP�`�^�Pudm^�_a¨Z_a`���\]N�VZR*V�P�fa��Y�d]_p\]N�[�RZ�
��`e\*dmPS`�VX\]RBP�`Q^OP���VZ`�Wiy�`�VX\�j
Y�d]kbR1cAd]YuwA_J^AVnPS`.VX�AWZVXfJfaVZ`e\�Y�c�c9YSd*x
\]o�`�_p\�y{ghYSdzVX�Ac9VXd]_a[�VZ`e\]_a`���j2_a\]N�P�fp\]VXd]`�PS\]V�K2L
M<PSfa�
Y�d]_p\]N�[�Rl_pg
\]N�Viy<PSfpd]V�P
^by�N�P�w�V�c9Y
fa_aWZVZRO_a`<c�f�PSWZV�\]NQPu\��
_aw�V�N�_a�
N<cAd]Y���fJV
[�_aR*R*_aY
`�x)YSd]_JVX`b\]VZ^vP�WX\]_awb_p\]_aVZR�cAd]VZWZV�^AVZ`�WXV�YSw
VXd2Y�\]N�VXd2\*dmPS|�W
��°�R
faY
`���P�R"\]N�V�VX�Ac9VXd]_a[�VZ`e\mPS\]_aY
`q_JR/WZYeYSdm^�_a`QPu\]V�^qj2_p\]Nn\]N�V
`�VX\�j
YSd]k
Y
c9VidmPS\]_aY
`�WXVZ`e\]VXd�P�`Q^l[�_aR*R*_JY�`�x)WXd]_p\]_aW�P�f�P�Wi\]_Jwb_p\]_aVZRZ��\]N�VZ`�PS`bylc9YSx
\]VZ`e\]_JP�fQd]VZc9Vid]WZo�R*R*_aY
`rY�g=\]N�V}VX�Ac9VXd]_a[�VZ`e\mPS\]_aY
`�W�PS`rT9V}d]VZR*Y
faw�V�^6�
��`{\]N�VZR*VqVX`Awb_pd]Y
`�[�VZ`e\]RCj
VnN�P�w�Vl\]N�VzY
c�c9YSd*\]o�`�_a\�yv\]Y�P�WX\]o�P�fafpy
�QVXf�^�\]VXR~\nN�Yuj `�Vij�PS`Q^�[�YSd]V�P��
�Sd]VZR*R*_aw�V!WXY
`���VZR~\]_aY
`�WZY�`b\*d]Y�f
P�fa��Y�d]_p\]N�[�R2_a`e\]VXdmP�WX\2j2_p\]N!\]Yb^�P�yAR2R~\mP�`�^�Pudm^vK2L
M$�
K
N�V���VXT  �«�« \]V�P�[ _JR!P
^�^Ad]VZR*R*_a`��·k�VXy�_aR*R*o�VZRr_J`'R*o�c�c9Y�d*\!Y�g
T�d]_a`��
_a`���Vi�A\]VX`Q^�VZ^!K2L
M�R~\mPu\]_JR~\]_aWZR�_a`b\]Ylj2_J^�VlP
^AY
c�\]_aY�`v_a`!\]N�V
\]N�VnWZY
[�[�VXd]WX_�PSf/Y
c9VXdmPu\]_J`��{R~yAR~\]VZ[³[�PSd]k
VX\���K
N�_JRz_aRlP![no�fp\]_ax
c�d]Y�`���V�^�VX¹6YSd*\��2_J`�WZfaoQ^A_J`���P�`�Vij�\mPSR*k·\]Y�d]Vix�_a[�c�fJVX[�VZ`e\�\]N�V
º��*®�P�`�^.°�MU�}_a`��Ad]VZV��C®X|n�?R*o�WmNO\]N�PS\1j�V�W�P�`Od]VZfaV�P�R*V�R*Y�o�d]WZV
o�`�^�VXd
T9Y�\]N{©1MU¥�PS`Q^��C®?| fa_aWZVZ`�R*VZRZ�U��V1Pud]VzP�faR*Y�R*o�T�[�_p\*\]_J`��
cQPu\]WiN�VZR2_a`b\]Yn¥=_a`bo��!Áb� �b�
��VBPSd]VzPSfJR*Y�P�WX\]_aw�VZfpy�j
YSd]kb_J`��nY�`vPnK2L
M±À/�b\]VZ`�^�V�^r®b\mPu\]_aR~\]_JWXR
¤!�~��» Áu¼�¾b\]Y2[�P�k�VUPCfJPSd]��V�c9Y�d*\]_aY�`lYSg�\]N�V/º��*®1P�w
PS_af�PST�faV�\]NAd]Y
o��
N
R~\mP�`�^�Pudm^l`�VX\�j�Y�d]kz[�P�`�P��
VX[�VZ`e\�cAd]Y�\]YeWZY�fJRZ� � `�V�YSgQY
oAd/WZY
fafJP�TAx
Y�dmPu\]Y�d]RnP�fpd]V�P
^byHNQPSRnPO®b¬�¤vM<PS�
VZ`e\ncQPSd*\]_JPSfJfpy�_J[�c�faVZ[�VZ`e\]V�^?�
��VzR*VZVqP
^Aw
PS`�WZ_a`���\]N�Vq¤!�~�'_a`v\]N�Vz�~ÀUKC�±R~\mPS`Q^�Pudm^�R2\*dmP�Wmkr\]Y
T9V
PS`lP�T�R*Y�fao�\]VZfpyzWXd]_p\]_aW�P�fAc�d]VXWZo�d]R*YSd$\]YCj2_�^AVZR*c�d]VZP
^qWXY
[�[�VXd]WZ_JPSf
P
^AY
cA\]_JY�`�RZ�
��\l_aRzY
oAdq_a`e\]VZ`e\�\]NQPu\z\]N�Vn��VZT  Z«
« cAd]YS­�VZWX\lj2_Jfaf
cAd]Y
�Sd]VZR*R*_aw�VZfpy
WZfaY
R*Vq\]N�Vz��_a¨�PSdm^.©1P�c�Tey{VX�Ac9Y
R*_a`��rT�o��
R}\]NQPu\�PSd]VqY�\]N�VXd*j2_aR*V
N�_J^�^�VZ`�gsd]Y�[ P�faf=T�o�\
\]N�V1T9VZR~\2VX�Ac9VXd*\]RZ�/�)\C��d]VZPS\]fpyrd]VZ^�o�WXVZR
\]N�V
VX¹6YSd*\Ud]V��bo�_pd]V�^nTeylc�d]Y
�SdmP�[�[�VXd]R/PS`Q^nR~yAR~\]VZ[ PS`Q^n`�VX\�j�Y�d]kqP
^bx
[�_a`�_aR~\*dmPS\]YSd]Rq\]Y{����c9VXd]w�P�R*_aw�V�[�_J`�Y�dqT�o��
RZ�@|1_JP��
`�Y
R~\]_aWZRnj2_afaf
o�`�WZYuw�VXd�c�d]Y
T�faVZ[�R�_a`�faYeW�P�f?`�VX\�j
YSd]kARU\]NQPu\C_a[�c9V�^�V2N�_a��N�VXdCc9Vid*x
ghYSd][�P�`�WZV�Y
`!\]N�VBj2_J^�VzPud]V�P�`�VX\�j
YSd]kARZ�
|1_JP���`�Y�R~\]_JWCR*Vid]w�VXd]R"[�P�k
V�_p\/w�VXd*yzV�PSR~yz\]Y1^�Vi\]VZWX\"R*Y�[�V
WZY
[�[�Y�`
\�yAc9VZRCYSg/cQPu\]NvP�`�^!R~yAR~\]VZ[ WZY�`��Q��o�dmPu\]_JY�`vT�o��
RZ����y�[�P�kb_a`��q_p\
g�Pud
V�PSR*_aVXd
\]Yz^�_aR*WZYuw�Vid
PS`Q^�WZYSd*d]VZWX\�\]N�V�¦�V�PSR~y�ªzcAd]Y
T�faVZ[�RZ��\]N�VZR*V
R*VXd]w�V}\]Ylg�d]VZV1[�YSd]V�cAd]VZWZ_aY
o�RC`�VX\�j
Y�d]kb_a`��lVX�Ac9VXd*\]_aR*V�\]Yzj
YSd]k�Y
`
\]N�VB[�Y�d]Vz^�_p|�WXo�fp\2c�d]Y�T�faVZ[�RZ�
K
N�V2\*d]_JP���V�\]YeY
f9[�PSk�V2_p\
V�PSR*_JVidC\]YlcAd]YuwA_J^AV}\]N�V2��d]R~\
faVZw�VXf9^�_JP��Sx
`�Y�R*_aRBPS`Q^r[�YSd]V1VX¹6VZWi\]_Jw
VZfpyrd]V��eo�VZR~\2VX�Ac9VXd*\2N�VXfJc?�
��[�cAd]Yuw�V�^�P�oA\]Y
[�PS\]_aW�WXY
`e\*d]Y
faRz_a`O\]N�V�Y
c9VXdmPu\]_a`��vR~yAR~\]VZ[�RBj2_afaf
WZY�[�c�faVX\]VZfpy�gsd]VZV�`�YSwb_aWZV�o�R*VXd]R}g�d]Y
[ N�Puwb_a`��q\]Y�faV�PSd]`�PST9Y
o�\�Pud*x
W�PS`�VzK2L
M�P�^S­~o�R~\][�VZ`e\]RCR*o�WmNvPSR}R*YeWmk�VX\}T�o�¹6VXdC\]o�`�_a`��A�
°�oA\]Y
[�Pu\]_JWCWXY
`e\*d]Y
faR/\]NQPS\U[�PSk�V
R*VZ`�R*V}_a`�PSfJf�cQPud*\]R�YSg9\]N�VC��`e\]VXd*x
`�Vi\nW�PS`�T9V�R~\mP�`�^�PSdm^A_a¨ZV�^HP�`�^�T�o�_Jfp\l_a`e\]Y{Y
c9VXdmPu\]_J`���R~y�R~\]VX[�RZ�
� \]N�Vid/WZY
`e\*d]Y
faRU[�PZyzWZY
[�V
\]Y1T9V�j2_�^AVZfpyn_a[�c�fJVX[�VZ`e\]V�^z\]NAd]Y
o��
N
��YSd]k�°}d]Y�o�`�^ |1P�VZ[�Y�`�R�\]N�PS\
WZP�`�WZY
[qT�_a`�V}Y
oA\*x�YSgsx)TQPS`Q^�[�V�Pux
R*o�d]VX[�VZ`e\"j2_a\]Nnc9Y
fa_aWXynWXY
`e\*d]Y
faR/\]Y1VZ`QPST�faVCR*_p\]oQPu\]_JY�`�x)R*c9VZWZ_p��W2P�fpx
�
YSd]_p\]N�[�R2\]Y�N�VZfac{c9VXd*gsY�d][�PS`�WZV
�C°�fp\]N�Y�o��
N!`�Y�\}��VZ`�VXdmPSf��Q\]N�VZR*V
\]VZWmN�`�_��eo�VZR�Pud]VvVX�b\*d]VZ[�VZfpy�Vi¹6VZWX\]_aw�V!_a`·R*Y
[�VrR*_a\]o�PS\]_aY
`�RZ�CPS`Q^
W�PS`vT9V1WZY�`��Q��o�d]V�^rTby�Vi��c9Vid*\]R2gsY�d�P�oA\]Y
[�Pu\]_JW�o�R*V�Tey�`�Yuwb_JWXVZRZ�
��VCN�Y
c9V
\]N�PS\/\]N�V
_a[�cAd]YSw
V�^n^A_�PS�
`�Y
R*_aR�j2_afaf�W�PSo�R*V2`�Yuwb_aWZVCo�R*Vid]R
\]Y�PSc�c�d]VXWZ_JPS\]V2`�VXj·R*W�PSfaVZRUgsY�dq¦�fJPSd]��V}��faVZR*ª�P�`�^�¦�ghP�R~\�`�VX\�j
YSd]k6� ª



