
  Institut für
 Technische Informatik und
Kommunikationsnetze

���������
	���	�����
��	�	���	�� ��	�����	�� ����� ��������������� �
	��"!#�

$&%('*),+.-0/�13254*/6%*+#)

7 +#89+#/,:6+#)6-;)=<>+#?@: 7 $BA,CEDFD0GIHJD0G

K ?L%M:=+.),/=+.8N+#/,:6+#)OCEDFDMC0PFCEDFD0G

Q %*/,:R?@:6SI:OTVU()OW�+#254*%(?X/6254*+ Q %ITZYF)=8�-E:6?L[
S*%(']\�YM898^S*%_S([E-`:R?@YM%*/6%*+ :6ab+

c + :R)d+.SI+#) egf�) H c Hgh�i>/,:6+#)BS*%(']jkH c +#SI:Rl@+#)

m +#)6-;%M:onpYM)q:RlL?X254I+#) e>hr),Y;TdHsf�) HstrH(WO4(?@+#lX+

 Eidgenössische Technische Hochschule Zürich
Swiss Federal Institute of Technology Zurich

 Ecole polytechnique fédérale de Zurich
Politecnico federale di Zurigo



���������	��
��������������������


������� �!�#"%$'&(� �)����$'* +

, -�. "0/1�)2436587:9 . "0/<;�24">=?�/@"%365'"0/1"0/@AB"%$�$��$'* C
DFEGD H%IKJ1IMLONPIMLGNRQKSUTWVXT	IMSUY%ZUT�[ E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ]
DFE_^ `ba%[ Jdc:LONeQKSUT�VfT�IMSgYhZUT�[iE\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE j
DFElk `mJdNnJdcpo�qsrtT�[uIwvxLOQKy6T�zGIRT\{�T�|e}4JdSg|RT�[ E\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE j

~ � /@� .�� "%�!��7�" �4� ��$'* �

+ �</1��$�; � �U*B"%$���$�;����g7�"0/12�� � 2�"%$ �
kgEGD o�SUT�Yd|RLOT�ZUT�|x[UT��U|eYF[ JdzGT�[f�bT	IM��T EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE �

kgE�DFEGD ��LG[UT�y%zGT�LG[UT�o�J@�gYd[UYFc:LOT�EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE �
kgE�DFE_^ Vf�UzGIRL��s�'J)aFT�|x��T�|R��T��gIM|eYF[�EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D)�

kgE_^ V�J6IRT�|RLOJdzOLGT�[ E\E\EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�^
kgEl^hEGD H%�U|MJdQKSg�U|RYF�8T�[�E\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�^
kgEl^hE_^ ���h�8T�|RLGc�T�[uIMLOT�|RNPahNPIMT�c E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�^
kgEl^hElk �nqP��  E\EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�^

C ¡¢/ . "%2£7@��AB�8$�¤u"0?'7 , +

¥ ¦ �B/�§8"0/6����315�" , C
jhEGD ��|RY%Yd}� ¨}©�ªYF[UQ�T��gI«E\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�]
jhE_^ �bT	IM��¬d|RFNeNRT«EWE\E\EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�]
jhElk ®b[uIMT�|RNe�UQKS0�U[U¬¢ZUT�N¨�¯T�|R[g}4JdyuIRYF|RN°EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�]

± ¦ "0/1�)��365����B/@*B� $�24���g7�24�8$ , �
²gEGD VXT�|ey0c³JdzGNRT´�hIR|MJdyuIRLOYF[fEWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�µ
²gE_^ ¶·�UNMJ6c�c:T�[UNPIMT�zOzOT�[¢¸FYF[X`mJ6IRT�LGT�[ EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�µ
²gElk ¹�Jd�UT�[X�g[UZXo�|MJ6LO[ULGT�|RT�[XE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�µ
²gEº] »¨[ J6zGa%NRT�ZUT�|xIR|MJdLG[ULOT�|eIRT�[��bT	IM��T EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D�µ

� ¼ª"%��7u½ ¦ "0/1�)315�2�"%;�"%$'">=·?�/@"%315�"0/@*B/6�'?�?�"h$ ,%¾
µhEGD HhT�IR�U��EWE�E\EWE\E\EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D)¿
µhE_^ ��|R¬FT��U[ULON«E\EWE\E\EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE�D)¿

D



¾ � � ��7@�¯7:"%24*B"%$�7 � 2 315��������
	 ~��
¿gEGD »¨yuIML�¸%LOT�|e�U[U¬FNP}��U[UyuIMLGYF[ E\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^6�
¿gE_^ �T	v��U[UNeQKS0IRT�|m ��hIM�U�gInLGc qw[uIMT�|e¸6JdzOz�� �MD��GD���� E\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^6�
¿gElk � T�SUzGT�|R|eT�QKSU[0�U[g¬ EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^%D
¿gEº] �BJd��L�I�ZULOT�NRT�|b®n[uIMT�|eNR�UQKS0�U[g¬ E�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^%D

� ¼ª"%��7u½ � � "%24365'" =?�/@"h315'"%/@*B/1��?�?�" ~ +

,�� ����2 ��365'"%$9 . "0/ � "%*8��$�*'½�¼W5�"�� ��/1��" �B&���2 � "h$��)2��8$�� � 2£7�� ~ �
D��gE�D!qwZUT�T! �"#T�[ULO¬FT�|�y1Jd[U[fc�T�SU|�NRT�LO[ EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^dµ
D��gEl^ ��|R¬FT��U[ULON«E\EWE\E\EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^6¿

,B, ����2 ��365'"%$9 . "0/ � "%*8��$�*'½$#�"0/1$�"%$���$�; �¢"h$'"0/@� � 24�)2�"0/1"%$ ~ �
DFDFE�D«H%IM|e�UyuIM�U|eT�zGzOT\H%IMJd�ULOzGLONeLOT�|e�U[U¬�E�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^6�

DFDFE�DFE�Dt��|e�U[ULO[g¬:c:LGI��|eT�[U�	vªT�|eI�EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE ^6�
DFDFE�DFEl^ ��|e�U[ULO[g¬&%s^6[UZfYF|RZgT�|�c:YhZUT'%�EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE kFj

DFDFEl^)(nT�¬F�UzOJd|RLGNRLOT�|R�U[g¬�EWE\EWE\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE kd¿
DFDFEl^hE�D*" T�LG¬FSuIn`¨T�Q�J)a E\E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE kd¿
DFDFEl^hEl^ ��Jd|ezGa<H%IMYF�g�ULO[U¬ E\EWE�E\EWE\EWE\E\EWE\EWE�E\EWE\E\EWE\EWE\E\E\E\E\EWE\EWE kd�

,%~ -�. "0/1�)2436587:9 . "0/<;'� �,+m/@/1"%2436587�" C ,

, +.-'�g¤02�7 CBC

¡<$�5'� $'* ¡ ½©¡<�'&(*B� . "%$��	7�" � � ��$'* C ±

^



����
���� � �x���d�\
'
��f���

��LO[fJd�gIRYFc³J1IMLONeQKSUT�NbHh�g|RT�QKSgT�|e¸dT�|eL
	 y1J6IRLOYF[u¸FT�|e}4JdSg|RT�[�NRYFzGz¯LO[�ZUT�|b�'Jd¬FT�NRT�LO[ � c:LGI�¬F|RYFNeNRT�|m¶·�g¸dT�|s�
z��dNeNRLG¬FydT�LGImZgLOT �8T�S Jd�g�gIMT	IMT qwZUT�[uIRLGI�1I�T�LO[gT�|���T�|RNeYF[ ��� �g��T�|R�U| �g}�T�[E'`¨JdN��ULONeSUT�|�Jdc o�qsr T�[uIP�
vxLOQKy6T�zGIRT IMT	�%IMJd�US��d[g¬FLO¬FT {�T�|e}4JdSU|eT�[�IM�gI\ZULGT�N�|RT�QKS0IW¬F�gI\c:LGIeIMT�zGN\¶·T�L�IM[UYF|ec³J6zOLONRJ6IMLGYF[��4Zga%[ Jdc:LOQ
IMLGc�T¨vªJd|e�ULO[U¬��ª�U[UZ�VXT�NeNR�U[U¬�ZUT�|xT��Uy0zOLOZgLONRQKSgT�[fQ�T��gNeIM|RJdzOT�[�`bLONeIMJd[U�6E

`mJ<ZULOT ¶·T�LGIR[UYF|Rc�JdzGLONMJ1IMLOYd[<¬F�gI�}��U[UyuIRLOYF[ULGT�|PI �8LONeImZ J)¸FYF[�Jd�UNe���U¬dT�SUT�[ �¯Z JdNeN\ZUJdNm{�T�|P}4JdSU|RT�[
¸FYF|PvxLOT�¬FT�[UZ Zg�U|RQKS�T�LG[ JdzGIRT�|e[ J6IML�¸FT�N�`¨LONPIKJd[g��c�JdNRN¨¸dT�|e��T�NRNRT�|eI\vªT�|RZUT�[>y6J6[U[E¯`¨T�|��na%�8YdIMSgT�NRT!�
Z JdNeN¨T�LG[�¬FT�T�LG¬F[UT�IbIM|RJdLO[ULGT�|PIMT�Nx[UT��U|RYd[ JdzOT�Nm�nT�IM�WT�LG[��8T�NRNeT�|eT�N���[uIMNRQKSgT�LOZg�U[U¬FNey%|eLGIRT�|RLG�Uc zOLOT	}�T�|e[
y1Jd[U[ ��¬FT�SuI ZULGT�NRT�»¨|e��T�LGIf[ JdQKS·E¨¶·� ZULGT�NRT�c ¶�vªT�QKy vxLG|RZ ���U[��dQKSUNeI [ JdQKS T�LO[UT�c c�d¬FzOLGQKSUNeI
¬FT�T�LO¬F[gT�IMT�c �nT�IR��¬FT�Ne�UQKSuI �uZUT�NRNRT�[¢��T�|e}�Yd|Rc�Jd[U��Z J6[U[ Jd[US J6[UZ ZUT�N ��LGNRSUT�|P�wr�|eLGIRT�|RLG�Uc:N�c:LGI�ZUT�c
�ULONeSUT�|eLO¬FT�[<{�T�|e}4J6SU|RT�[f¸dT�|R¬dzOLOQKSgT�[<vxLO|eZE

k



� ��� ���©
¯����� ��� � �������	� �
	<���x������������� �x��� �����

®b[uIMT�|©H%�U|RT�QKSUT�|eT�|Ry6T�[U[0�U[g¬�¸dT�|eNeIMT�SuI�c³J6[WZULGT�»¨�g}�¬uJ6��T!��ZULOT�qwZUT�[0IRLGI �6I�T�LO[UT�N��g[%�8T�y1Jd[g[0IRT�[ H%�U|RT´�
QKSUT�|eN Jd[US J6[UZ«NRT�LG[UT�| H%IMLGc�c:T����«��T�NeIMLGc�c:T�[ � Hh�U|eT�QKSUT�|RLGZUT�[uIML 	 y1J6IMLGYF[ ��YhZUT�|���� �U�8T�|e�U| �h}�T�[
� Hh�g|RT�QKSgT�|e¸dT�|eL
	 y1J6IRLOYF[ �´E%`¨LOT�N LGNeI�c:F¬FzOLGQKS �dv T�LGz Z JdNªHh�U|MJ6QKSUNRLG¬F[ JdzB[ULGQKS0I [0�U| T�LO[gTn»b�UNRNRJd¬FT � Jd�h�
NeIR|MJdyuIMTWqw[g}�YF|ec³J6IRLOYF[fLOc H%LO[U[UTWT�LG[UT�|b��SUYF[UT�c:}�YFzG¬FT �'�BNRYF[UZgT�|R[>J6�UQKS qw[g}�YF|ec³J1IMLOYd[UT�[ �U�8T�|¨ZgT�[
Hh�U|eT�QKSUT�|�T�[uIMS��6zGI)E�`mJdN�Hh�U|MJ6QKSUNRLG¬F[ Jdz�y1Jd[U[ NeYFc�L�ImJ6zONm��|eYhZU�gy0ImT�LO[gT�N¨c:T�Sg|¨Y%ZUT�|nvªT�[ULO¬FT�|mZUT´�
IMT�|Rc:LO[ULGNeIMLGNRQKSUT�[fHh�U|eT�QKSU�U|eYF��T�NRNeT�Nm�8T�IR|MJdQKSuIMT	Ibv T�|eZUT�[ �Bv T�zGQKSUT�|n�EºJgE �8T�T�LG[� �UNeNeIxvxLO|eZXZg�U|RQKS  

��ZULGT�¬FT�c�JdQKSuIMT\»¨�gNRNMJ6¬FT
��ZULGT���S0a%NeLOYFzGYF¬FLOT�ZgT�NbHh�U|eT�QKS Jd�g� Jd|MJ1IMT�N
��ZULGT\Hh�U|eT�QKSU¬FT	vªYdSU[USUT�LGIMT�[ � `bL JdzGT�yuI �BH%�U|RT�QKSU|RSua0IMSUc �UN¨�UNPv�E �
��ZULGT\Hh�U|eT�QKSUNeLGIM�UJ6IMLGYF[
��ZULGT�c�Ydc�T�[0IMJd[UT\H%IRLOc:c��U[U¬
��ZUT�[��n��T�|eIM|RJd¬F�U[g¬FNev T�¬:ZUT�N¨Hh�U|RJdQKSUNeLO¬F[ J6zON
»¨zOzGT�ZULOT�NRT rbYFc:�8YF[UT�[uIRT�[\NRQKSUzOJd¬FT�[WNRLGQKS LO[\T�LG[UT�|'NeT�SU|�ydYFc:�UzGT	�hT�[W�U[UZ NeQKSuvxLOT�|eLO¬b��T�NRQKSU|eT�LO�%�

� Jd|eT�[ »¨|PI©�U[gZ "#T�LONRTªLOctHh�U|RJdQKSUNRLG¬F[ Jdzh[ULOT�ZUT�|��U[UZ z J6NRNRT�[ NRLGQKS ZUT�NeS JdzO��Jd�UQKS y1Jd�Uc NRT��UJd|RLGT�|RT�[
�U[UZf���U|bHh�g|RT�QKSgT�|R�8T�NPIMLGc�c��g[U¬ [%�hIM��T�[E

`¨T�|�Yd�ULO¬FTn»¨[gNMJ6IR� �UZ J6N�Hh�U|RJdQKSUNeLO¬F[ J6zJdzGN »b�UNR¬uJ6[U¬FNRNeLO¬F[UJdzJd�gN�T�LG[UT�c ¬FT�NeIMT��UT�|PIMT�[�H%�U|RT�QKSh�
�U|RYd��T�NeN���� �8T�IR|MJdQKSuIMT�[ �FLGNeI��eT�ZUYhQKS [��gIR��zGLOQKS �6�UctNeLOQKS Z J6| �U�8T�|�r�zOJd|RSUT�LGI�����¸dT�|RNeQKS J���T�[ �uv T�zGQKSUT
H%IMT��UT�|eydYFc:�8YF[UT�[uIRT�[X} �g|nT�LO[UTWHh�g|RT�QKSgT�|e¸dT�|eL
	 y1J6IRLOYF[X�U|MJd�gQKS%�UJd|bNeLO[UZ·E8HhLOQKSUT�|bSgT�zG}�T�[XNPIMY%QKS JdNPIML��
NRQKSUTm��zGT�c:T�[uIMT!�%vxLGTb�6El¹bEhZULGT¨c:YFc:T�[uIKJd[gTmH%IRLOc:c��U[U¬\Y%ZUT�| ZUT�|��b�8T�|PIM|MJ6¬F�U[U¬FNPvªT�¬ ZUT�N�HhLO¬F[UJdzON
vªT�[ULO¬��U[gZ�LG[>ZUT�[>c:T�LONPIMT�[ � �dzOzGT�[ NPIMF|eT�[�NRLOT NeYF¬uJd|¨ZUT�[ ��|RydT�[U[0�U[U¬FNe�U|RYd��T�NeN�E�`mJd¬FT�¬FT�[�NRLG[UZ
�dEº¹¨EhJd�UN��USua%NRLGYFzOYd¬FLONeQKSUT�[<��LG¬FT�[UNeQKS J6}£IRT�[<Y%ZUT�| z��d[U¬dT�|e}�|eLONPIMLO¬\ydYd[UNeIMJd[uIMT�[XHh�g|RT�QKSg¬FT�v YFSU[USgT�LGIRT�[
LO[UNnH%�U|MJdQKSgNRLO¬d[ Jdz¯T�LG[� LGT�NRNeT�[UZgT VfT�|Ry0c�JdzOTmvxLGQKSuIMLO¬ } �U|xZULGT\Hh�U|eT�QKSUT�|R�U[uIMT�|RNeQKSUT�LGZU�U[U¬UE

`¨LOTW��T�y6J6[U[uIMT�[>»b[UN �6IR��T����U|��¯FNe�U[U¬<ZUT�N�Hh�U|eT�QKSUT�|e¸FT�|RL 	 y1J6IMLGYF[UNR�g|RYF�UzGT�c:NmNRLG[UZ NRT�SU|m��JdSUz��
|RT�LOQKS³�g[UZ¢z J6NRNRT�[¢NRLGQKS¢¬F|eYF�³LG[³��v T�L�r�z JdNeNRT�[¢�U[uIMT�|eIMT�LOzGT�[ �0NeIMJ6IMLGNeIRLONRQKSgT ��IRT	�%IM�g[ Jd�US��6[U¬FLO¬dT � �g[UZ
Zga%[ Jdc:LONeQKSUT ��IMT´�%IKJd�US��d[U¬FLG¬FT � {�T�|e}4JdSU|eT�[E

����� ���������! "���! �#�$&%(')%*��$&+-,.%0/
`¨LOT�NPIKJ6IRLONPIMLONeQKSUT�[�VXT	IMSUY%ZUT�[XT	�%IM|RJdSULGT�|RT�[ VfT�|Ry0c�JdzOT\Jd�gNnZgT�c Hh�g|MJdQKSUNeLO¬F[UJdz¯�U[UZ�¸FT�|R¬FzGT�LOQKSgT�[
ZULOT�NRTWc�L�I¨ZUT�[.�U�8T�|mT�LO[UT�[>Hh�U|eT�QKSUT�|�Jd�U¬FT�NR�8T�LGQKSUT�|PIMT�[�(xT�}�T�|RT�[U��Z J1IMT�[·E¯`mJdN�¹ T�NRYd[UZUT�|eT ZULOT�NRT�|
VXT�|ey0c³JdzGT LONeI �¯Z JdNeNWNeLOT:��T�L�IMzGLOQKS>�U[ Jd�gS��d[U¬FLG¬XNeLO[UZ �'JdzONeYXT�LO[UT NeIMJ6IMLGNeIRLONRQKSgT�»b�UNRNRJd¬FT
�g��T�|WZ J6N
Hh�U|RJdQKSUNRLG¬F[ Jdz·zOLOT	}�T�|e[EU»¨zGNnVXT�|ey0c³JdzGT�ydYFc:c:T�[�T�IwvªJ�LG[ �B|RJd¬FT! 

�³�'Jd[U¬d��T�L�IMNe��T�y0IR|R�Uc
�:{ Jd|eL Jd[g��ZUT�Nnr��U|R����T�LGIMNe��T�yuIM|R�gc�N

]



�¢VXL�IRIRT�zGv T�|PIn�U[UZ�{ Jd|RLOJd[U�mZUT�|bHh�U|MJ6QKSU¬F|R�g[UZg}�|RT��0�UT�[U�
�:{ Jd|eL Jd[g��ZUT�|bHhLG¬F[ JdzGLO[uIMT�[UNRL�I�6I
�³Jdy0y0�Uc��gzOLOT�|eIRT�|�� T�SUzGT�|��8T�L¯ZUT�|b�ªYhZULGT�|e�U[U¬ c�L�I�{�T�yuIRYF|��0� Jd[uIRLONRLGT�|e�U[U¬
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