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Query: System parametersQuery: User interaction

Problem statement: Choose quality of subresolution image to minimize delay

Stage 1: Choose icon

Stage 2: Get better resolution?

Stage 3: Is this the target image?
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Quality of subresolution
picture

Tradeoff:

subresolution quality

delay between stages 1 and 2

cost of wrong icon choice

and
delay between stages 2 and 3

vs.

and

yes

?JîÈó�ö]ñéð>�E8<ú�ö]÷ÈøyîÈñéð$íyë^÷ÉöNøyîÈë�ì�îÈõ±ò�ó^ð/ñyð$øéñyîÈð$ý�ò�÷NíyþFíyøéð$õT8rømþ�
��
îÀô$ò�÷Fö]íéð$ñ�îÈìFøyð$ñ³ò�ô³øéîÈë�ì0ò�ìzï�ô³ë�ñéñyð$í�
zë^ìzïFîÈì]ó4íéþFíyøyðtõ 
hò�ñ½ò�õ^�
ð$øéð$ñyí3�
� ë^øyðpø(
zò�ø�ø�
]ð,ò��hë�ý�ð±ï�ð$í½ô³ñéî?
]øyîÈë�ì 
]ñyðtíyð$ìFøyí�ò,íéë�õpð	�

+�
zò�ø0íyîÈõB
]÷Èî=<zð ï?öNíyð$ñ�îÈìFøyð$ñ³ò�ô³øéîÉë^ì¼íyîÈìzô³ð,ë^ì]÷Èþwë�ì]ð?ô$ò�ì��
ïFîÀï]ò�øyð?îÉõ�ò�ó^ð�ôtò�ìC�zðlô³ë^ì]íyîÀïFðtñyð ïÙò�ø,ò�ìFþ¼ó�îÈý�ðtì(øéîÉõpð��
��õ�ë^ñyðpó�ð$ì]ðtñ½ò�÷.ô$ò�íéð.+#ë^ö]÷Àïwì]ë^ø^
zòDý�ð�íyöhô(
 ò?ñéð$íyøéñyîÀô��
øyîÈë^ìÄò�ìzï ö]íyðtñyí.+#ë^ö]÷Àï7�hðoò�÷È÷Èë�+�ð ïwøéëwíyøyë^ñyð,îÈõ�ò�ó�ðtí�ò�ø

%



ïFî=Urð$ñyð$ìFø4ñéð$íyë^÷Èö]øyîÈë�ìNí"ò�ìzïÞø(
]ð$ì?õ±ò���ð4ø�
]ð$îÈñ4ïFð ô³îÈíéîÉë^ìT�Fþ
ô³ë^õB
zò�ñyîÈì]ó!ø�
]ë�íéðÓíyð$÷Èð ô·øyð ï�� ��
]ð!íéð ò�ñ³ô�
�ô$ò�ì^�hð!íéð$ð$ì±ò�í�ò

]ñéë�ô·ð$íyí�+�
Nð$ñyð�ø(
]ð�ö]íéð$ñ#ò�ôtô³ö]õ0ö]÷Àò�øéð$írîÈõ±ò�ó�ð$í<ò�øaïFî=Urð$ñyð$ìFø
ñyðtíyë�÷Èö]øéîÈë�ì]í�ù �[ñyë�õ�îÀô³ë^ì,öM
?øyë$�Tö]÷È÷<ñéð$íyë^÷ÉöNøyîÈë�ìzü�ö]ìFøéîÉ÷/ø�
]ð
ø½ò�ñyó^ð$ø4ù[ë�ì]ð.ë�ñ�íyð$ý^ð$ñ½ò�÷<îÈõ±ò�ó�ð$í³ü�
hò�í2�hð$ð$ì �Të�ö]ìhï���4K
NîÉ÷Èð
ò3íyþFíyøéð$õQ+ÓîÈø(
põ�ð$õpë�ñyþ.õpîÉóE
Føaíéð$ð$õ õ�ë^ñyðÓñyðDò�÷ÈîÈíyøyîÀô�:^ë�öNñ
ñyðtíyö]÷Èøyí0îÈìzï�î¯ôtò�øyð0ø�
zò�ø3:#ò�íG�_ò�ñ0ò�í3ø(
]ð,ò�÷È÷Èë]ô$ò�øéîÈë�ì?îÉí�ô³ë�ì��
ô³ð$ñéì]ð ï�:�ø(
]ð0ñéð$íyöN÷Éøéí�ò�ñyð0îÀïFð$ìFøéî¯ôtò�÷/îÈì7�zë^ø(
?ø(
]ðpõ�ð$õpë�ñyþ
ò�ìhï�õpð$õ�ë^ñyþF÷Èð$íyí�ô$ò�íéð$í4ù[íyð$ðB� � ���Të�ñ!ïFðtø½ò�îÈ÷Èí½ü'� α.B

(1−α).B

1-p = (1-t).P(α)

p = t.P(α) + 1 - P(α)
(1-t).(1-P(α))

t.P(α) + 1 - P(α)

t.P(α) + 1 - P(α)
t

Stage 1

Stage 2

Stage 3

End of Query

q =

1 - q =

?JîÈó�ö]ñéð*%M8 �FþFíéøyð$õ�õpë]ïFð$÷��Të^ñ�ò�õ0ö]÷ÈøéîÉñéð$íyë^÷Èö]øyîÈë�ìÞîÉõ�ò�ó^ð
ñyðtøyñyîÈð$ý�ò�÷/íyþFíyøéð$õT���!îÈí.ø(
]ð5
]ñéë��zò��]îÈ÷ÉîÈømþ�ò�ì,îÈõ±ò�ó�ð.îÈí!ë^ì]ð
ë��/ø(
]ð3ø½ò�ñéó�ð$øéíD����ù \/ü�îÈíÓø(
]ðG
]ñéë��zò��]îÈ÷ÈîÉømþ0ø�
zò�ø2\I
hð$ñ³ô³ð$ìFø
ë��.ø(
]ð�øéë�ø½ò�÷��]îÈøyí5
]ñyë�ýFîÀïFðpíyö�G±ô³îÈð$ìFøB6^özò�÷ÉîÈømþ��7]2îÈí0ø�
]ð
îÈõ±ò�ó�ðÓíyî?R$ðE�

*�+I* ��� £�¤
4	� . 6�
 4 1

��
]ðG
]ñéð$ýFîÉë^ö]íÓíyþFíéøyð$õ2ïFðtí½ô³ñéî�
NøyîÈë�ì,ô$ò�ì*�hð/�Të�ñéõ±ò�÷Éî?R$ðDï
ò�í �Të�÷È÷Èë�+Óí�ùTñyð �Tð$ñ�øyë ?JîÈó��d%^ü��
�Ýð$ø����zðpø(
]ð�
]ñyëE�zò��NîÉ÷ÈîÈømþ
ø(
hò�ø�ò�ìwîÉõ�ò�ó^ð"ô�
]ë^íyð$ìL�Tñyë^õ2ø�
]ð�íéð$ø�ë��`îÀô³ë^ì]í4îÈí4ë^ì]ð0ë��
ø(
Nð ªy²�µÕÆ�´·ª îÈõ±ò�ó^ð$íD���rð$ø2\ ïFð$ì]ë^øyð.ø(
]ðG
hð$ñ½ô·ð$ìFø½ò�ó^ð�ë��aø�
]ð
îÈõ±ò�ó�ð�ï]ò�ø½òpý�ë^÷Èö]õ�ð4îÈì?ø(
]ð0÷Èë�+Ùñyð$íéë�÷Èö]øyîÈë^ì	��+#ð�ò�íyíéö]õ�ð
ø(
hò�ø0ò�÷È÷�îÈõ±ò�ó�ð$í4ò�ñéð±ô³ë]ïFðDïwö]íéîÉìNóoø�
]ð�í³ò�õ�ð5
zò�ñ½ò�õpð$øyðtñ
\O���Ýð$ø���ù0\/üaï�ð$ì]ë�øéð!ø�
]ð�
]ñyëE�zò��NîÉ÷ÈîÈømþ.ø(
zò�ø�ø(
Nð26�öhò�÷ÈîÈømþ4ë��
ø(
NðÐîÈõ�ò�ó�ð�ñyðDô³ë�ì]íéøyñéözô³øyðDï?ö]íyîÈì]ó^\I
zðtñ½ô³ð$ìFø�ë��aø�
]ðG�]îÈøyí�îÈí
íyö G±ô³îÈð$ìFøÓøyë�õ±ò��^ð!ò0ô³ë�ñéñyð ô·øÐïFð ô·îÉíéîÈë�ì?ùTíéð$ð �Fð ô·øyîÈë�ì.%M�&W�ü'�
F�ö]ñ�ë����³ð ô·øyîÈý�ðÓîÈí�øéë4ë��]ø³ò�îÈì^\�������:�ø�
]ðÓë�
]øéîÈõ±ò�÷Fý�ò�÷ÉöNð#ë�� \
íyöhô(
0ø�
zò�ø�ø(
]ðÓõpð ò�ì�ñyð$í�
zë^ì]íyð�øyîÈõ�ð�îÉí�õ�îÈì]îÈõ0î?R$ð ï�:'+�
]ð$ñyð
ø(
Nð4ñyð$í�
zë^ì]íyð3øyîÈõ�ð�îÉí!ï�ð	<zì]ð ïÞò�íÓø(
NðÐøéîÈõ�ð!îÈìFøyðtñyý�ò�÷ �[ñyë�õ
ø(
Nð�øyîÈõpð0ø(
]ðpñyðD6^ö]ð$íéø�îÈí4ó^ð$ì]ð$ñ³ò�øyðDï¼ö]ìFøyîÈ÷�ø(
]ðpøyîÈõ�ð0ø�
]ð
ø½ò�ñyó^ð$øÓîÈõ±ò�ó^ðÓîÈíO�Të�ö]ìhï��
4wð/õ�ë]ïFð$÷�ø�
]ð�ö]íyð$ñJîÈìWøéð$ñ½ò^ô³øyîÈë^ì0ùTñéð	�Tð$ñ�ò�óFò�îÈì!øéë@?JîÈó���%^ü

�Fþ ò�íyíéîÉó^ì]îÈì]ó#
]ñéë��zò��]îÈ÷ÈîÉøéîÈð$í4øyëÞø(
]ðpøyñ½ò�ì]íyîÈøéîÉë^ì]í5�zð$ø0+�ð$ð$ì

ø(
NðÓíyözô$ô·ð$íyíéîÉý^ð.íyø½ò�ó�ð$í�ë��rø(
Nð>6^ö]ð$ñéþ�ò�í��Të�÷È÷Èë�+ÓíD�C� øyñ³ò�ì]íéî �
øyîÈë^ì2�[ñyë�õ Î]ªy²DÆ�´ D øéë Î]ªy²DÆ�´ B ë]ô$ô³öNñyí�+�
]ðtì4ø(
]ð�îÉõ�ò�ó^ðd
zò�í
íyö G±ô³îÈð$ìFø26�öhò�÷ÈîÈømþ^�]ö]øÓîÈíÓì]ë�øÓò�ø½ò�ñyó^ð$øD:�+ÓîÉø�
B
]ñéë��zò��]îÈ÷ÈîÉømþ

�Oc
��������� ���dù	�Oc!�½ü�"���ù \/ü$#
�døyñ³ò�ì]íéîÈøyîÈë�ì��Tñéë�õ Î]ªy²DÆ�´�D øyë ÎNªÕ²vÆ�´�E ë]ô$ô³öNñyí.î=�#ù_ò^ü�ø(
]ð
îÈõ±ò�ó�ð�
zò�í!îÈì]íyö G±ô³îÈð$ìFø>6^özò�÷ÈîÈømþ0ë�ñ3ù �züÏî=�6ò0ø³ò�ñéó�ð$ø�îÉõ�ò�ó^ð

zò�í��zð$ðtì.�Të�öNìzï�:�+ÓîÈø(
�
]ñyëE�zò��]îÈ÷ÈîÈømþ

���%���&�(')�b�Oc*��ù \/ü,+-��".��ù \/ü/#
?JîÈìzò�÷È÷Èþ4ò�ø Î]ªy²DÆ�´#E :�ø�
]ð26^ö]ð$ñéþ^+ÓîÉ÷È÷Fð$ìzï�î=�<ò�ø½ò�ñéó�ð$ø�îÉõ�ò�ó^ð

zò�íV�hð$ð$ì��Të^ö]ìzï0ò�ìhï^+ÓîÈ÷È÷zó^ë��zò�ô��0øéë Î]ªy²DÆ�´�B ë�ø�
]ð$ñ(+ÓîÈíéð�:
íyë0ø�
zò�ø�+�ðG
zòDý�ðE8

�Oc10��%��'2�3�4� ùY�Oc-�½ü�"�ùY�Oc1��ù \/üyü
�4"���ù \/ü,+ �Oc5��ù \/ü76 ò�ìzï

0)�%� '2�98 � �
�4"���ù \/ü:+C�Oc1��ù0\aü #

*�+<; = ¥56a¢�¦<¢!3 1 3À¤ � 6�>�£ /	? §%3 4'8<¤
@ / ¦ 1 3À¤ �

A.îÈý�ðtìoò�íyðtø4ë��)B�îÈõ�ò�ó�ðtíD::C2:/ò�íyíéö]õ�ð�ø(
hò�ø�+�ð�ò�÷È÷Èë��
ô$ò�øyð4øéë�ò�÷È÷rë��/ø(
]ð$õ ø(
Nð4í½ò�õ�ð>\O� 4wð>
Nñyë�
hë�íéð.øyë0õ�ë]ïFðt÷
��ù0\aü':/ø(
]ð.
]ñéë��zò��]îÈ÷ÈîÉømþ?ø(
hò�ø0ò�ìlîÈõ�ò�ó�ðE:d
]îÀô���ðDï:ò�ø�ñ³ò�ì��
ïFë^õ �[ñyë�õÿø(
]ð�íyð$ø3:M
zò�í"Héíyö�G±ô³îÈð$ìFø�JB6�öhò�÷ÈîÈømþG�Të�ñ�ø(
NðÐöNíyð$ñ
øyë?õ±ò���ð0òoï�ð ô³îÈíyîÈë�ì@:�ò�í��Të�÷È÷Èë�+ÓíD�[�aëÞð ò�ô�
¼îÈõ±ò�ó^ð��[ñyë�õ
ø(
Nð�íéð$øED/FHGJIO:�+#ð�ô$ò�ìwò�íéíyë]ô³îÀò�øéð�ò0ñ³ò�øyð �ÕïFîÈíéøyë�ñéøyîÈë�ì ù_ûO�
!.ü.ô(
hò�ñ½ò^ô³øyðtñyîÈíyøéî¯ô�:�+�
]ð$ñyðpð ò�ô�
lû �1! 
hë�îÈìFø"ô·ë�ñyñéð$í(
hë�ìhïFí
øyë3ø(
]ð�îÉõ�ò�ó^ð`ô³ë]ïFðDï�ò�ø�ë�ì]ð�ë��<ø(
NðÐòDý�ò�îÈ÷Àò��N÷Éð�ñyð$íéë�÷Èö]øyîÈë^ì]íD�
��ù0\aü.ô³ë^ö]÷ÀïI�zð0ëE�]ø½ò�îÈì]ð ïwò�í�ò�ìwòDý�ð$ñ³ò�ó�ð0ë��!ì]ë�ñéõ±ò�÷Éî?R$ðDï
ïFîÈíyøéë�ñéøyîÈë�ìwù �Të�ñ.ø�
]ð0ì]ë�ñéõ±ò�÷Éî?R$ðDï�ñ³ò�øéðB\aü�õpð ò�íéö]ñyð ïÞë�ý�ðtñ
ø(
NðÐîÈõ�ò�ó�ðÓíéð$ø4ù �Të�ñ!ï�ð$ø½ò�îÉ÷Èí�íyð$ð�� � �Tü��
A ì¼ø(
]ðÞñyð$íéø±ë��4ø(
]îÈí^+�ë�ñ(� +#ð[+ÓîÉ÷È÷!ò�íyíyöNõ�ð�ø(
zò�ø0ø(
]ð


]ñéë��zò��]îÈ÷ÉîÈømþO�TöNìzô³øyîÈë^ìK��ù \/ühîÈí<îÈì4ø�
]ð��Të^ñyõdë�� �Ec4ù	�Ec>\/üMLB:
+�
]ð$ñéð
N�îÈí0ò.
zë^íyîÈøyîÈý^ð0îÉìFøéð$ó�ð$ñ3� � ë^øyðpø(
zò�ø�ë^ö]ñ�ô�
]ë�îÀô³ð
îÈíÓñyð ò�íyë^ìzò��]÷Èð�+�
Nð$ìoô³ë^ì]íyîÀïFð$ñéîÈì]ó0ømþ�
]îÀô$ò�÷Jñ½ò�øéð	�yïFîÈíyøyë^ñyøéîÉë^ì
ô�
zò�ñ³ò�ô³øéð$ñyîÈíéøyîÀô³í±ò�ìzïwîÈø�ë�ì]÷Èþwò3Urð ô³øéí�ø(
Nð±ð �Nò^ô³ø0ý�ò�÷Èö]ðpë��
ë�öNñ#ñéð$íyö]÷Èø��Fø(
]ð.ó�ðtì]ð$ñ½ò�÷<ò�ìzò�÷ÈþWíéîÈí�
]ë�÷ÀïFí �Të^ñ#õpë�ñyðÓó^ð$ì]ð$ñ³ò�÷
ð	�M
]ñéð$íyíéîÉë^ì]í!ë�����ù \/ü��

O P:á�Q�R- #"Fè "JQ/á!åTS $�"Wæ�Rmâ%"

4wð�ì]ë�+ 
]ñyë�ýFîÀïFð�íyë^÷ÉöNøyîÈë�ì]íJøyë.ø(
NðÓë�
]øéîÉõpî?R ò�øéîÉë^ì2
]ñéë����
÷Èð$õ ë�ö]øé÷ÉîÈì]ðDïwîÈì¼ø(
]ð#
Nñyð$ýFîÈë�ö]í0íéð ô³øéîÉë^ìd� � ë^øyð�ø(
zò�øB+�ð
�Të^ñyõ0ö]÷Àò�øéð ï�ø(
Nð>
Nñyë��N÷Éðtõ
ë��6ò3íyîÈì]ó�÷Èð.ö]íéð$ñ�
zòDýFîÈì]ó�ò^ô$ô³ð$íéí
øyë3ø(
]ð.ï]ò�ø³ò��zò�íyð2�Nö]ø�+�ð!ì]ë�+ ô³ë^ì]íyîÀïFð$ñ�ø(
Nð2
hë�íyíéî?�]îÈ÷ÉîÈømþ�ë��
íyðtý�ð$ñ³ò�÷Óö]íéð$ñyípí(
zò�ñyîÈì]ó,ø�
]ð�íyþFíyøéð$õT�7!�î=UHð$ñéð$ìFø�õpð$ø(
Në�ï�í
ò�ñéð�ôtò�÷È÷Èð ï��Të^ñ!ïFð�
hð$ìzïFîÈì]ó�ë�ìÞø(
]ð�ð	�zò�ô³ø/�Të^ñyõ0ö]÷Àò�øyîÈë�ìd:^îÈì

zò�ñyøyîÀô³öN÷¯ò�ñ"+�
Nð$ø(
]ðtñ±ø�
]ð,ô³ë�õpõ0ö]ì]îÀô$ò�øyîÈë�ì,ñéð$íyë^ö]ñ½ô·ð$íoò�ñéð
í(
hò�ñyðDï?ë�ñ4ì]ë^øD�>�Óë�+�ð$ý�ðtñD:@+#ð^+ÓîÈ÷È÷/í(
]ë�+Pø(
hò�ø�ò�í2�mò�ñ�ò�í

W



ø(
Nð±ëE
]øyîÈõ�ò�÷�
hë�îÈìFø0îÈí�ô³ë^ìzô³ð$ñéì]ð ï�:Ïõ�ë�íéø�ôtò�íyðtí�ë��.îÈìWøéð$ñ0�
ð$íéø0þWîÈð$÷Àï?ø�
]ð�í½ò�õpð0íyë^÷ÉöNøyîÈë�ìd� � ë�øyð�ò�÷Èíyë?ø(
hò�ø5
]ð$ñyð.+�ð
ò�íéíyö]õpð
��ù \/ü�øyë7�hð,ø�
]ð,í½ò�õ�ð$�Të�ñ�ò�÷É÷ÓöNíyð$ñéí�ò^ô$ô³ð$íéíyîÈì]ó
ø(
Nð�ï]ò�ø³ò��zò�íyð��^��
NîÉí�ïFëFð$í4ì]ë^ø4õ�ð ò�ì,ø(
hò�ø4ò�÷È÷�ö]íéð$ñyí0ò�ñéð
íyö�
M
zë^íyð ï øyëoò^ô$ô³ð$íéí0ø(
]ðpí½ò�õ�ð�íyð$ø�ë��!îÈõ±ò�ó�ð$í3:rñ½ò�ø(
]ðtñ�îÈø
îÈõB
]÷ÈîÈð$íÓø�
zò�ø�ò�÷È÷aîÈõ�ò�ó�ð.íéð$øyí0ò�ñéð�íéîÉõpîÈ÷¯ò�ñ!ò�í/�_ò�ñ"ò�í4ø(
Nð$îÈñ
6^özò�÷ÈîÈømþE�_ñ³ò�øéð#øéñ½ò�ï�ð	�_ë�U ��4wð�ø½ò^ô��W÷ÈðÓø�
]ð2
]ñéë��]÷Èð$õ +ÓîÈø(
]îÈì0ò
ïFþFìzò�õ�îÀô�:�6^ö]ð$ö]ð$îÈì]ó��Tñ³ò�õpð�+#ë^ñ(�.+�
]ð$ñéð0ë�ö]ñ3ë����³ð ô·øyîÈý�ð�îÈí
øyë.õpîÉìNîÉõ0î?R$ðJø(
]ðÓð � 
hð ô³øéð ï0ý�ò�÷Èö]ð�ë��hø(
]ð!ïFðt÷¯òDþ/�Të^ñ�ò!ó^îÈý�ð$ì
ö]íéð$ñD� �!ì?ò�÷Èøyð$ñéìzò�øéîÈý�ð.íyë^÷ÉöNøyîÈë�ìd:��hò�íyðDï�ë�ì,òIHyíéø½ò�øyîÀô	J�òDýE�
ð$ñ³ò�ó�ðwò�ìhò�÷ÈþFíyîÈíD:ÓîÈí�ò�÷Èíyë 
zë^íyíyî?�]÷Èðwò�ìzïÄþWîÈð$÷ÀïFípø(
]ð?í½ò�õ�ð
ñyðtíyö]÷Èøyí3ù_ïFðtø½ò�îÈ÷Èí!ô$ò�ì*�hð/�Të�öNìzïpîÉìI� � �Tü��

; +-, � 4 � ¦<¥^¦r¤
4o§��/¦�8!8�4 1 £3¦�84
 1 ¦<¥5<'4 3M�¼¦)<'4,£
4h¤

4wð!ò�íéíyö]õpð2
]ðtñyð.ø(
zò�ø#ø�
]ð��'ö]íyð$ñéíÓîÈì0ø(
]ð.íyþFíéøyð$õ
ï�ë
ì]ë^øaí�
zò�ñéð#ø�
]ð!ô³ë^õ�õ0ö]ì]îÀô$ò�øyîÈë�ì]íhñyð$íéë�ö]ñ³ô³ð$í!ò�ìzïG
zòDý^ð#ë^ì]÷Èþ
øyë?í(
hò�ñyð�ø�
]ð±ô³ë^õB
]öNø½ò�øéîÈë�ìwñyðtíyë�öNñ½ô³ð$ípë��.ø(
]ð�ï]ò�ø³ò��zò�íyð��
��
]ð0òDý�ð$ñ³ò�ó^ð�íéî�Rtð0ë��`ò�ìoîÈõ±ò�ó�ð.îÈí4ò�íyíéö]õ�ðDï�øyë.�hð#����� � �
4wðÓò�íyíéö]õ�ð�ø(
hò�ø�ë^ì�òDý�ð$ñ³ò�ó�ðÓò4ïFðt÷¯òDþ3ë�������� � îÈí/îÈìzô³ö]ñéñyð ï
ð$ý^ð$ñyþ4øéîÈõ�ðaòÏö]íyðtñ<ó�ëFð$í��zò^ô��!øyë��Fø½ò�ó�ð2��îÈìÐø�
]ðV6^ö]ð$ñéþ,��ø�
]ð
ô³ë^íyø.ñyð =hð ô³øyí�ø(
Nð�ô³ë^õB
]öNø½ò�øéîÈë�ì�ì]ð$ð ï�ð ï?îÈìoø�
]ð�ïNò�ø½ò��zò�íéð
øyë.
zòDý^ð�ø�
]ð0ì]ð	�]ø4íéð$÷Èð ô³øéð ïwîÈõ±ò�ó�ð.ñyðDò�ïFþ[�Të�ñ.øéñ½ò�õpîÈíyíyîÈë^ì
ùTðE� ó ��ð$ìzô³ë]ïFîÈì]ó :z÷ÈëFò�ïFîÈì]ó�îÈìWøéë�ò�
M
Nñyë�
NñyîÀò�øéð��]ö�Urð$ñyí3:hð$ø½ô$ü'�
� ë^øyð,ø�
zò�ø�ò�÷Èø(
]ë^ö]ó�
 øyñ½ò�ì]íyõpîÈíyíyîÈë^ìlë��4ø�
]ð,îÀô³ë�ìNí0ø(
]ð$õ$�
íyðt÷Éý^ð$í�+�ë�ö]÷ÀïG
Nñyë]ïFözô³ðÓíéë�õpð#ïFð$÷ÀòDþG+#ðÓò�ñéð!ò�íéíyö]õpîÉìNóÓø(
zò�ø
ø(
Nð!îÀô³ë�ì�íyî?R$ð�îÈí#ô³ë�ìNíyø½ò�ìFø#ò�ìzï�ø�
Fö]íV+�ð!ò�ñéðÓì]ë�ø�îÉìhô³÷ÈözïFîÈì]ó
ø(
NîÉí5�mò�ô³øéë�ñ0îÈì¼ø(
]ð�ë�
NøyîÈõ�î?R ò�øyîÈë�ì7
]ñéë]ô³ð$íyí3�C4wð�ò�íyíéö]õ�ð
ø(
hò�ø!ø�
]ð�îÉõ�ò�ó^ð!íyðtøyí4ø�
zò�ø.ò�ñyð5�hð$îÈì]ó�íéð ò�ñ³ô(
Nð ïwò�ñéð4÷Àò�ñyó^ð
ð$ì]ë^ö]ó�
¼ø�
zò�ø ��îÈí�ô³ë^ì]íyø³ò�ìFø±ïFöNñyîÈì]ówø(
Nð±íéð ò�ñ³ô�
d� ?Në�ñ0ò
ó�îÈý^ð$ì,ý�ò�÷Èö]ð3ë�� \O: +#ð0ò�ñéð�îÈìFøyðtñyð$íéøyð ï?îÈì,ø�
]ð�òDý^ð$ñ½ò�ó�ð�ñyð	�
í(
hë�ìNíyð�øyîÈõ�ð;�Të�ñ!ò�ö]íéð$ñ!øéë0íyð ò�ñ½ô�
[�Të�ñÓø�
]ð4ø½ò�ñyó^ð$ø!îÈõ±ò�ó�ð��
4wð�õpë]ïFð$÷Óø(
Nð±íéþFíyøyðtõ ò�í�ò?ô³÷Èë�íyðDïK6^ö]ð$ö]ð$îÈì]ówìNð$ø0+#ë^ñ(�
+ÓîÈø(
.�[ë�ö]ñG6�öNð$ö]ð$í3:aïFð'
]îÀô³øyð ïÞîÈì ?JîÈó���W��2��
Nð�<zñéíyø�6^ö]ð$ö]ð
Hyíéøyë^ñyð$í�J�ø(
Nð�ö]íéð$ñyí.ø�
zò�ø!ò�ñyð�ô³öNñyñyðtìWøé÷Èþ,îÀïF÷Èð"ò�ìzï.+Óò�îÈøyîÈì]ó
øyë3ó�ð$ì]ðtñ½ò�øéð4ò�ì]ë^ø(
]ð$ñO6�öNð$ñyþ�����
]ðÓñyðtõ±ò�îÈì]îÈì]óG6^ö]ð$ö]ð$í!ô·ë�ñ0�
ñyðtí(
hë�ìzï�:/ñéð$í(
hð ô³øéîÈý�ð$÷Èþ�:<øéë �Fø½ò�ó�ð$í���øéë#W�îÈìoë^ö]ñ.õ�ë]ïFð$÷0�
?Në�ñ<íéîÈõB
]÷ÈîÀô³îÈømþF:	+�ð#ò�íyíyöNõ�ð�ø�
zò�ø@�zë^ø(
�îÉõ�ò�ó^ð<íyî?R$ðÓò�ìhï4ø�
]ð
ô³ë^õB
]ö]ø³ò�øéîÉë^ì�ïFð$÷ÀòDþ±ò�ñyð4ð � 
hë�ìNð$ìFøyîÀò�÷È÷Èþ�ïFîÈíyøéñyî?�]ö]øéð ï�+ÓîÉø�

ñyðtí(
hð ô³øyîÈý^ð�õpð ò�ì]íG���	�	�.ò�ìzïI���	���D�
�FîÈìzô³ð�ò�÷È÷aø�
]ð�
 ��ö]íéð$ñyí0ò�ø.íyø³ò�ó^ð#��í�
zò�ñéð0ø(
]ð�ô·ë�õB
Nö��

ø½ò�øyîÈë�ì¼ñéð$íyë^ö]ñ½ô³ðtíD:�ø(
]ð#
Nñyë]ô³ð$íéíyîÈì]ó¼ñ½ò�øyð.�Të^ñ0ë�ì]ðÞö]íyð$ñpîÈí�����

 �D�O��
]ðG
]ñyë]ô³ð$íéíyîÈì]ó�ñ½ò�øyð�ò�ø�+�
]îÀô�
�ò�øÓ÷Èð ò�íéø!ë�ìNðÐöNíyð$ñ
<zì]îÈí�
]ð$í!ø�
]ð�
]ñéë]ô³ð$íyí.îÈí�
 � ù������

 �·ü �������V)Ïíyð$ñéíÐò�øÓíéø½ò�ó�ð$í
%4ò�ìzïBWG
hòDý�ðÓø(
Nð$îÈñ#ë�+Óì�ô³ë^õ�õ0ö]ìNî¯ôtò�øyîÈë^ì�ô�
zò�ì]ìNð$÷ÈíD:E+ÓîÉø�

øyñ³ò�ì]íéõ�îÈíyíéîÈë�ì�ñ³ò�øéð$í�� � �E\lò�ìzï�� � ��ùY�Oc \/ü':]ñyðtí(
hð ô³øyîÈý^ð$÷ÈþF�
A �Ðø�
]ð$ñéðoò�ñéð�
 � ö]íyðtñyí±ò�ø�íéø½ò�ó�ð#%wù�
 ' ö]íéð$ñyí�ò�ø�íyø³ò�ó�ð#W�:
ñyðtí(
hð ô³øyîÈý^ð$÷Èþ�ü':<ø�
]ð0ñ½ò�øyð0ò�øG+�
]îÀô�
 ò�ø!÷Èð ò�íyø.ë�ì]ð�ö]íéð$ñG<zì��
îÈí(
]ðtíÐøéñ½ò�ì]íyõpîÉøéøyîÈì]ó0îÈí�
 � � � ��\¼ò�ø�íyø½ò�ó�ð^%Þù�
 ' � � �Fù	��c \/ü
ò�øÓíéø½ò�ó�ð�WM:Fñéð$í(
hð ô³øéîÉý^ð$÷Èþ]ü��
A ì¼ø(
]ð[�Të^÷É÷Èë�+ÓîÈì]ó :�+#ðoï�ð$ñyîÈý�ð?ò�ì¼ð	�M
]ñyðtíyíyîÈë^ìK�Të^ñ�ø�
]ð

õ�ðDò�ì0ñyð36�öNð$íyø.ïFð$÷ÀòDþ�öNíyîÈì]ó�ø(
]ð � ë^ñyøéë�ì�ð36�öNîÉý�ò�÷Èð$ìFø#ø�
]ð$ë��
ñyðtõ�ë��V6^ö]ð$ö]ð$îÈì]ópì]ð$ø0+�ë�ñ��Wí5���'�1�O��
]ð � ë�ñéøyë^ì,ðD6^ö]îÈý�ò�÷Èð$ìFø

(M - i1 - i2 -i3 ) λ µ1 i2 µ2 / α i3 µ2 / (1−α)

q

1-q

p

1-p

M - i1 - i2 -i3 i1 i2 i3

Stage 1 Stage 2 Stage 3Idle Users

?JîÈó�ö]ñéðTWM8wú�ë]ïFð$÷/�Të^ñ�ø�
]ð,íyþFíéøyð$õ ò�í±ô·÷Éë^íyð ïC6^ö]ð$ö]ðtîÉìNó
ì]ð$ø0+�ë�ñ����

ì]ð$ø0+�ë�ñ��B+ÓîÈø(
�ò�øyë^ø½ò�÷rë���� ö]íyðtñyí!îÈíÓí�
]ë�+Óì�îÉì ?JîÈó��EX��

(M - i) λ i Si(M - i)

BA

?JîÉó^ö]ñyðGX 8 � ë�ñéøyë^ì±ð36�öNîÉý�ò�÷Èð$ìFø#ì]ðtø0+#ë^ñ(���

�/ëG<zìzï&ø(
]ð�íyø³ò�øyð �ÕïFð'
zð$ìhïFð$ìFø.íyð$ñéýWîÀô³ð.ñ³ò�øyðE: D/F	:�+#ð�ö]íyð
ø(
Nð"ò�
M
]ñéëWò�ô�
.
]ñéð$íyð$ìFøéð ï,îÈì7���'�(���Ýð$ø
���Dù�
[ü������ 6 �	�Dù�
[ü���
��	����\ 6 �,'�ù�
[ü���
��	���Fù	�OcL\/ü
� F ù��]ü��  !"�# �%$

F�,Fyù'&�ü 6 
	� � 6 % 6 W 6 ���C_ 6 � 6 # # # 6 � 6
+�
]ð$ñéð

$
�(�

$
�K� ���$� 0 6 $

'K� ��� 0 6 $�(
� ��îÈí4òpíyë^÷ÉöNøyîÈë�ì

ë���ø�
]ð"�hò�÷Àò�ìzô·ðÐð36�öhò�øyîÈë^ìwùTðD6^özò�øyîÈë�ì ù XWüÏîÈì ���'�Tü!ò�ìzï �d:,0
ò�ñéð4ò�í!ïFð	<hì]ð ï�îÈì ��ð ô³øyîÈë^ìT%M�&%M�
�rðtø )

� ù��]ü�� � � ù��Nü)
��ù��]ü��  *

F #,+
)
�$ù�
Tü � �^ù���c-
[ü 6 ���C_ 6 � 6 # # # # 6 � 6 ùY�Dü

)
' ù��]ü��  *

F #,+
)
� ù�
[ü � ' ù���c.
Tü

X



��
]ð.íyø³ò�øéð	�Õï�ð�
zðtìzïFð$ìFø.íyð$ñéýFî¯ô·ð�ñ³ò�øyðE: D F :FîÈíÓó�îÈý^ð$ìB�Fþ

D F �
)
'�ù�
 c �Dü)
' ù�
Tü #

A ��+#ð�ïFð	<zì]ð�ø(
Nð4íyø³ò�øyð�ë���ø�
]ð4íyþFíéøyð$õ ò�í!ø�
]ð4ìFö]õ^�hð$ñ
ë��<ñéðD6^ö]ð$íéøyíÐò�ø��]ö�Urð$ñ2] îÉì ?JîÈó��EX�:^ø(
Nð!íyø³ò�øéð2
]ñéë�ô·ð$íyí�îÉí�ò
<zì]îÈøéð�
zëE
]ö]÷Àò�øéîÉë^ì"�NîÉñéø(
��yïFð ò�ø(
�
]ñyë]ô³ð$íéí�+ÓîÈø(
^�]îÈñyø�
��yïFð ò�ø�

ñ½ò�øyð$í�ó�îÈý�ðtìB�Fþ

� F ��� ù�� c 
Tü�� _���
���� cP�
_ 
�� �

ò�ìhï
D F �

)
'�ù�
�cP� ü)
'�ù�
[ü 6 �	��
���� 6

ñyðtí(
hð ô³øyîÈý^ð$÷ÈþF:�+�
]ð$ñyð
)
' ù�
Tü�îÈíÓó^îÉý^ð$ì�îÈì?ùY�Dü��

��
]ð�íyøéð ò�ïFþE�míyø³ò�øyð�õ�ðDò�ì�6^ö]ð$ö]ðÓíéî�Rtð`ò�ìzï.ñyð36�öNð$íyø#ï�ð$÷ÀòDþ
ô$ò�ì±ðDò�íyîÈ÷Èþ^�hð4ë��]ø³ò�îÈì]ð ï�ò�ìzï�ò�ñyð4ó^îÉý^ð$ìB�FþI� 
'�(8

� � 0'� �%� +
�* F # � 

F�� �!
"�#,+

� "
D "�� � ù %^ü

ò�ìhï � ����� � � � 0'��Ýù�� c � � 0'�Tü ù W^ü

ñyðtí(
hð ô³øyîÈý^ð$÷ÈþF:�+�
]ð$ñyð

� + �«ùY��+ �* F # �
F�� �!
"�#,+

� "
D "�� � ü � � #

��
]ðÓëE
]øyîÈõ±ò�÷�ý�ò�÷ÉöNð#ë�� \�îÈí��[ë�ö]ìzï��Fþ4õ�îÈì]îÈõpî R$îÈì]ó � �����
ë�ý�ðtñ"\ 6 _�� \�� ������
]ð0ñyðtíyö]÷Èøyí0ò�ñéð0íyö]õpõ±ò�ñyî?R$ð ï�îÈì
?JîÈó�íD�5�M: � :
���d��
Nð#õpë�íyø/îÈõB
hë�ñéø½ò�ìWø�
hë�îÈìFø/îÈíaøéë.ì]ë�øéðÓø(
zò�ø
ø(
NðÐëE
]øyîÈõ�ò�÷]ëE
zð$ñ³ò�øéîÉìNó"
hë�îÈìFø#îÈí�ì]ë�øÓò �Tö]ìzô³øéîÈë�ì�ë��	�D:Fø�
]ð
ìFö]õ^�hð$ñÓë��#öNíyð$ñéí � ë^ñ�� � �@?JîÈó����0í�
]ë�+Óí!ø�
]ð�ï�ð$÷ÀòDþ�ýFíD�
\døéñ½ò^ïFð$ë�U �Të�ñ0ø0+�ëwý�ò�÷Èö]ð$í�ë����D�P��
]ðÞñyð$÷Àò�øéîÈý�ð�óWò�îÉì ë��
ö]íéîÉìNó�ø�
]ð"\ �<��� îÈí�ì]ð ò�ñé÷Èþ�ø(
NðÐí³ò�õpð!îÈìB�hë�ø�
�ôtò�íyðtíD�!?JîÈó �
í(
Në�+Óí<ø(
Nð�í½ò�õ�ð/øyñ³ò�ïFð$ë�U"�[ë�ñ<ïFî=Urð$ñyð$ìFøJý�ò�÷Èö]ð$íJë�� � � � � ë�øéð
ø(
hò�øÓîÈì�ø(
]ðG�hë�øyøéë�õ ø0+#ë0ô³ö]ñéý�ð$í �	��� ���.ò�ìzïpø(
Nð$ñyð	�[ë�ñyð
ø(
Nð ïFðt÷¯òDþ ïFöNð,øyë ø(
]ð?îÈõ±ò�ó^ð�øéñ½ò�ìNíyõ�îÈíéíyîÈë�ì ïFë^õ�îÈìzò�øéð$í
ø(
Nð�ï�ð$÷ÀòDþlïFö]ð,øéëoø�
]ð,ï]ò�ø³ò��zò�íyð,ò�ô$ô·ð$íyí3� �Ïë�+#ðtý�ð$ñ3:��Të^ñ�	�H�C_ #&_M�Jø(
]ð�ïFë�õpîÉìhò�ìFøzøéð$ñyõdîÈírø�
]ð#ï]ò�ø½ò��hò�íyð�ïFð$÷ÀòDþÐò�ìzï
÷ÈîÈøyøy÷Èð�ôtò�ìI�zð0óFò�îÈì]ð ï.�Fþoô�
]ëFë^íyîÈì]ó±ò�ô³ë^ñyñéð ô³ø"\O����íG+`ò�í
øyë.�hð�ð � 
hð ô³øéð ï�:/ëE
]øyîÈõ�î?R$îÈì]ó^\¼ë^ì]÷Èþ±õ�ò��^ð$íÓíyð$ìNíyðB+�
Nð$ì
ô³ë^õ�õ0ö]ì]îÀô$ò�øyîÈë�ì3ñyð$íéë�ö]ñ³ô³ð$í4ò�ñéðÐø�
]ðG�zë^øyøé÷Éðtì]ð ô���� A ì ?JîÉó �
ø(
Nð4íyð$ñéýFî¯ô·ð4ñ½ò�øyð/�Të�ñÓø�
]ð4øéñ½ò�ìNíyõ�îÈíéíyîÈë�ì0îÈíÓë�ìN÷Éþpøyð$ì�øéîÉõpð$í
íy÷Èë�+�ð$ñ/ø(
zò�ì�ø�
zò�ø/ë��Hø�
]ð!ï]ò�ø³ò��zò�íyðÓò�ô$ô·ð$íyíÓò�ìzï�+�ð!ô$ò�ì�íyð$ð
ø(
hò�ø2+�
Nð$ì,ø(
Nð4ìFö]õ^�zðtñÓë���ö]íyðtñyí.îÈìzô³ñyðDò�íyðtíÐë�ý^ð$ñÓøyðtìoø�
]ð
ïFë^õ�îÈìzò�øéîÈì]ó/�_ò�ô³øéë�ñO�zðDô³ë�õpð$íÓø(
]ð4ï]ò�ø½ò��zò�íéðÐò�ôtô³ð$íyí4ïFðt÷¯òDþ�:
ò�ìhï�ø(
]ðtñyð	�Të^ñyð�ø(
]ð�ô(
Në�îÀô³ð4ë�� \lïFëFð$í.ì]ë^øÓõ±ò���ðÐò�í!õ0özô�

ë��Óò±ï�î Urð$ñéð$ìzô³ðÞù �hð ô$ò�öNíyð�ø�
]ð0ö]íéð$ñyí4í�
zò�ñéð0ø(
]ð�ïNò�ø½ò��zò�íéð
ò�ôtô³ð$íyíG�]öNøÓì]ë�øÓø�
]ð4ô³ë�õpõ0ö]ì]îÀô$ò�øéîÈë�ì�ñyð$íéë�ö]ñ³ô³ð$í½ü'�

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.75

0.8

0.85

0.9

0.95

1

alpha

N
or

m
al

iz
ed

 d
el

ay
 (

de
la

y 
/ m

ax
im

um
 d

el
ay

)

Normalized delay vs. t

t=0.01
t=0.1

?JîÈó�ö]ñéð#�M8@�aë^ø½ò�÷zïFð$÷ÀòDþ0ò�í#ò/�[ö]ìzô³øéîÉë^ì0ë��-\ �Të�ñ/ø0+�ë4ý�ò�÷Èö]ðtí
ë��7�D� A ì�ò�÷È÷�ô$ò�íéð$í�+#ð 
zòDý�ð/ø(
hò�ø-\ ���.� � _ #&W�_M�3%M����
]ð�ë�ø�
]ð$ñ

zò�ñ½ò�õpð$øyðtñyíÐò�ñyð�íyð$ø.øéë�� �Q�D_ 6 N � � 6 ���)� _ #?� 6 �	�)�_ #&_�� 6 � �S_ #��E� � ë^øyð�ø(
hò�ø0ø(
Nð±øéñ½ò^ïFð	�më�U(îÈí^
]ñ³ò�ô³øéî¯ôtò�÷È÷Èþ
îÀïFð$ìFøyîÀô$ò�÷ �Të�ñ��hë�ø�
�ý�ò�÷Èö]ð$í�ë��/øD�

; +I* � 4 � ¦<¥^¦r¤
4 §��/¦�8!8�4 1 £ ¦�8�
�£7�¼¦ 1�1 3 �¼¦)<'4
£
4h¤��>8�698 §�6986£�¤�¦�8<¤,¤

��
]ð�ñyð$íéö]÷Èøyí�îÈì4ø�
]ðO
]ñyð$ýFîÈë�öNíaíéð ô³øéîÉë^ì0îÈìzïFîÀô$ò�øéð#ø�
zò�øJø(
]ð
ý�ò�÷Èö]ðÓë��<ø(
]ð�ë�
]øéîÈõ±ò�÷M\?ïFëFð$íÓì]ë^ø#ô�
zò�ì]ó^ð2+ÓîÈø(
0ø�
]ð.ìFö]õ^�
�hð$ñ�ë��rö]íéð$ñyíÓîÈì�ø(
]ðÓíéþWíéøyð$õI� A ì0ø�
]îÈí�íyðDô³øyîÈë�ì@:�+�ð!ô³ë�ìNíyîÀïFð$ñ
ë�ìN÷Éþ3ë�ì]ðÓö]íéð$ñD� ��
]ð$ñéðÐò�ñéð!îÈì]îÈøyîÀò�÷É÷Èþ�B + ö]ìNíyð ò�ñ½ô�
]ð ïpîÀô³ë�ìNí
�]ö]ø�ì]ë�+Q+�ð,ò�íéíyö]õpð�ø(
hò�ø�B + îÉíIHyíéõ±ò�÷É÷?J :<íéëoø�
zò�ø�ø(
]ð

]ñéë��zò��]îÈ÷ÉîÈømþ?ø(
zò�ø�ë^ì]ð,ô�
]ëFë�íyðtí0ø(
]ð�ñyîÈóE
Wø�îÀô³ë�ì¼ò�õpë�ì]ó 

ö]ì]íéð ò�ñ³ô�
]ð ï0îÀô³ë^ì]í�îÈí#ò�íyíyöNõ�ð ï3øyë��hðH�$ù�
Tü':Wò;�TöNìzô³øyîÈë^ì0ë�� 
(�
A ì?ø(
]ð��Të�÷È÷Èë�+ÓîÈì]ó�:�+#ð5+ÓîÈ÷È÷aïFð$ñéîÈý�ð�ò�ì?ð	�M
]ñéð$íyíéîÉë^ìI�Të�ñ�ø(
]ð
òDý�ðtñ½ò�ó^ð4ïFð$÷ÀòDþF: �	� ù�
Tü':hîÉìhô³ö]ñyñéð ï�îÈì�íyð ò�ñ½ô�
]îÈì]ópø(
]ð4ø³ò�ñéó�ð$ø
îÈõ±ò�ó�ð�:hó�îÈý^ð$ìoø�
]ð$ñéð±ò�ñéð�
�ö]ì]íéð ò�ñ³ô(
Nð ï î¯ô·ë�ì]í3�B)ÓíéîÉìNó±ñéð	�
ì]ð�+Óò�÷rø�
]ð$ë^ñyþ�:M+�ð>
hòDý�ð
��� ù�
Tü�� ���	� � + \ ��� � +ÄùY�Oc-�$ù�
[üyü ��ù \/ü �	� ù�
�cK� ü

+3ù<�$ù�
Tü ��ù \/ü�+¼ùY�Oc*��ù0\/üyüyü
ùyù	�Ec>\/ü ���	� +�ùY�EcH�$ù�
[ü ��ù<�$ù�
Tü ��ù \/ü�+�ùY�Ec ��ù \/üyüéüyü � � ù�
�c"�Düyü
� ùY��c��$ù�
[üyü � � ù�
1c�� ü + �� � + �� � c �� � ù	��c��$ù�
[üyü ��ù \/ü³ù	��c2\/ü

ù XFü
ò�ìhï � � ù	� ü�� ���� + ��	� # ù �^ü
�!ì�ð	�M
]÷ÈîÀô³îÈø�ð	�M
]ñyð$íéíyîÈë�ìÞë�� � � ù�
[ü!ôtò�ì.�zð.ëE�]ø½ò�îÉìNð ï0îÈø0�

ð$ñ³ò�øyîÈý^ð$÷Èþ5�Tñyë^õ2ùZXWü�ò�ìzïÞù �^üÓò�ìzïpîÈí�ó�îÈý�ð$ì.�Fþ

� � ù�
Tü �dù ���� + ��	� ü
�



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

alpha

N
or

m
al

iz
ed

 d
el

ay
 (

 d
el

ay
 / 

m
ax

im
um

 d
el

ay
 )

Normalized delay vs. mu2
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Normalized delay vs. number of users M
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Delay vs. M with shared transmission links
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Delay vs. t with shared transmission links
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