K
N�V���_a¨�Pudm^<©1PSc�_a[�c�fa_aVZR!\]N�PS\{WXo�d*d]VZ`e\v`�Y�\]_aY
`�R{Y�g�¦�fJPSd]��VZª
PS`Q^·¦�g�PSR~\]ª�NQP�w�VBghP�fafaVZ`{PSfJ[�Y�R~\�½qY�dm^AVXd]R2Y�g"[�PS�
`�_a\]o�^�V1T9VXN�_a`Q^
¤!YeYSd]V
� RC¥�PZj±j2N�VZ`�PSc�c�fa_aV�^n\]Y�`�VX\�j�Y�d]kqP�c�c�fa_JWZPS\]_aY
`�RZ�
L�faY�R*_J`��
\]N�V1��_a¨�PSdm^v©1P�cvN�P�RC\]N�V1c9YS\]VZ`e\]_JP�f6\]Y�_a`�WXd]V�PSR*V�\�yAc�_aW�PSf�PSc�c�fa_px
WZPS\]_aY
`·c9VXd*ghYSd][�P�`�WZV�Tby�Y�dm^AVXd]RnYSg�[�PS�
`�_a\]o�^�V
�OK
N�_aRnNQPSRq\]N�V
c9YS\]VZ`e\]_JP�f=\]YldmP�_aR*Vzc�d]VZR*VX`b\]VZ^r`�Vi\�j
YSd]k�\*dmPu|�W�VZw�Vid*yAj2N�VXd]V
�
®bVZVG���������X�)�'�����,���)�=�rghYSd}[�Y�d]V1_a`�gsY�d][�Pu\]_JY�`=�

8. ACKNOWLEDGMENTSK
N�_aRqc�P�c9VXdz_aR�\]N�V�cAd]Yb^�o�Wi\zY�g2P!WZP�R~\lY�gCNbo�`Q^Ad]VZ^�RZ���)\�j
Y
o�fJ^
`�Y�\CN�P�w�V�T9VXVZ`rc9Y�R*R*_aT�faVBj2_p\]N�Y�o�\
\]N�V�VX¹6YSd*\CY�g�R*Yq[�PS`ey�c9VZY�c�faV
_a`�R*Y![�P�`eyO^�_p¹6VXd]VZ`e\zYSd]��P�`�_a¨�PS\]_aY
`�RZ�{M/faV�P�R*V�ghYSd]�
_aw�V�o�R�_pg
j�V
ghP�_af=\]Yn[�VZ`e\]_JY�`ryeY�ovPS`Q^�y�Y
o�d2WXY
`e\*d]_aT�o�\]_aY�`!\]Yn\]N�VBc�d]Yu­~VZWX\��
K
N�P�`�kAR�\]YO\]N�V�j2N�Y
faV!��VZT  Z«
« \]V�P�[v¶��
Y
N�`�À/R~\mP�T�d]YeY�k·P�`Q^
®e\]VZw�VZ`�ÀU`��
VZfaN�PSdm^A\zj2N�Y!jCd]Y�\]V�\]N�Vn��VZT  �«�« ��dmPSc�N�_aW�PSf�\]YeY�fJR��
K�P�`eybPv��d]Vi\]N�Y
oAdzj2N�Y{R*o�c�c9Y�d*\]RlP�faf�Y�g2Y
oAdlWZY
fafJP�T9YSdmPS\]Y�d]R�P�`Q^
k
VZVZc�R�\]N�Vnj�VZT.c�P���VZRzo�c�xÂ\]YSx�^�PS\]V
�=M$VX\]Vid � � ¬�VZ_af"j2N�Y!c�o�d]R*o�VZR
w
VZ`Q^AY�d]RCPS`Q^�Y�\]N�VidCY
oA\]R*_�^AV1WZY�`b\mPSWX\]R��A��VZ`�^Ay���o�`e\]YeY
`?����P�`�VX\
�Ud]Yuj2`?�U¤vPSd]fJP�¤!VZVXN�f�P�`Q^��
_a[t��VXd]��o�R*Y
`Oj2N�YvcAd]YuwA_J^AV�P
^Ao�fp\
R*o�c9VXd]wb_aR*_JY�` �QP�`Q^!P�w�VXd*y�R*c9VZWZ_JP�f?\]NQPS`�kbRC\]Y�©BVZY�d]��Vn�Ud]VX\*\�P�`Q^
��P�R*_af9��d*j2_a`=�
j2N�Y
R*V2_a`�_p\]_JP�f�wA_aR*_aY
`�PS`Q^nc9Vid]R*_JR~\]VX`�WZV2j
VXd]V2WXd]o�WZ_JP�f
\]Y{��VX\*\]_a`��!\]N�V�c�d]Yu­~VZWi\nfJP�o�`�WmN�V�^6�rÀUw�Vid*yeY
`�V�Y
`�\]N�Vn��VZT  �«�«
\]VZP�[ WZY�o�fJ^!NQP�w�VBT9VZVZ`vfa_aR~\]V�^vPSR�PSo�\]N�Y�d]RZ�
K
N�P�`�kAR2PSfaR*Yn\]Yl\]N�VBj2N�Y�faV1¬BVX\  Z«
« \]V�P�[v¶UK�Y�[ |1o�`�_a��PS`=�A�$faY�x
d]VX`�WZVC��Yuj2faVXd�PS`Q^q¬BP���_?��P�YBPS\ � �}¬1¥ �S��d]_JP�`�K
_aVXd]`�VXye�e¤vPud*\]_a`
®e\]Y
oAghVXd/PS`Q^���P�R*Y�`#�z�S¥=VZV�PS\/¥=��¬1¥/�SK
N�VZ_pd/VX�Ac9VXd]_aVZ`�WZV
PS`Q^zVX�bx
c9Vid]_J[�VX`b\]RBNQP�w�VlT�d]Y
o��
Ne\�[qo�WmN{[no�WmN{j2_aR]^�Y
[³P�`Q^�WZfJPSd]_p\�yO\]Y
\]N�V1��VZT  �«�« c�d]Yu­~VZWi\��
K
N�P�`�kARq\]Y�¥=PSd*d*y |1o�`�`�P�`�^e{B`�_aw�Vid]R*_a\�yHY�g1¤!_a`�`�VZR*Y�\mP·�ÂP�`Q^
L�_aR*WZY��lghYSd�WZY�`e\*d]_JT�o�\]_a`��v\]N�V�[�PS\]VXd]_JP�f�_J`�\]N�V�À�^Ao�W�Pu\]_JY�`�R*VZWXx
\]_aY�`=�
K
N�P�`�kAR�\]YqPSfaf6\]N�V}��VZT  Z«
« V�Pud]fay�P�^�Y�c�\]VXd]RCPS`Q^�Y�\]N�VXd
WXY
fafJP�T9Y�x
dmPu\]Y�d]R�j2N�Y�N�P�w�V�cAd]YuwA_J^AV�^1R*Y�[qo�WmNBghVXV�^�T�P�Wmk�P�`�^z��YeYb^qP�^�wb_aWZV
�
��VZT  Z«
« _JR"gso�`Q^AV�^�Tey�\]N�V�¬BPS\]_aY
`�P�f�®AWZ_aVZ`�WZV
��Y
o�`�^�Pu\]_JY�`no�`Q^�Vid
©�dmPS`e\�¬�Y�� «�«
¢ ½
Á ¢
£ PS`Q^!P�L�_JR*WXYY{���M·�SdmP�`e\��
¬�VX\  �«�« _JR�gho�`Q^AV�^±\]N�d]Y�o���N�\]N�VO¤vPS\]N�VZ[�PS\]_aW�PSf��B��`�ghYSd][�PS\]_aY
`
PS`Q^qL�Y
[�c�o�\mPS\]_aY�`QP�fA®bWZ_aVZ`�WXVZRz|1_awb_aR*_JY�`q_a`z\]N�V � |�WZV�Y�g6®bWZ_aVZ`�WXV
Pu\2\]N�VG{l� ®9�H|BVZcQPud*\][�VZ`e\CY�g/À/`�Vid]��ye�

9. REFERENCES»   ¾l¤.��°�fafa[�P�`=� �q��M"Pu��R*Y�`=�QP�`Q^�� �Q®b\]VZw�VX`�RZ��K
WZc
WZY�`��
VXR~\]_JY�`{WZY
`e\*d]Y�fÂ�H�B��LCÁ £S¢A  �Q°�cAd]_Jf  �¡�¡
¡ �

» Á�¾z°�¬���¬BÀ�° �l�A°�^�w�P�`�WXV�^�`�VX\�j�Y�d]kb_a`���_a`AgsdmP�R~\*d]o�WX\]o�d]V�`�VZV�^AR
_a`!\]N�V1PS\][�Y
R*c�N�VXd]_aWzPS`Q^�d]VXf�Pu\]V�^!R*WZ_aVZ`�WZVZRl�ÂP�`�_J`�PSd]Rm�
j
YSd]kbR*N�Y
crd]VZc9Y�d*\��
Ne\*\]c=¶ ²
²�jCjCj�� R*W�^?� o�WZPSd�� V�^�oQ²S`�VX\]Rm²ScAd]YS­�VZWX\]Rm²SWXY
[�c�faVX\]VZ^Q²
 �¡�¡
¡ � WXY
[�c�faVX\]V�� cAd]YS­�VZWX\]Rm²u`�fJP�`Adi²u�Q`�P�f�� d]VZc9Y�d*\�� Ne\][v�

» ½u¾z¥U�Q®6����dmPSkA[�YA��®6�A� � � � ¤vPSfJfaVXye��P�`�^v¥U��¥U��M$VX\]VXd]R*Y�`=�
K2L
M�w�VX��P�RZ¶U¬�VXj'\]VZWiN�`�_��eo�VZR
gsY�d}WZY�`��
VXR~\]_JY�`�^�VX\]VXWX\]_aY
`
P�`�^!P�w�Y�_�^�P�`�WZV
�Q��` � !����� 
	 !��
�����AcQPS�
VZRBÁS¼ 	b½ £ �
 �¡�¡ ¼A�

» ¼S¾lL
°���|B°z�A��`e\]VXd]`�Vi\C\]YeY
faR}\mPu�AY
`�Y�[qye��Á «
« ½b�
Ne\*\]c=¶ ²
²�jCjCj�� W�P�_J^�Pb� Y�d]�e²�\]YeY
faRm²u\mPu�AY
`�Y�[qy�²b�

» £ ¾��l��L
PSd]faR*Y�`=�'|1VXw�VZfaY
c�_J`��n\]N�V���VZT  �«
« TQP�R*VZ^!`�VX\�j
YSd]k
^�_JP���`�Y
R~\]_aW�\]YeY
f���¬�|�K2�i��� �����Q°}c�d]_af=Á «�« ½A�

» �u¾�|n�H|q�QL�fJPud]k6����_a`Q^AYuj�PS`Q^!PSWikb`�Yuj2faV�^A�
VZ[�VX`b\2R~\*dmPu\]VZ��y
_J`vK2L
M2�H�B��L ¢A  ½b���
o�fpy  Z¡
¢ Áb�

» H�¾lKB�H|1o�`�_a��PS`=���$faYuy�^6� R}K2L
M�R*faY�jCx)R~\mPSd*\BP�`�^!°��~¤k| [�Yb^�RZ�
Á «
« ½A�
Nb\*\]c?¶ ²
²ujCjCj�� WZR*[v� YSd]`�f�� �
Yuw�²���^Ao�`�_J�
P�`Q²S`�Vi\]c9VXd*gÂ²�¯QY�y�^?� Ne\][�fÂ�

» ¢ ¾lKB�H|1o�`�_a��PS`=��º�VZfafpy?� R2R*W�PSf�PST�faVqK2L
M�°��~¤k| [�Yb^�RZ�QÁ «�« ½b�
Nb\*\]c?¶ ²
²ujCjCj�� WZR*[v� YSd]`�f�� �
Yuw�²���^Ao�`�_J�
P�`Q²S`�Vi\]c9VXd*gÂ²uk�VZfafpye� Ne\][�f��

» ¡ ¾lKB�H|1o�`�_a��PS`=� � ��¬B¥.K2L
M·��VZT  �«
« TQP�`�^Aj2_J^A\]N�\]VZR~\]VXd��
Á «
« ½A��Nb\*\]c?¶ ²
²u��d]VZT�_pdm^6� WXWZRZ� Y�d]`�f�� �
Yuw9¶ H   Á�½�²e�

»  �« ¾lKB�H|1o�`�_a��PS`=�Q¤.�9¤vPu\]N�_aRZ�9PS`Q^v�}�QK
_aVXd]`�VXye�Q°�K2L
M
K�o�`�_J`��#|�PSVZ[�Y
`?���F# $ QEP�S �8I�$=#?M %OU��������
���Q¬�Yuw�VZ[nT9Vid
Á «
« Áb�

»  
  ¾�� �Q��VZ`��A�9¤.���$_aR*k6�Q¤.�Q©1PSdm^�`�VXd��9PS`Q^rÀ2�A��VZ_a��fJV��
|ByA`QP�[�_aW���_a�
Ne\*x�®A_a¨Z_a`���¶U°�`!°�oA\]Y
[�PS\]VZ^?��¥=_a�
Ne\�j
VZ_a�
Ne\��
P�`Q^!®AW�PSfJP�T�faVlK�VZWmN�`�_��bo�VBghYSd�ÀU`�NQP�`�WZ_a`���©�d]_J^
M$VXd*ghYSd][�P�`�WXV
����MON���� �!�4�1�Ac�P��
V   �A��°�c�d]_af�Á «�« Áb�

»   Á�¾q®6���$fJY�y�^?�A��_J��N9®bc9VZV�^!K2L
M·ghY�dB¥�Pud]�
VlL�Y�`��
VXR~\]_JY�`
��_a`Q^�Y�j2RZ��" �
P #%$ % U&$'�2P/� �8P*QEL*L)(� +*-,/.3 �U�M QEP�U QEM0$211P�}3�EM��
°�o���o�R~\�Á «
« ½b�9Ne\*\]c=¶ ²
²�jCjCj�� _JVi\*g�� Y�d]��²S_a`e\]VXd]`�VX\*x
^AdmPSg�\]Rm²�^bdmPSgs\*x)_aVX\*g�x)\]R*wej2�Sx�N�_a�
N�R*c9VXV�^Ax «A  � \*�A\��

»   ½u¾q®6���$fJY�y�^?��¥?_J[�_p\]V�^!®AfaY�jCx�®b\mPSd*\2gsY�dBK2L
M·j2_p\]N{¥�Pud]�
V
L�Y
`���VZR~\]_aY
`v��_a`�^�Y�j2RZ�4" �8P5# % U $ P�� �8P*QEL*L)(� +*6,/.
 �U�M QEP�U QEM0$211P�}3�EM��/�
o�fpy!Á «�« ½b�
Nb\*\]c?¶ ²
²ujCjCj�� _aVX\*g�� YSd]�e²u_J`e\]VXd]`�VX\*x�^AdmPugs\]Rm²�^bdmPSg�\*x�_aVX\*g�xÂ\]R*wbj2�Sx
R*fJY�j2R~\mPud*\*x «�« � \*�b\��

»   ¼S¾q®6���$fJY�y�^!PS`Q^ �q��M"PS�AR*Y
`?�H|1_p|�WXo�fp\]_aVZR�_a`rR*_J[qo�fJPS\]_a`��n\]N�V
_J`e\]VXd]`�VX\��� +*
*7*98�� !��:,�P�}8U L }-S�M % �8U L �
U �+QEM T �8P5# % U����
¡ ��¼e�i¶ ½ ¡ Á�	�¼ « ½A�?°�o��
o�R~\1Á «
«b  �

»  u£ ¾q¤.���BP�`Q^AfaVXye�;���QM"P�^�NeyeV
��P�`�^v®9�Q�$faY�y�^?��K2L
M�WZY�`��
VXR~\]_JY�`
j2_J`�^�Y�j w
PSfa_�^�PS\]_aY
`?�g���$LCÁ ¢ �   ���
o�`�VlÁ «
«
« �

»   �u¾�������VX¹6`�Vid�����_J��N!T�P�`Q^bj2_J^A\]NvK2L
M �bo�VZo�_a`����;�
o�fpyvÁ «�« Áb�
Nb\*\]c?¶ ²
²ujCjCj�� c�R*W
� V�^�oQ²���­�N�VX¹6`�VXdi²Sc�P�c9VXd]Rm²uR*VZ`�_aYSd \]N�VZR*_aRZ� c�RZ�

»   H�¾��q�;��P�WXY
T�R*Y�`=�?¤!Yb^A_p�QV�^vK2L
M±WZY
`��
VZR~\]_aY
`vPuw
Y
_J^�PS`�WZV
P�fa�
YSd]_a\]N�[v�9¤!VXR*R]P��
Vz\]Y�VZ`�^QÁuVZ`Q^bx�_a`e\]VXd]VZR~\2fa_aR~\���°�c�d]_af
 �¡
¡�« ��gs\]c=¶ ²�²ugs\]c?� VZV
� faT�f�� �
Yuw�²SVZ[�PS_Jf�²uw
PS`�­X� ¡�« P�cAdm½ « � \*�b\��

»  �¢ ¾��q�;��P�WXY
T�R*Y�`=�'�z����dmP
^AVZ`=��P�`�^k|n����YSd][�P�`=��K2L
M
VX�b\]VZ`�R*_aY
`�RCghY�d}N�_J��Nvc9VXd*gsY�d][�P�`�WZV
�2�B��L   ½
Á�½A�6¤vP�y  Z¡
¡ Áe�

»  �¡ ¾qL��&�
_a`vVi\BPSf��9�b°1®AK'k
VXd]`�VZf�¶U�
PSWikb�Sd]Y
o�`�^�\]N�VZY�d*y!P�`�^
VX�Ac9VXd]_a[�VZ`e\mP�f9d]VZR*o�fp\]RZ����`�. % PEL*M  �U M QEPEUg}8M % �8Ug}=�<" �8P5#
LRNF� $
�8U=� P��8M ��S �=� L7�D�8P<.T}
L�M9> �8U?��$@1 % L*M�}8UWS�Q��+QEM T �
P #
L]�
��VZT�d]o�PSd*y!Á «�« ½b�

» Á « ¾lKB��º�VZfafpye�Q®AW�PSf�PST�faVlK2L
M2¶���[�cAd]YSwb_a`��lc9VXd*gsY�d][�P�`�WZV�_a`
N�_a�
N�R*c9VZV�^rj2_J^�VzPud]V�Pn`�VX\�j�Y�d]kbRZ�Q��`A. % P�L*M  �U�M QEP�U'}
M % �8U'})�
" �8P5#
LRNF� $ �8U=� P��8M ��S �=� L7�D�8P�.I}8L*M7> �8U?��$@1 % L*M�}8UWS�Q
�	QEM T �8P5#
L]�6��VZTAd]oQPSd*y!Á «
« ½b�

» Á   ¾l¥���¬B¥U��¬BVX\�j
Y�d]k�\]YeY�fJR�P�`�P�fpyAR*_aR}g�dmP�[�VXj�Y�d]kO��`b\mPugm�i�QÁ «
« ½A�
Nb\*\]c?¶ ²
²ujCjCjCx�^A_�^AW
� faT�f�� �
Yuw�²S¬1K�°B�/²b�

» Á
Á�¾����Q¥?VZV
�9¤.�9®e\]Y
o�gsVXd���P�`Q^r���9K
_aVXd]`�VXye�Q¤!Y
`�_p\]YSd]_J`���^�Pu\mP
PSd]WmN�_aw�VZRCghYSdB©�d]_�^rVZ`bwA_pd]Y�`�[�VZ`e\]RZ���=# $ QEP�S �8I�$�#�M % U��B���C�
���
¬BYuw�VZ[qT9VXd}Á «�« Áe�



» ÁS½S¾q¤.�Q¤vPS\]N�_aRZ�QMUo�R*N�_a`���o�c!c9VXd*gsY�d][�PS`�WZV1gsY�d}VZw�VXd*y�Y
`�V��
|1VZWXVZ[nT9VXd  Z¡
¡�¡ �9M"d]VZR*VZ`e\mPu\]_JY�`v\]Y �
Y�_J`e\�K�VZWmN�RCj�Y�d]kbR*N�Y�c
�h��d]R~\2o�R*V�Y�g"j2_a¨�Pudm^!��PSc9�i�

» Áu¼�¾q¤.�Q¤vPS\]N�_aRZ�&���Q��VX¹6`�VXd��?�z�?��V�^�^Aye��P�`�^=���Q®�PSc9VXd]_JPA�QK2L
M
À"�A\]VX`Q^�VZ^v®b\mPu\]_aR~\]_JWXRB¤!�����4" �8P5# % U $�P/� �8P*QEL*L)(� +*6,/.
 �U�M QEP�U QEM0$211P�}+�EM��6¬�YSw
VZ[nT9VXd2Á «
« Áb�9®b\mPS\]o�RCcQPS�
V
¶
Ne\*\]c=¶ ²
²�jCjCj�� j
VZT  �«
« � Y�d]�e²u[�_aT=�

» Á £ ¾q¤.�Q¤vPS\]N�_aRZ�&���6¤vPSNQ^�P�wb_��9®9���$fJY�y�^?��P�`�^v°l�?�}Y
[�PS`�Y�j��
K2L
M�R*VZfaVZWi\]_Jw
VzP�WmkA`�Y�j2fJVZ^��
VX[�VZ`e\�Y�c�\]_aY
`�RZ�H���$LCÁ «A Z¢ �
� WX\]Y�T9VXd  �¡
¡ �A�

» ÁP�S¾q¤.�Q¤vPS\]N�_aR�P�`�^ �z�H�}V�^�^bye�AÀU`�P�T�fJ_a`����B_a�
NvM$VXd*ghYSd][�P�`�WXV
|�Pu\mP�K=dmP�`�R~ghVXd]RZ�9Á «�« Áb�
Ne\*\]c=¶ ²
²�jCjCj�� c�R*W
� V�^Ao9²S`�VX\�j�Y�d]kb_a`���²Sc9VXd*g \]o�`�V
� Ne\][�f��

» Á8Hu¾q¤.�Q¤vPS\]N�_aR�P�`�^ �z�H�}V�^�^bye�AM"PS\]N�c�d]Y
T9V�¶/¬BVX\�j
Y�d]krM"PS\]N
|1_JP���`�Y�R~\]_JWlK�YeY�faRZ�?Á «�« Áb�
Ne\*\]c=¶ ²
²�jCjCj�� c�R*W
� V�^Ao9²��ij
VZT  �«�« ²Sc�PS\]N�c�d]Y
T9V�²b�

» Á ¢ ¾q¤.�Q¤vPS\]N�_aRZ�&���6®bVZ[�k�V
�APS`Q^=�A�6¤vP�N�^�P�wb_��QK
N�V
[�P�Wid]Y
R*WZY�c�_aWzT9VZNQP�wb_aY�d2Y�g"\]N�V�K2L
M�WZY�`���VZR~\]_aY
`
P�w�Y
_J^�P�`�WXVzP�fa�
YSd]_a\]N�[v� ! �
I�$�#�M QEP ! �8I I�#�U % S�}8M % �
U�L
� Q�� % QET/�9Á8HA�Â½��i�  �¡�¡ Hb�

» Á ¡ ¾����9¤!Y
�
o�f�PS`Q^{®9�?|1VZVXd]_a`��A�9M"Pu\]N{¤vK�{,^A_JR*WXYSw
VXd*ye�
���$L  
 Z¡A  �9¬BYuw�VZ[qT9VXd  Z¡
¡�« �

» ½ « ¾�����¬1P���faV
�9L�Y�`���VZR~\]_aY
`�WZY
`e\*d]Y�f=_a`!��M�²SK2L
M
_a`e\]VXd]`�VX\�j
YSd]kARZ�2���$L ¢
¡ �A�&��P�`boQPud*y  Z¡
¢ ¼��

» ½   ¾z¬BVi\  �«
« �Q��Y
[�V1c�P��
V��9Á «
« ½b�9Ne\*\]c=¶ ²
²�jCjCj�� `�VX\  Z«
« � YSd]�e²b�
» ½
Áu¾z¬1¥=°�¬��l�b��c9VXd*g�´±\]N�VzK2L
M�²P{�|�M±T�P�`Q^bj2_J^A\]N
[�V�PSR*o�d]VZ[�VZ`e\
\]YeY�f��6Á «�« Áe�
Ne\*\]c=¶ ²
²S^�PSR~\�� `�fJP�`�d�� `�VX\i²�M"d]YS­�VZWX\]Rm²u��c9VXd*g�²b�

» ½�½S¾q®6� � R~\]VXd][�PS`�`=�AK2L
M"\*dmP�WXV
�?Á «�« ½b�
Ne\*\]c=¶ ²
²�jCjCj�� \]WZc�\*dmPSWZV
� Y�d]��²b�

» ½S¼�¾��q��M"PS�AR*Y�`{P�`�^v¤.��°�fafa[�P�`=�QL�Y
[�c�o�\]_a`��nK2L
M2� R
d]VX\*dmPS`�R*[�_aR*R*_aY
`!\]_a[�VXd��2�B��LCÁ ¡�¢
¢ ��¬BYuw�VZ[qT9VXd}Á «
«
« �

» ½ £ ¾��q��M"PS�AR*Y�`{P�`�^v®6���$faY�y�^6�b��Ney�j�Vz^�Y�`=� \}kA`�Y�j'N�Y�j'\]Y
R*_a[no�f�Pu\]V1\]N�V1_a`e\]VXd]`�VX\��A��` " % U M QEP-� % I�#2�R}
M % �8U
! �8U ��QEP*QEU SEQi�QcQP���VZR  �« ½-H�	  �« ¼
¼��  Z¡
¡ He�

» ½)�S¾zº��2�BPS[�P�ked]_aR*N�`QPS`=��®6���$faY�y�^?��P�`Q^.|n����fJP�Wmk6�Q°�cAd]Y
c9Y
R]PSf
\]Y�P�^�^rVi��c�fa_JWX_a\}WZY�`���VZR~\]_aY
`{`�YS\]_p�QW�Pu\]_JY�`��ÂÀ�L�¬���\]Y��~MC�
���$L
½   � ¢ �?®AVZcA\]VZ[nT9Vid}Á «�«A  �

» ½<Hu¾��z�H�}V�^�^bye��®��B¬�Y�c�\]_aY
`vWmN�VXWik�R*VXd]w�Vid��9Á «
« ½b�
Ne\*\]c=¶ ²
²uR~yA`b\]VXR~\�� c�R*W
� V�^�o?¶ H ¡ �   ²e�

» ½ ¢ ¾����9®AVZ[�k�V������9¤vPSNQ^�Puwb_���P�`Q^v¤.�9¤vPu\]N�_aRZ�9°}o�\]Y
[�Pu\]_aW
K2L
M���oA¹6VXd�K�o�`�_a`����A��` � !����� 
	�!��7������cQP���VZR
½  �£ 	e½�Á�½b�  �¡�¡
¢ �

» ½ ¡ ¾l����K
_aVXd]`�VXye�2{BR*_a`���¬BVX\m¥?Y
���
VXdBP�`�^���VXT  �«�« ghYSd1K2L
M
P�`�P�fpyAR*_aRZ���2P/�8M ��S �=� L
�D�8P�� % � N=� $ Q*Q�V �	QEM T �8P5#
L]�
Ne\*\]c=¶ ²
²�jCjCjCx�^�_J^�W
� faT�f�� �
Yuw�²Sc�P�c9VXd]Rm²SM��z|1¥U� \]_aVXd]`�VXye� c6^bg��

» ¼ « ¾l°l��K
_pd]o�[�PSf�Pb�Q¥/�9L�YS\*\*d]VZfaf��6P�`�^!KB�2|1o�`�_J�
P�`?�9¤!V�PSR*o�d]_a`��
VZ`�^AxÂ\]YeVZ`Q^�TQPS`Q^Aj2_J^b\]Nrj2_p\]Nv��c9Vid*g$o�R*_a`��n��VZT  �«�« ��� �����
°�cAd]_af$Á «
« ½b�

» ¼   ¾q©q�QK�oAd]`�VXd��A\]WZc9VZR~\mPu\]RZ¶�°�¬BVi\*x~®b¬�¤vM·°���VZ`e\��<PS�
VZ`e\
_J[�c�faVZ[�VZ`e\]_a`��z\]N�VB��VZT  Z«
« M"d]YS­�VZWX\�� R1K2L
M�À/�b\]VZ`�^�V�^
®b\mPS\]_aR~\]_aWZRB¤!�~���QÁ «�« Áe�
Nb\*\]c?¶ ²
²ujCjCj�� P�PSd]`�Vi\�� VZ^�o=� PSo9²S`�VX\�j�Y�d]k�²SR*YSgs\�jCPSd]V�²uj
VXT  �«�« ²b�

» ¼eÁ�¾qL�� ��_JfafJP�[�_a¨�Pud1PS`Q^!L��9®bY
`��A�Q��_J��N!c9VXd*gsY�d][�PS`�WZVzK2L
M�_a`
°�¬�®b¬1ÀUKB�\! �8I�$�#�M QEP ! �8I6I #�U % S�}8M % �8U�L�� Q�� % QET/�QÁS¼�� £ �i�
 �¡
¡
£ �

» ¼�½u¾���VZT  �«
« ��º�Vid]`�VZf?��`�R~\*d]o�[�VZ`e\2®bVX\��QÁ «
« Áb�
Nb\*\]c?¶ ²
²ujCjCj�� j�VZT  Z«
« � YSd]�e²�^AY�j2`�faY�P�^Q²Sk
VXd]`�VZf�²SP�fJc�NQP
Áb� « ²�\]WZc�x
kA_aRZ� \*�b\��

» ¼
¼S¾q©q����YeYb^?���*Áux)¬BÀ/� ®9¶A��`e\]VXd]`�Vi\iÁq¥�PS`Q^{®bc9VZV�^���_a`�`�Vid]R
®AVX\2¬�VXj�K=dmP�`�R*WZY
`e\]_a`�VZ`e\mPSf=��`b\]Vid]`�VX\}M$VXd*gsY�d][�PS`�WZV
��VZWXY�dm^�RZ�QÁ «�« Áe�
Nb\*\]c?¶ ²
²S[�PS_afÂ� _a`e\]VXd]`�Vi\iÁb� V�^�o?¶ ¢
«
¢�« ²u�
o�VXR~\i²�PSd]WmN�_aw�VXRm²S_�Áux
`�VXj2Rm²ufJY��eÁ «
«
«�« ½
²S[�R*� «�«
«b 
  � Ne\][�f��



APPENDIX
A. INSTRUMENTATION OVERVIEWK
N�VBw�P�R~\�[�Pu­�Y�d]_p\�y�Y�g?\]N�V2��VZT  �«
« k�Vid]`�VZfQ_a`�R~\*d]o�[�VZ`e\]R}�ÂP�T9Y
oA\
  Á « �2Pud]V1R*o�_p\mPST�faVBghYSd2R~\mP�`�^�PSdm^A_a¨�PS\]_aY
`!P�`�^�N�Puw
V1P�fpd]V�P�^Ay�T9VZVZ`
c�o�T�fJ_aR*N�V�^!PSR}\]N�V�K2L
M�À"�A\]VX`Q^�VZ^!®e\mPS\]_aR~\]_aWZR1¤!��� » ÁS¼�¾Â�
K
N�V�_a`�R~\*d]o�[�VZ`e\]R�PSd]V�`�PS\]oAdmP�fafpy���d]Y�o�c9V�^'_a`b\]Y�R*VZw
VXdmP�f�W�Pu\]VXx
��Y�d]_aVZRZ¶

� w'szsTc?y=t+_Dw'sUx�t�vHt�c���_a`�WZfao�^�_a`��O\]N�V�R~\mPS\]VvYSgB\]N�V!K2L
M�R~\mPu\]V
[�PSWiN�_a`�V�P�`�^H¯QP���R�_a`Q^�_aW�Pu\]_a`��O`�VZ��Y�\]_JPS\]V�^·c�d]YS\]YeWZY
f
gsV�PSx
\]oAd]VZR"R*o�WmN�PSR
���$L   ½�ÁS½Bj2_J`�^�Y�j±R*W�P�fa_a`��A�e\]_J[�VXR~\mP�[�c�R�»  Z¢ ¾
PS`Q^.�B��LCÁ «A Z¢ ®�°}L�º�» Á £ ¾)�

B � t�b8v�� y���_a`�WZfao�^�_a`���\]N�VH`Ao�[nT9VXd�YSg�Tbyb\]VZROPS`Q^<R*VZ��[�VZ`e\]R
R*VX`b\nY�dqd]VZWZVZ_aw�V�^6�HK
N�VZR*Vrd]VX¯�VZWX\q\]N�V�`�VX\�j
Y�d]k.d]VZR*Y
oAd]WZVZR
WXY
`�R*o�[�V�^�Tby�\]N�V1WZY
`�`�VZWi\]_JY�`=�

h6iTb8w'aT`giTq,aTt��1_J`�WZfaoQ^A_J`��q\]YS\mP�f6VZfJP�c�R*V�^r\]_a[�V1PS`Q^�VZfJP�c�R*VZ^!R*VXx
�eo�VZ`�WZVCR*c�P�WZV��UK
N�VZR*V2d]VX¯QVXWX\�\]N�V2c9VXd*ghYSd][�P�`�WXV}YSg6\]N�V2R*VXd*x
wb_aWZV�K2L
M±c�d]Yuwb_�^AVZRC\]Yn\]N�V1P�c�c�fa_JWZPS\]_aY
`?�

h�bP_/v2`gc��B_a`�R~\*d]o�[�VZ`e\]R�\]NQPu\�WmNQPSdmPSWX\]VXd]_a¨ZV�\]N�V�c�d]YS\]YeWZY
f
VXw�VZ`e\]R
\]N�PS\2fa_a[�_p\BK2L
M·R*VZ`Q^A_a`��ndmPu\]V
��®AVZV�R*VZWi\]_JY�`XHb�

� w'sT`gc?x�t+_/wgs c?9'c?sut+x��C\]NQPu\�^�VX\]Vid][�_J`�Vr\]N�V!VZw�Y�fao�\]_aY
`±Y�g1\]N�V
WXY
`���VZR~\]_aY
` j2_a`Q^AYuj�� K
N�VZR*V PSd]V S�T>UWV P
^u­~o�R~\][�VZ`e\]R
_a`�R~\*d]o�[�VZ`e\]V�^�_a`�P�T�R~\*dmP�WX\ W�PS\]VZ��Y�d]_aVZRZ� {�cbj
PSdm^ P�^Ax
­�o�R~\][�VZ`e\]R�_a`�WZfaoQ^AVH®bfJY�jCx�®b\mPud*\{PS`Q^�L�Y
`���VZR~\]_aY
`<°�w�Y�_�^bx
PS`�WZV
»   ¾Â� |1Y�j2`ejCPSdm^ P�^S­~o�R~\][�VZ`e\]R._a`�WZfaoQ^�V·[no�fp\]_Jc�fa_JWZPSx
\]_aw�V�^�VXWXd]V�P�R*VXRZ��d]VX¯�VZWX\]_a`��nÀ�L�¬q» ½=�S¾=Y�d
cQP�Wmk�VX\
fJY�R*R*VZRZ��P�`Q^
`�Y
`Ax�[qo�fp\]_ac�fa_aW�PS\]_aw�V2^AVZWXd]V�PSR*VZRZ�AR*o�WmN�P�RU\]N�Y
R*V2o�R*V�^�Tey��UVXx
�
P�R�» ½S¾�Y�d�L�j2`�^���P�fa_J^�Pu\]_JY�`�»  u£ ¾Â��L
P�c�\]oAd]V�^zw
PSfJo�V
Y�g.S�T>UWV��
L*L*MON�P�QEL�Ne�6P�`�^r\]N�VZ_pd2VX�b\*d]VZ[�PqPSd]VzPSfJR*Y�_a`�WZfaoQ^�VZ^?�

� c?t � wgb�� qTvHt+i~qTbPwHq
cXb8t+_/c?x��zPSR�[�V�PSR*o�d]V�^�TeyHK2L
M$�UK
N�VZR*V
Pud]V{g�P�_pd]fpy�WZY�`�WXd]Vi\]V.[�V�PSR*o�d]VZR�Y�gz\]N�VOcAd]Y
c9VXd*\]_aVZR�Y�gz\]N�V
o�`Q^AVXd]fpy�_a`����~M�`�VX\�j�Y�d]k9�6R*o�Tb­~VZWi\B\]Y�\]N�Vz_a`e\*d]_J`�R*_aWqfa_a[�_p\mPSx
\]_aY�`�YSg=\]N�V}P�fa�
YSd]_a\]N�[�R
_a`�K2L
M"�AK
N�V�c�PS\]N�c�d]Y�c9VXd*\]_aVZR
Pud]V
gso�d*\]N�VXd2R*o�TAx�^A_awA_J^AV�^�_a`e\]Y�¶
� ¥=Y
R*R�P�`Q^�d]VXWZYuw�VXd*y�cAd]Y
c9VXd*\]_aVZRZ�U_a`�WXfJo�^�_a`��{\]_a[�VZY�o�\]RZ�^�o�c�fa_JWZPS\]Vz^�Pu\mP�P�`�^rR*c�o�d]_aY
o�R2d]Vi\*dmP�`�R*[�_aR*R*_aY
`�RZ�
� � \]N�VXd{WXY
`���VZR~\]_aY
`�R*_J��`QPSfJRZ�z_a`�WZfaoQ^�_a`���À�L�¬q�}�*LC¤vM®AY
oAd]WZV
	Bo�VX`�WmN=��P�`�^rTQPSWikex)c�d]VXR*R*o�d]VBg�d]Y
[ \]N�V1¬��*L��
� ®AVZ��[�VZ`e\Cd]VXx)Y�dm^�Vid]_J`��
� K
_J[�Vid]RZ��_a`�WZfaoQ^�_a`��	��Y�o�`Q^�K?d]_JczK
_a[�V2�;�UKCK2�?PS`Q^:�}VXx\*dmP�`�R*[�_aR*R*_aY
`vK
_J[�V � oA\z�;�UK � ��» ½�¼�¾Â�
� M"PS\]N�¤vK�{�» Á ¡ ¾"PS`Q^!¤vPS�A_a[no�[ ®AVZ��[�VZ`e\}®A_a¨ZV
�

@ �1B#aTx�vH`gc���_J`�WZfaoQ^A_J`���T�oA¹6VXd2YeWZWZo�cQPS`�WXyrP�`�^�\]o�`�_a`����
�
h � � y=wgsVt�b8w'r/x vHs.7 j wgb�����v2b8w'azs.7zx���P�R _a`e\*d]Yb^�o�WZV�^ Tey
\]N�V�¬BVX\  Z«
« » ½   ¾zc�d]Yu­~VXWX\���K
N�VZR*V.PSd]VO`�Y
`Ax)�
VZ`�VXdmP�f�K2L
M
WXY
`e\*d]Y
faR�\]YH_J[�cAd]Yuw�V{K2L
M�c9VXd*gsY�d][�P�`�WZV�o�`�^�VXd�R*c9VZWX_a��W
WX_ad]WXo�[�R~\mP�`�WZVZRZ�6T�o�\BgsY�d1\]N�Vq[�Y�R~\1c�PSd*\zPud]Vn`�YS\1_a`�WXfJo�^�V�^
_a`O\]N�V�^AdmPugs\n¤!�~�}�"®bVZWX\]_aY
`�¼v^�VZR*WXd]_aT9VZRlR*VZw�VidmP�fUY�gC\]N�VXR*V
_a`�R~\*d]o�[�VZ`e\]RZ�

��VqN�P�w�VqT9VXVZ`{j
Y�d*d]_aV�^.P�T9Y�o�\B\]N�VqWXY
[�c�faVX\]VX`�VZR*R1YSg�Y�o�dzK2L
M
_a`�R~\*d]o�[�VZ`e\mPS\]_aY�`=�z�~^AV�P�fafpy{j
Vqj
Y
o�fJ^Ofa_ak�Vq\]YrT9V�PST�faVq\]YrWZfJP�_a[
\]N�PS\�Y
o�d�_a`�R~\*d]o�[�VZ`e\mPS\]_aY
`�N�P�R�R*oA|�WZ_aVZ`e\�WZYuw�VXdmP���V�\]Yl^�_JPS�
`�Y�R*V
� K
N�_aRn_aR�Y�`�VrPSd]V�P{j2N�VXd]V�\]N�V�_a`�R~\*d]o�[�VZ`e\qR*Vi\�_aR�R~\]_afaf2P�fa_p\*\]faVR*c�PSd]R*V
�}��VzVZ`�WZY
oAdmP���Vqd]VZR*V�Pud]WiN�VXd]RB_a`e\]VXd]VZR~\]VZ^�_a`�°�MU�Cc9VXd*gsY�d*x[�PS`�WZV�\]Y�WZY
`�R*_J^�VXd�P
^�^�_p\]_aY
`�P�f�_a`�R~\*d]o�[�VZ`e\]R
_a`!\]N�_JR}Pud]V�PA�

P�faf
c9Y�R*R*_aT�faVrgso�\]o�d]V�`�VX\�j�Y�d]k�P�`Q^HPSc�c�fJ_aW�Pu\]_aY
`Hg�PS_JfaoAd]VZRZ����Y�jCx
VZw�Vid���_p\"_aR$d]V�PSfafay�dmPu\]N�VXd$o�`�fa_ak�VZfpy�\]N�PS\�j�V�N�Puw
VZ`=� \"[�_aR*R*V�^�R*Y
[�Vix
\]N�_a`�����K
N�Vq��VZT  Z«
« c�d]Yu­~VZWX\1NQP�RB_J`�R~\]V�P
^v\mPSk�VZ`OP�`�VZ[�c�_ad]_aW�PSf
¦�c�PSdmPSfJfaVZf6^AVZT�o��
��_J`��
ªzPSc�c�d]Y
P�WmN=�eTeylR*o�c�c9Y�d*\]_a`���Y�o�\]R*_J^�V2o�R*VXd]RZ�
WZY�fJfJPST9Y�dmPS\]YSd]RlP�`Q^{WZYSx�^�VZw�VXfJY�c9VXd]R1R~\mPud*\]_J`��vPSR1R*YeY
`.P�RBj�VnN�P
^
d]o�`�`�_a`��qWZYb^�VlPS`Q^rd]VZfpyA_a`���Y�`!\]N�VX_ad2gsVZV�^�T�P�Wmk9�U��N�_afaVzj�V�NQP�w�V
d]VZWZVX_Jw
V�^�[qo�WmN�VX�AWZVZfafaVZ`e\C_a`�c�oA\��e\]N�VXd]V}j2_afJf=P�fpj
P�yARCT9VB\]N�VBc9Y�R~x
R*_aT�_afa_p\�y�\]N�PS\qR*Y
[�V�\]_a[�V�_J`�\]N�V�gho�\]oAd]V�j
V�j2_afJf2^A_aR*WZYuw�VXdl\]NQPS\
j
V�Yuw�Vid]fJYeY�k�V�^!R*Y�[�V�_a[�c9Y�d*\mP�`e\C_a`�R~\*d]o�[�VZ`e\��
��YSd![�YSd]V�^�VX\mPS_JfBY
`�_a`Q^A_awA_J^AoQP�f�_a`�R~\*d]o�[�VX`b\]R�c�faV�P�R*V�d]VXghVidr\]Y
VZ_p\]N�VidO\]N�V�K2L
M³À"�A\]VX`Q^�VZ^<®e\mPS\]_aR~\]_aWZR�¤!���B» ÁS¼S¾�Y�d�\]N�VHº��~®
^�Pu\mP�T�P�R*V�» ¼�½u¾Â�


