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ABSTRACT
%'&)(+*-,�.0/21�&+35476�&)89&+30:;*-30<>=?,�(+&)*-:@&+.040/A<�=B47&+1C473�=BDE()<>=?4030/A(+&+.5/A,
403�=?DF(G&+,�H-/A,�&+&+30/A,�H�I	JE*-30&G8�30&+(+/2.0&+KALNM�OP&GQ�30.04R*S8�40/2<F/AT+&G476�&G30*-U�40/2,�H
/A,V=?,'WYX[Z�=?(B\]Z�*-,�&E40*^<F/A,�/2<F/AT+&F(+*-,�H-&+.040/A*-,'O_/2406'406�&F&+.040/A<>=?47&+1
403�=?DF(`<>=?4030/AabIc%'&d476�&+,e40&+.04f406�&d8�&+30:g*-30<>=?,�(+&`*-:_476�&`30&+.0U�KA40/2,�H
30*-U�47/A,�HF*-,^406�&�30&N=?Kb403�=?DF(�<�=?4030/AabI

Categories and Subject Descriptors
h I2iSI2j_k lFm9npo�q�r+sNt0uvlFm9npn�q�w�x;ySz�r+x{m9w�|	})sNr?~fm9t���������&+4�OP*-30\F�P8��
&+3�=?40/A*-,�.0�����v�{�R�S�B�E���S���S�Y�Y�E�Y���{�R���v�{�R�S�B���E�S���g�{�S�B�g���

General Terms
<F&N=?.0U�30&+<E&+,N4�M]8�&+30:g*-30<>=?,�(+&

Keywords
� 3�=?DF(�J�=?4030/Aa)��.040/A<�=B47/A*-,�M � 3�=?DE(E��,�H-/A,�&+&+30/A,�H�MR�v�5J�X�M�����X���M
J>X��G�

1. INTRODUCTION��.�47/A<>=?40/2,�H =?,pW¡,]40&+30,�&+4¢403�=?DF(5<�=B4730/Aa>6�=?.¢30&+(+&+/A£-&+1p(+*-,�.0/A1�&+30�
=?Z�K2&¤=?4740&+,N40/2*-,C/A,¥30&+(+&+,N45L-&N=?30.�IC¦§403�=?DF()<>=?4030/Aa 8�30*v£N/A1�&+.`406�&
£-*-KAU�<F&_*-:�403�=?DF(_Z�&+4�OP&+&+,F&+£-&+30L�8�=?/A3�*-:�/A,�H-30&+.�.@=?,�15&+H-30&+.0.�89*-/A,N47.
*�£-&+3@=�H-/A£-&+,F40/2<F&_/2,N40&+30£�=?K¡I	�vU�(B6E/A,�:g*-30<>=?40/A*-,F/2.�&+.0.�&+,]40/¡=?K�40*d=�£�=?�
30/A&+4�L5*-:¨*-8�&+3�=?40/2*-,�=?K�4�=?.0\N.	3�=?,�H-/2,�H�:;30*-<©30*-U�47&+3�ªBK2/A,�\5:0=?/2KAU�30&5=?,�=?KA�
LN.0/A.E40*>(N=?8�=B(+/24�Lp8�K�=?,�,�/2,�H¥=?,�1 403�=?DF(d&+,�H-/2,�&+&+30/2,�H�M�:g*-3E/2,�.�4v=B,�(+&
ZNL`30*-U�47&�*-8�40/A<F/2TN=?40/A*-,�I
%C6�&+,�1�/A30&+(+4�«�*vO¬KA&+£-&+K�<F&N=?.0U�30&+<E&+,N40.F=?30&^=7£�=?/2K¡=?Z�KA&NM�=?(+(+U�3�=?40&

403�=?DF(¢<�=B4730/A(+&+.�(N=?,)Z�&�1�&+30/A£-&+1�I��,�:g*-3040U�,�=?40&+KALNMN1�/230&+(+4�<E&N=?.�U�30&+�
<F&+,N47.d30&+®NU�/A30&¤=?1�1�/240/A*-,�=?K�<F&N=?.0U�30&+<E&+,N4`/A,�:g3�=?.�4030U�(+40U�30&�.�U�8�8�*-304
=?,�1�/A4¯(N=?,'Z9&F8�30*-6�/AZ�/A40/2£-&+KAL�&+aN89&+,�.0/2£-&F40*c/A,�.04030U�<F&+,N4¯406�&F&+,]40/A30&
WYXV,�&+4�OP*-30\[40*'(+*-K2KA&+(+4E.�U�(?6¤1�=?4v=SI!°�&+(+&+,N47KAL[8�30*-H-30&+.0.F6�=?.FZ�&+&+,
<>=?1�&>*-,!473�=?DF(><>=?4030/2a¥&+.040/A<>=?40/2*-,±=B,�1V.0&+£-&+3�=?K@<F&+406�*N1�.d6�=0£-&
Z�&+&+,^8�30*-89*S.0&+1^406�=?4�=?4040&+<F8�4_40*F1�&+30/A£-&�403�=?DF(�<>=?4730/A(+&+.�:g30*-<²406�&
KA/2,�\¥KA*�=?1!1�=?4�=-MGOG6�/A(?6!(N=?,!Z�&�&N=?.0/AK2LC*-Z�4�=?/A,�&+1!£]/¡=)476�&¥��/2<F8�KA&
��&+4¡OP*-30\¤J�=?,�=?H-&+<F&+,]4dX�30*-40*N(+*-K�³0�v�FJ>X�´0I9%'&F(N=?K2KR.�U�(?6V=f47&+(B6��
,�/2®NU�&V=?,©�v�FJ�X��µZ�=?.0&+1©�µ�¡�B¶e·e�E�S�{�B�g¸e�v¹��µ�g���S�µ�S�BI � 6�&+.�&C=?KAH-*-�
30/A406�<F.�6�=0£-&_Z�&+&+,F£�=BK2/A1�=?40&+1>=?H�=?/A,�.04�30&N=?K�³gZ�U�4�8�=?3040/¡=?K¡´9403�=?DF(_<>=?�
4030/A(+&+.)³g*-Z�4�=?/A,�&+1[406�30*-U�H-6[1�/A30&+(+4�<F&N=?.0U�30&+<F&+,N47.�´_U�.0/A,�H>(+*-<F<F*-,
<F&+4030/2(+.�.0U�(?6[=?._406�&�30*N*-4G<F&N=?,^.0®NU�=?30&+1^&+3030*-3_(+*-<F8�U�47&+1^*�£-&+3f=BK2K
.�*-U�30(+&+�µ1�&+.040/2,�=?40/2*-,�8�=?/230.�I � 6�&f30&+.0U�K240/A,�H`&+.040/2<>=?40&f(+*-,N4�=?/2,�&+3030*-30.
*-:b£�=?30L]/A,�Hf<>=?H-,�/A47U�1�&�1�&+89&+,�1�/2,�H¢*-,`406�&F=?KAH-*-30/2406�<º=?8�8�KA/2&+1�I¨W�4P/2.
,�*-4P1�/A30&+(+40K2L5(+K2&N=B3PO_6�=?4	/2<F8�=B(+4P406�&+.0&@&+3030*-30.G6�=7£-&@*-,d*S89&+3�=?40/A*-,�=?K
4�=?.0\N.�M_=?.E1�/2»�&+30&+,N4�4v=B.0\].E<>=7Lp6�=0£-&d®]U�/240&d1�/A»�&+30&+,]4�40*-KA&+3�=?,�(+&d40*
406�&F4�L]8�&+.d=?,�1'<>=?H-,�/A47U�1�&E*-:P476�&E&+3030*-30.�I¢��*-3�&+a¨=?<E8�K2&NM�/A:¯=?KAKR&+30�
30*-30.�OP&+30&�(+*-,�(+&+,]403�=?40&+1^*S,[=�.�/2,�HSK2&�(+30/A40/2(N=BKbKA/A,�\bMN406�/A.�(+*-U�KA1^6�=0£-&
=�Z�/AH)/A<E8�=?(+4�*S,p89&+30:;*-30<>=?,�(+&NMbL-&+4c=�,�&+H-KA/2H-/AZ�KA&5/2<F8�=?(+4¢/A,p<F*-.04
.�4v=?,�1�=?301f&+3030*-3�<E&+4030/A(+.�I � 6]U�.�OP&P:g*-30<fU�K�=?40&P406�&P:;*-K2KA*vO_/A,�H�H-&+,�&+3�=?K
30&+.�&N=?30(?6^®NU�&+.040/A*-,��
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Ã ·`���S�µ�?�;¸Y�	ÁS�S�Ä�R�YÅgÅ�¿S�)�R�¯Æ��Y�µ½0�S�B�Ç�S�p�{ÁS�`�¡���SÅ��µ�¡�B¶e·
���S�{�B�g¸�È

� 6�&	(+*-,�(+30&+40&P403�=?DF(P&+,�H-/2,�&+&+30/A,�H@4�=?.0\�OP&	:g*N(+U�.�*-,f/A,�406�/2.�8�=B89&+3�/2.
406�=?4�*-:�*-8�40/A<F/2T+/A,�H�406�&�30*-U�40/2,�H�.0*E=?.�40*�<F/2,�/2<F/AT+&�<>=?aN�µU�40/2KA/2TN=?40/A*-,�I

É�&+30&�406�& Ê��{�gÅË�gÌ?�S�{�g�S�C*-:`=dKA/2,�\ /2.`406�&)3�=B47/A*e*-:@/A40.5KA*�=?1C*v£-&+3`/240.
(N=?8�=B(+/24�LNM�=?,�1C406�&¤�E�S¸YÂ�Ê��{�gÅË�gÌ?�S�{�g�S�p/2.d406�&�<>=?aN/A<fU�<ÍU�40/AK2/ATN=?40/2*-,
*�£-&+3F=?K2K�K2/A,�\N.�/2,�406�&f,�&+4¡OP*-30\bI	%'&f(N=?KAKG=¯40&+(?6�,�/2®NU�&f:g*-3�406�/A.�4�=?.0\
=F�7�SÊN�µ���BÆ��µ�g���;Ì��Y�BI��R/230.04�OP&�OG/AKAKbH-&+4�=B,^&+.040/A<�=B47&+1)403�=?DE(¢<�=B4730/Aa
ÎÏÐ:g30*-<Ñ=�403�=?DF(�<>=?4030/AaC&+.040/A<>=?47*S3�I � 6�&+,ÒOP&C=?8�8�K2L±=�30*-U�40&
*-8�40/A<F/2T+&+3d40* ÎÏÓI � 6�&�*SU�408�U�4d30*-U�40/2,�H ÎÔº1�&+40&+30<F/2,�&+.d:g*-3d&N=?(?6
.0*SU�30(+&5=?,�1d1�&+.040/A,�=?40/2*S,dOG6�=?4	:g3�=?(+40/A*-,d*-:¨406�&@473�=?DF(@.06�*-U�K21dHS*f*-,
1�/A»�&+30&+,]4@8�=?476�.@:g30*-<§406�&�.�*-U�30(+&�40*d406�&�1�&+.�40/2,�=?40/A*-,�I���/A,�=?KAK2LNM9OP&
40&+.04�476�&E8�&+30:g*-30<>=?,�(+&E*S:�406�&E30&+.�U�KA4 ÎÔF³;ÏÓ´�*-:�=?8�8�KAL]/A,�H ÎÔ$40*^476�&
4030U�&�403�=?DF(¯<>=?4030/AadÏÓI

2. TRAFFIC MATRIX ESTIMATORS� 6�/A.5.0&+(+40/2*-,¥Z�30/A&+«�L[1�&+.0(+30/2Z�&+.5406�30&+&)<E&+406�*N1�.5(+*-,�.0/21�&+30&+1¤:;*-3
&+.040/A<>=?40/2,�H�403�=?DF(`<>=?4730/A(+&+.f:g30*S<ÕKA/2,�\'K2*�=?1e1�=?4�=-I � 6�&`Q�30.�4¢4¡OP*
<F&+406�*N1�.�=?30&	Z�=?.0&+1�*S,�.0*@(N=?KAKA&+1 Ö{H-3�=0£]/A4�L¢<F*]1�&+K2.0×¯OG6�/AKA&	476�&	406�/2301
(+*-<fZ�/2,�&+.'Ö{H-3�=7£N/A4�L)<E*N1�&+KA.0×dO_/2406�Ö{,�&+4�OP*-30\)47*S<E*-HS3�=?8�6]LN×d<F&+406��
*N1�.�I_JE*-30&�1�&+4�=?/AK2.�*-,^476�&¯<F&+406�*N1�._(N=?,^Z�&¯:;*-U�,�1^/A,ekAi-MbØB��I
Ù 3�=7£N/24¡L�<F*N1�&+KA.	=?30&�*S:g40&+,�U�.0&+1¢Z]L@.0*N(+/¡=?KS.0(+/2&+,N40/2.�40.¨40*_<F*N1�&+KS476�&

<F*v£-&+<F&+,N4�*-:R8�&+*-8�KA&NM�H-*N*]1�.�*-3�/2,�:g*-30<>=?40/2*-,�Z�&+4�OP&+&+,)H-&+*SH-3�=?8�6�/A(
=?30&N=?.�IÒ°�&+(+&+,]40KAL]M�£�=?30/¡=?40/2*-,�.F*-,¤H-3�=0£]/A4�L[<E*N1�&+KA.F6�=0£-&[=?K2.�*'Z�&+&+,
8�30*-8�*-.�&+1^:g*-3_(+*-<E8�U�40/2,�HF403�=?DF(�<�=B4730/A(+&+.�I
¦_4@476�&�6�&N=?304@*-:�406�&�H-3�=0£]/A4�L)<E*N1�&+K�=?8�8�30*�=B(?6>/A.5=�8�30*-8�*-3040/A*-,��

=?KA/24¡L[=?.�.0U�<F8�40/2*S,��	476�&)=?<E*SU�,]4@*-:�403�=?DF(�:g30*-<Ú=¯HS/2£-&+,>.�*-U�30(+&�40*
=5H-/A£-&+, .0/2,�\p/A.E8�30*-8�*-3040/2*-,�=?K	40*�476�&d40*-4�=?KG473�=?DF(c40*�476�&d*-U�478�U�4
.0/A,�\¨M¨/2,�1�&+89&+,�1�&+,]4f*-:	.�*-U�30(+&NI`��*-3f&+ab=?<F8�KA&NM¨/2,Ò=�H-3�=0£]/A4�L�<F*N1�&+K
:g*-3�(N=?3¯403�=?DF(EZ�&+4�OP&+&+,'(+/A47/A&+.�406�&E30&+K¡=?40/2£-&F.04030&+,�H-406'*-:�406�&F/2,N40&+30�
=?(+40/A*-,)Z9&+4¡OP&+&+,)4�OP*5(+/240/A&+.�<F/2H-6N4�Z9&¢<F*N1�&+K2&+1 =?.�8�30*-8�*-3047/A*-,�=?K�40*
406�&)8�30*N1�U�(+45*-:@476�&^8�*-8�U�K�=?40/A*-,�.51�/A£]/A1�&+1¥ZNLÄ=d1�/A.04�=?,�(+&)30&+K¡=?47&+1
Ö{:g30/A(+40/2*S,�×�40&+30<>Ie�v/A<E/AK¡=?30K2LNM�406�&`.�/2<F8�KA&+.04f8�*-.0.�/2Z�KA&`H-3�=0£]/A4�L'<F*N1��
&+KA.@:;*-3@406�&�W�,N40&+30,�&+45=?.�.0U�<F&�406�=?4@406�&E473�=?DF(�&+aN(?6�=?,�H-&+1>Z�&+4�OP&+&+,
KA*](N=B47/A*-,�.5/A.58�30*-8�*-3040/2*S,�=?K_40*p406�&)£-*-K2U�<E&+.5&+,N40&+30/2,�H!=?,�1¥&+a]/A40/2,�H
=?4@406�*-.0&�K2*N(N=?40/A*-,�.�M�406�*-U�H-6�/A,>406�/A.@(N=?.0&�OP&^=?.�.0U�<F&�406�&f1�/2.�4v=?,�(+&
30&+K¡=?40&+1>40&+30<§/A.`=�(+*-,�.04�=?,]4¯Z�&+(N=?U�.0&E/2,N40&+3�=?(+47/A*-,�.¯/A,>406�&EW�,N40&+30,�&+4
=?30&_KA&+.0.�1�/2.�4�=?,�(+&_.0&+,�.�/240/A£-&NI¨%'&_30&+:g&+3�40*�406�/A.@=?.�476�&�¹��g��Æ�Å �¯�v�¡�SÛY�g�µÜ
���v¿S�YÅËI
W¡4R/2.�8�*-.0.0/AZ�KA&G40*¯H-&+,�&+3�=?KA/AT+&G406�&G.0/A<F8�K2&_H-3�=7£N/24¡Lf<E*N1�&+K�/A,�=�,NU�<F�

Z�&+3�*-:�O�=7LN.�40*�4�=?\-&�/2,N40*E=?(+(+*-U�,N4	=B1�1�/A47/A*-,�=?K]/2,�:g*-30<>=?40/2*-,¢8�30*�£N/21�&+1
ZNL¯1�&+4�=?/AK2&+1fKA/A,�\¯(+K¡=?.0.0/AQ�(N=?40/A*-,^=?,�1f30*-U�40/A,�H�89*SK2/A(+/2&+.�I � 6�&+.�&�8�=B89&+30.
6�=0£-&¯.06�*�OG,c406�&+.0&¯H-3�=0£]/A4�L`<E*N1�&+KA.G40*�Z�&¯.0/AH-,�/AQ�(N=?,]40KAL5<F*-30&`=?(+(+U��
3�=?40&d406�=?, 476�&d.0/A<E8�K2&dH-3�=0£]/A4�Lp<F*N1�&+K2.�I)%'&d40&+.�4�476�&p�Y�Y���Y�¡�SÅË�gÌ?��¿
�Y�7�SÛY�g�µÜ)�E�Y¿S�YÅ9*-:¢kAØ?��/A,pO_6�/2(B6!=?1�1�/240/A*-,�=?K�/A,�:g*S30<�=?40/A*-,p*-,p8�*-/A,N47.
*-:�/2,�H-30&+.�.'=B,�1C&+H-30&+.0.d:g*-3d473�=?DF(�«�*vO_.`(N=?,VZ�&�/2,�(+*S3089*-3�=B47&+1V40*
&+aN8�KA/2(+/A40K2L�<F*N1�&+K�6�*-40�{8�*-4�=?40*)30*SU�40/2,�H�:g*-3¢403�=?DF(5&+aN(?6�=?,�H-&+1pO_/A476
8�&+&+3_,�&+4�OP*-30\N.�I
Ý�L¤=?8�8�30*-8�30/¡=?40&E,�*S30<�=?KA/ATN=?40/2*-,�M�406�&FH-3�=7£N/A4�L�<F*]1�&+K�.�*-K2U�47/A*-,'/2.

H-U�=B3�=?,]40&+&+1V47*[Z�&�(+*-,�.0/A.040&+,N4`O_/2406V476�&�<F&N=?.0U�30&+1VK2/A,�\¤KA*�=?1�.p=?4
406�&`,�&+4�OP*-30\'&+1�H-&NM�Z�U�4f,�*-4f,�&+(+&+.0.�=B30/2KAL'.0*�/A,e406�&d/2,N40&+30/2*-3�K2/A,�\N.�I
¦�KA40&+30,�=?40/2£-&+KALNM¨,�&+4�OP*-30\�40*-<F*-H-3�=?8�6]L�<F&+406�*N1�.f&+a]8�K2/A(+/240KAL�/A,�(+K2U�1�&
406�&�/2,�:;*-30<�=B47/A*-,5<E&N=?.�U�30&+15:g30*-<±/A,]40&+30,�=?K�KA/A,�\].�I � 6�/2.�/A,�:g*-30<>=?40/2*S,
(N=?,^Z�&�OG30/A4047&+,[=?.�=�.�&+4G*-:�KA/2,�&N=?3G(+*-,�.0403�=?/2,N4_&+®]U�=B47/A*-,�.

Þ�ßVà r�á ³0Ø-´
O_6�&+30& Þ /2.�=F£-&+(+40*-3�*S:_406�&dKA/A,�\p<E&N=B.0U�30&+<F&+,]40.�M	rf/A.E476�&d403�=?DF(
<>=?4030/2a'OG30/A4040&+,!=B.c=E(+*-KAU�<F,e£-&+(+47*-3�M	=B,�1 à /A.f406�&530*SU�40/2,�H�<>=?�
4030/Aa ³gO_6�*-.0&E40&+30<F.¯H-/A£-&E476�&E:g3�=?(+40/2*-,�*-:�403�=?DF(E:g30*-<Í=¢8�=?3040/A(+U�K¡=?3
*-30/AH-/A,�ª?1�&+.040/A,�=?40/2*S,^8�=?/23_406�=?4_403�=7£-&+30.0&+.�&N=?(?6^KA/2,�\b´0I



W�,C8�3�=?(+40/2(+&�406�/A.`.0&+4`*-:@&+®NU�=?40/A*-,�.`/A.`/2KAKA�{8�*-.0&+1�M¯=?,�1C.0*e40*-<F*-�
H-3�=?8�6�/2(	40&+(B6�,�/A®]U�&+.R:g30*-<�*-476�&+3�Q�&+K21�.�6�=0£-&	Z9&+&+,�U�.0&+1�40*@1�&N=?K�OG/A406
406�/A.�1�/2DF(+U�KA4�LNI¨��*-3¯=P1�&+4�=?/2KA&+1F1�&+.0(+30/28�47/A*-,>=B,�1F(+*-<F8�=?30/A.0*-,�³¾U�.0/2,�H
.�/2<F8�KA&¯<F&+4030/A(+.�´�*-:G=�,NU�<fZ�&+3_*-:�476�&+.0&�<F&+476�*]1�._.�&+&`kAi?�¡I�%'&�.06�=BK2K
(+*-,�.0/21�&+3�=�.�/2,�H-K2&G.0U�(?6�=?KAH-*-30/A476�<�M��µ�S���Y�v�¡�SÛY�g�µÜ�M�kAØ?��O_6�/A(?6E1�/2.08�K�=0L].
H-*N*N1^8�30*-8�&+3040/2&+.�/2,^40&+30<F._*S:�.0(N=?KA/2,�H�M]&+.�47/A<>=?40/2*-, =?(+(+U�3�=?(+LNM].�8�&+&+1
*-:b(+*-<F8�U�4�=?40/A*-,�M�=?,�1`30*-Z�U�.040,�&+.�.P47*f&+3030*-30.�I � 6�&�<F&+406�*N15U�.0&+.P406�&
H-&+,�&+3�=?K2/AT+&+1cH-3�=7£N/24¡L5<F*N1�&+K�=?Z�*v£-&`=?.f=�8�30/2*S3¢³0=�\]/A(?\N/A,�HE*-»)8�*-/A,]4�´
=?,�1�30&+Q�,�&+.�/24�U�.0/A,�H�40*-<F*-H-3�=?8�6�/A(�40&+(B6�,�/A®]U�&+.�40*�.0&+KA&+(+4	=?,¢&+.�47/A<>=?40&
*-:G406�&`403�=?DF(`<>=?4030/2a Î rvM¨406�=?4f.�=B47/A.0Q�&+.�406�&`(+*-,�.0403�=?/A,]4f&+®NU�=?40/A*-,�.�M
=?,�1�/2.@(+K2*-.�&+.04�40*`406�&fH-3�=0£]/A4�L^<F*]1�&+KG=?(+(+*-301�/2,�H`40*`.�*-<E&�1�/2.�4v=B,�(+&
<F&+4030/2(NI

3. ROUTE OPTIMIZERS

General routing.
W¡,>406�&�<F*-.�4@H-&+,�&+3�=?K�:g*-30<§*-:�30*-U�47/A,�H�M9403�=?DF(

:;37*S<â=¯.0*-U�30(+&f40*�=¯1�&+.�47/A,�=?40/A*-,�<>=7LcZ�&f.08�KA/24F=?30Z�/A403�=?30/2KALc*�£-&+3E=BK2K
8�*-.0.�/2Z�K2&58�=?406�.¢Z�&+4�OP&+&+,p476�&F.0*SU�30(+&>=?,�1'1�&+.�40/2,�=?40/A*-,�IE��/A,�1�/A,�H =
H-&+,�&+3�=?K�30*-U�40/A,�H�<F/2,�/2<F/AT+/2,�H�<>=?aN�{U�47/AKA/2TN=?40/A*-,F/2.¯=?,F/2,�.�4�=?,�(+&_*-:�406�&
(+K¡=?.0.�/2(N=?K¨<fU�KA47/A(+*-<F<F*]1�/24�Ld«�*�OÒ8�30*-Z�KA&+<>I�¦�._1�&+.0(+30/AZ�&+1^Z]LpJE/A403�=
=?,�1 °_=?<>=?\N30/A.06�,�=?,¤k2j?�¡M�476�&�HS&+,�&+3�=?K¨30*-U�47/A,�H5.0*SK2U�40/A*-,)(N=?,)Z�&¢/2<F�
8�K2&+<F&+,]40&+1fOG/A406¢406�&P®]U�/240&�30&+(+&+,N4GJFU�K240/A�?X�30*-40*N(+*-K]�	=?Z�&+Kb�vO_/A47(B6�/A,�H
³0J>X��G��´	8�30*-40*](+*SK�IF��.�.0&+,N47/¡=?KAK2LNMb&N=?(B6p8�=?406pU�.0&+1p/A.¢/A<F8�K2&+<F&+,N40&+1
=?.f=_K¡=?Z�&+K2�µ.0O_/A47(B6�&+1c8�=?406d406�=?4	406�&¯.0*-U�30(+&¯U�.0&+.G:g*-3¢=�(+&+304�=?/2,c:g3�=?(+�
40/A*-,c*-:�/240.G403�=?DF(@40*E406�&¯1�&+.040/A,�=?40/2*-,�I�%'&¯(N=?K2K�406�&¯40&+(?6�,�/2®NU�&¯406�=?4
Q�,�1�.�=?, *-8�40/2<>=?K¢J>X��	�).0*-KAU�40/A*-, :g*-3)=5H-/A£-&+, 473�=?DF(c<>=?4030/2a!=B,
ã)ä�å�æ>�BÆ��{�g�E�gÌ?�Y�BI

Traditional shortest path routing. � 6�&�<F*-.04	(+*-<E<F*-,�K2LFU�.�&+1/A,N473�=?�µ1�*-<>=?/A,�W�,N40&+30,�&+4�30*SU�40/2,�H@8�30*-40*N(+*-KA.�40*]1�=0Ld=?30&	406�&	406�&¢¹�ÁS�S�B�µÂ
�v¹���Æ��S�µÁ¯W¡,]40&+30/A*-3 Ù =?47&+O�=0L^X�30*-40*](+*-KA.@³¾W Ù X�´0����8�&+,>�v6�*-3040&+.04�XR=?476
��/A30.04¤³0�¯��X���´�=?,�1¬W�,N47&+30<F&+1�/¡=?40&Ò�vL].�40&+<E�µW�,N40&+30<F&+1�/�=?40&Ò�vLN.040&+<
³gW+���{WY��´0I�W�,Ò476�&+.0&�8�30*-47*N(+*-KA.�M_OG6�/2(B6$=?30&':gU�,�(+40/A*-,�=?KAK2LC406�&'.�=?<F&NM
&N=?(B6`KA/2,�\E/A.¢=?.0.0*N(+/¡=?47&+1dOG/A406'=_89*-.�/240/A£-&�OP&+/AH-6]4�M�=B,�1`406�&�KA&+,�H-406d*-:
=f8�=?406�/A.�1�&+Q�,�&+1V=?.¯406�&F.0U�<Ç*S:�406�&EOP&+/AH-6N40.¯*-:�=?KAK�406�&FK2/A,�\N.¯*S,
406�=?4¯8�=?406�I � 3�=?DF(�/A.¯30*-U�40&+1¥=?KA*-,�Hc406�&�.06�*-3040&+.04@8�=?406�.�I�W¡,>(N=?.0&+.
*-:b40/A&+.PO_6�&+30&�.0&+£-&+3�=?K�*-U�40H-*-/2,�HfK2/A,�\N.�=?30&�*-,`.06�*S3047&+.�4�8�=?406�.P40*f406�&
1�&ç.�40/2,�=?40/A*-,�MN476�&¯«�*�OÒ/A._.08�KA/A4G30*-U�H-6�K2Ld&+£-&+,�KAL]I
Ý¨L'1�&+:0=?U�K24�M h /2.�(+*�30*SU�40&+30.�.0&+4f406�&dOP&+/AH-6]4�*-:�=FK2/A,�\'40*>Z�&`/A,��

£-&+30.�&+K2L[8�30*-8�*-3040/A*-,�=?KG40*'/A40.F(N=?8�=?(+/A4�L[è'OP&^30&+:g&+3F40*'406�/A.F.0&+4040/2,�H
=?.`476�&[¼0��Û�é��BÆeOP&+/2HS6]45.0&+4040/2,�H�I � 6�&^OP&+/AH-6N47.`*-:@406�&)K2/A,�\N.�M@=?,�1
406�&+30&+ZNL'406�&`.�6�*-3040&+.04f8�=B476[30*-U�40&+.�M�(N=?,[Z9&d(?6�=?,�H-&+1eZNL'476�&`,�&+40�
OP*-30\d*-8�&+3�=?40*-30._40*E*-8�47/A<F/2T+&�,�&+4¡OP*-30\`8�&+30:g*-30<>=?,�(+&NI
��£-&+3�406�&	L-&N=?30.�Mv<�=B,]L�<F&+406�*N1�.�6�=0£-&PZ�&+&+,�8�30&+.0&+,N47&+1�406�=?4�(+*-<F�

8�U�47&¢=R.�&+4�*-:�KA/A,�\�OP&+/2H-6N40.�476�=?4�<F/2,�/2<F/AT+&P(+*-,�H-&+.040/A*-,f/A,�476�&P30&+.0U�K240�
/A,�H�.�6�*-3040&+.04�8�=?476�30*-U�40/A,�H�*-:�=RH-/A£-&+,f403�=?DF(P<>=?4030/Aad³¾.�&+&P30&+:g&+30&+,�(+&+.
/A,ek ê-�¡´0I�%'&@.�6�=?K2K�30&+:;&+3	40*E.0U�(?6e=�<E&+406�*N1e=?.f=?,!ë�æ�ä�ì¤�BÆ��µ�g���gÌ?�Y�BM
406�*-U�H-6f406�&P30&+.0U�KA40.�(+*-U�KA1f&+®NU�=?KAK2L�Z�&¯=B8�8�KA/2&+1f40*�W+���{WY�G30*-U�40/2,�H�Ib%'&
U�.0&	406�&¢=B8�8�30*�=?(B6�1�&+.�(+30/2Z�&+1E/2,�k ê-�¡MvO_6�/A(?6�/A.RZ�=?.0&+1E*-,�.�*-�µ(N=?K2KA&+1�KA*-�
(N=?K9.0&N=?30(?6`47&+(B6�,�/A®]U�&+.�I � 6�&�<F&+476�*]15U�.�&+.�6�&+U�30/A.040/A(+.�40*�/A40&+3�=?40/2£-&+KAL
4030L>40*)/A<E8�30*v£-&5406�&5OP&+/2H-6N4�.�&+4740/A,�H�I � 6�&58�30*-Z�KA&+<º*S:PQ�,�1�/A,�H[=B,
*-8�47/A<>=?K�OP&+/2H-6N4@.0&+4040/A,�Hd/A.@�FX��µ6�=?301Ck ê-�¡MR=?,�1>.�*dOP&�(N=?,�,�*-4@H-U�=?30�
=?,N40&+&�Q�,�1�/A,�Hf406�&�4730U�&�*-8�47/A<fU�<>I � 6�&�®NU�=?KA/24¡LE*-:b406�&�Q�,�=?K�OP&+/2H-6N4
.�&+4740/A,�H)/2.c=?»�&+(+40&+1'ZNL>3�=?,�1�*-<º(B6�*-/2(+&+.¢<>=?1�&5406�30*-U�H-6p406�&F/A40&+3�=?�
40/A*-,�.�M�H-/A£N/2,�Hd.�*-<E&�£�=?30/�=?,�(+&f/A,>406�&f®NU�=?KA/A4�L^*-:�406�&�*-U�40(+*-<F&NI_�9*-3
&+a¨=?<F8�KA&NM�/24@/2.@8�*-.0.�/2Z�K2&�406�=?4�OP&NM�ZNL^(B6�=?,�(+&NM�H-&+45=¯Z�&+4040&+3@OP&+/2H-6N4
.�&+4740/A,�H�:g*-3�406�&_4030U�&_403�=?DF(_<>=?4030/2a�:g30*-<±406�&_&+.040/A<�=?40&+15473�=?DF(_<>=?�
4030/Aa�406�=?,�OP&POP*-U�KA1�H-&+4�:g30*-<�476�&P30&N=?KN403�=?DF(P<>=?4030/Aa�/A47.�&+K2:0MvZ�U�4�406�&
30&+.�U�K240.GZ9&+KA*�OV.06�*vO!406�=?4	406�/2.G3�=?,�1�*-<Ó£�=?30/�=?40/A*-,d6�=?.GK2/A4040K2&@/A<F8�=?(+4
*-,^30&N=?K¨8�30*-Z�KA&+<F.�I

4. TESTS AND RESULTS%'&547&+.�47&+1e*-U�3¢&+.�47/A<>=?40*-30.c=?,�1p*-8�40/A<E/AT+&+30.fZ�=?.0&+1p*S,!=�1�=0L�*-:
6�*-U�30K2Ld1�=?4�=�:g30*-<í=�¦ ��î���ï ._W+X>Z�=?(?\NZ�*-,�&�30U�,�,�/A,�H>����X���I � 6�=?4
/A.�M�:;*-3¯&N=?(B6�6�*-U�3�ð ß ØSá+ñAñ2ñAáçi?ê�M�OP&E*-8�47/A<F/2T+&+1'406�&EOP&+/AH-6N4¯.0&+4040/2,�H
:;*-3E406�&^&+.040/A<>=?47&+1¥473�=?DF(^<>=?4030/2a[:g30*-<ò6�*-U�35ð`=?,�1¤40&+.040&+1¤/A4E*S,
406�&�4030U�&�403�=?DF(�<>=?4030/AaE:;30*-<$6�*-U�3	ðBI¨��*-40&�406�=?4P*-U�3dÖ{4030U�&+×f403�=?DF(
<>=?4030/A(+&+.�OP&+30&¢30&N=?KAKALc8�=?3040/¡=?K�<>=?4030/2(+&+.@1�&+30/2£-&+1�:;30*-<óKA/2<F/A40&+1)«�*vO

KA&+£-&+K�<F&N=?.0U�30&+<F&+,N40.�è�476�&GZ�&+.04�OP&G(N=B,EH-&+4�OG/A406F*-U�3�(+U�3030&+,N4R<F&N=?�
.0U�30&+<E&+,N4	/2,�:;3�=?.04030U�(+40U�30&NI�%'&@406�&+,d.0/A<fU�K¡=?47&+1d406�&@KA/2,�\5K2*�=B1�.	406�=?4
406�/A.G4030U�&@403�=?DF(¯<>=?4030/2a5OP*SU�K21cH-&+,�&+3�=B47&`=?,�1c<>=?1�&¯*-U�3G&+.040/A<�=?40&+.
:g30*-<²406�&+.0&�KA/2,�\dK2*�=B1�.�I
�9*-3	40*-<F*-H-3�=0£]/A4�LNM]476�&5=0£-&+3�=?H-&@30&+K¡=?40/A£-&@&+3030*-3GO�=?.Gô�I2ØSj-MS:g*-3GH-&+,��

&+3�=?K�H-3�=0£]/A4�LF/A4PO�=?.Pô�I2j?ô�M�=?,�1`:g*S3P.0/A<E8�K2&@H-3�=7£N/24¡LFO�=?.P/A.Pô�IAõ-ö-I � 6�&
<>=?aN�{U�47/AKA/2TN=?40/A*-,^30&+.0U�KA40.�=?30&�8�30&+.0&+,N47&+1)/2, � =?Z�KA&dØ-I

30*-U�40& 403�=?DF(�<�=B4730/Aa J�=Ba]�µU�40/2KA/ATN=?40/2*-,[³0÷F´
*-8�40/2<F/AT+&+3 ¦�£-&+3�=?HS& J>=?a]/A<fU�<
W�,]£ h =?8 ��*-4_30&+KA&+£�=?,N4 ö-ø-IAø Ø?ôSô�I ô
�¯��X�� .�/2<F8�KA&�H-3�=7£N/24¡L`<F*N1�&+K ù-ö-IAù õSö-I2i
�¯��X�� H-&+,�&+3�=?KbH-3�=0£]/A4�L`<F*N1�&+K ù-ú-IAõ õSú-I2Ø
�¯��X�� 40*-<F*-H-3�=0£]/A4�L ê�ö-IAØ ùSö-I2ö
�¯��X�� 4030U�& ê-ê�I ê ùBê�I2Ø
J�X��	� 40*-<F*-H-3�=0£]/A4�L ù-j-IAù õSú-I2ú
J�X��	� 4030U�& ê�i-IAù ùSØ-I2ú

û	z�ü�ý;sÿþ��óû���sÿz��9s]t�z��9sÿz�w	� nez Þ x{n>q�n nez Þ u�q�r+x;ý{x�
]z�r+x{m9w
m��9sNt�r��s�������m9q�tv|����¨m�t�o�t�m9o�t�x{s]rYz�t��'t�sNz�|Ym9w�|¢z�ý;ýRwbq�n>ü�sNt�|
z�t�s�|+y]z�ý{s��V~Ex{r�Cr���s>|+z�nps�|YsNySt�sNr���z�ySrYm9t��

� 6�&_Q�30.�4R/A,N47&+30&+.�40/2,�H¢*-Z�.0&+30£�=?40/2*-,5/2.�406�=B4RO_6�&+,>=?8�8�K2LN/A,�Hd����X��
40*e406�&�&+.040/A<�=B47&+1V473�=BDE(�<>=?4030/A(+&+.�MP476�&)8�&+30:g*S30<�=?,�(+&�*-:¯H-&+,�&+3�=?K
H-3�=0£]/A4�L�/A.¨.0KA/2H-6N40K2L@OP*-30.0&�476�=?,¯406�=?4¨*-:N.0/2<F8�KA&�H-3�=7£N/24¡L]I � 6�/2.¨.06�=B308�K2L
(+*-,N403�=?.040.F406�=?4FH-&+,�&+3�=?KGH-3�=0£]/A4�L[/A.F4�O_/2(+&[=?.5H-*]*N1¤:g30*-<ò406�&^8�&+30�
.08�&+(+40/A£-&d*-:�30&+K�=B47/A£-&d&+3030*S3�I¤�P, 406�&d*-406�&+3E6�=?,�1�M�47*S<E*-HS3�=7£N/24�Le/2.
406�&@Z�&+.04	Z�*-406dOG/A406d30&+.08�&+(+4	47*�30&+K¡=?40/2£-&@&+3030*S3¢=?,�1dOG/A406d30&+.08�&+(+4	40*
<>=?aN�{U�47/AKA/2TN=?40/A*-,)OG/A406 ����X���INW�,�:0=?(+4�MN406�&c����X��¤<>=?a]�µU�40/AK2/ATN=?40/2*-,
O_/2406¢40*-<F*-H-3�=0£]/A4�L¯/A.�*-,�KAL`=?Z�*-U�4Gõ-÷ :g30*-<¬406�=?4�*-:�406�&�1�/A30&+(+4G����X��
*-8�40/A<F/2TN=?40/A*-,^*v£-&+3_406�&�4030U�&�473�=BDE(�<>=?4030/2a¨I
� 6�&f.�&+(+*-,�1�/A,]40&+30&+.�47/A,�Hd(+*-,]403�=?.�4�/2.5����X��C£-&+30.0U�.5J>X��G�E*-8�47/A�

<F/ATN=?47/A*-,5OG/A406F30&+.08�&+(+4�40*¢47*-<F*-H-3�=0£N/24�L�£-&+30.�U�.�4730U�&_403�=?DF(_<>=?4030/2a¨I
J>X��G�E/2.�Z�&+.04�89*S.0.0/AZ�KA&¢O_6�&+,¤=?8�8�KA/2&+1�40*`476�&¢4030U�&f403�=?DE(f<>=?4030/2a¨I
É�*�OP&+£-&+3�MNO_6�&+,^8�30&+.0&+,N47&+1)406�&¢47*-<F*-H-3�=0£N/24�Lc&+.040/2<>=?40&+.�M�/24_(+30&N=B47&+.
=�.�/2H-,�/AQ�(N=?,N40K2L¯OP*-30.�&�30*-U�40/2,�H�:g*-3�406�&�4030U�&�403�=?DF(�<>=?4030/2a¯406�=?,¢1�*]&+.
����X���I � 6NU�.�*-U�3�.0U�Z��µ*-8�40/A<�=BK�����X���*-8�40/A<E/AT+&+3�/A.�<fU�(B6F<F*-30&_30*-�
Z�U�.04`47*e&+.�40/2<>=?40/2*S,C&+3030*-30.�IV%'&�,�*-47&�406�=?4`406�/A.`/A.`,�*-4'=c1�/A30&+(+4
(+30/A40/2(+/A.0< *S:�J>X��G�>=?.@.0U�(?6�M�Z9&+(N=?U�.0&^J>X��	�F/2.@6�/2H-6�KAL^«�&+aN/AZ�K2&�/2,
406�&F<F&+406�*]1'U�.0&+1'40*^(?6�*N*-.0&F/A40.�30*-U�40/2,�H�If��*-3�/A,�.04�=?,�(+&NM�/A4¯.0&+&+<F.
40*)Z�&�=�30&N=?.0*-,�=BZ�K2L�(+*-<F<F*-,p8�3�=?(+40/2(+&540*)U�.�&�=?,pW Ù X 40*)(?6�*]*-.�&
J>X��G�>30*-U�40&+.�M@=?,�1¥406]U�.F406�& =?Z�*v£-& ����X���*-8�47/A<F/2TN=?40/A*-,¥OP*-U�K21
=?8�8�K2LNI
� 6�&)K¡=?.045*-Z�.�&+30£�=?40/A*-,¥/A.5406�=?45*-U�3�����X�� *-8�40/A<E/ATN=?40/A*-,¥Z�=?.0&+1

*-,)40*-<F*-H-3�=0£]/A4�LcH-&+40.�OG/A406�/2, ØSØ?�?Ø-iS÷ÿ*-:�406�&¢*-8�40/A<�=BK	J�X��G��.0*-KAU��
40/A*-,�:g*-3¯406�&E4030U�&F473�=?DF(E<>=?4030/AabM�=?,�1'OG6�/A(?6'/2.�476�&EZ�&+.04¯8�*-.0.0/AZ�KA&
=?<F*-,�H^=?K2K930*-U�47/A,�Hf8�30*-40*](+*-KA.�I�¦�K2.�*�M�406�&F����X��p40*-<F*-H-3�=7£N/24¡LE.0*-KAU��
40/A*-,d/A.f=?Z�*-U�4¢ùBô�÷ÄZ�&+4047&+3G406�=?,c406�&5����X��[1�&+:0=?U�KA4	W¡,]£ h =B8�I � 6]U�.
OP&f(+*-,�(+KAU�1�&f406�=?4�U�.0/A,�H`&+a]/A.040/A,�H`40&+(?6�,�/A®NU�&+.�:g*-3�H-&+,�&+3�=?40/A,�H`403�=?:g�
Q�(_<>=?4030/2a�:g30*-<±30&N=?1�/2KAL^=0£�=B/2K¡=?Z�KA&f���FJ�Xc1�=?4�=�=?,�1F:g*-3�*-8�40/2<F/AT+/2,�H
����X��>30*-U�40/A,�H¯:g*-3�=�H-/A£-&+,E403�=?DF(G<�=?4030/AabM�OP&G*-Z�4�=?/A,�&+1EH-*N*N1E30*-U�40�
/A,�H�:;*-3�406�&_30&N=?K�403�=?DF(NI � 6�&_<F&+406�*N1F<F/AH-6]4�Z�&�/2<F8�KA&+<F&+,]40&+1FO_/A476
����X���MNWY�v�µW+��*-3EJ�X��G��MN<>=?\N/2,�H5/A4�Z�30*�=?1�KALp=?8�8�K2/A(N=?Z�KA&¢40*F40*N1�=0L].
W+X�,�&+4�OP*-30\N.�I
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