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Motivation

Function-as-a-Service (FaaS) is leading its way to the future service pattern 
of cloud computing

• lightweight containerization with Docker
• service orchestration with Kubernetes

Edge Computing is booming as a promising paradigm to push the 
computation and communication resources from cloud to the network 
edge

Their combination leads to Serverless Edge Computing
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• The Serverless Application is a
complex workflow (organized as a
DAG in example)

• The Edge servers are modeled as an
undirected connected graph

A surveillance camera, uploads the raw video and 
the actions to take (for example, transcode the raw 
data into a new container format, such as .mp4, 
.avi, etc.) to a nearby edge server periodically.

A Working Example
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How to minimize the Makespan?



• Solution 1:

• Solution 2:

The traffic routing policy matters!

Only Function Placement?
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<latexit sha1_base64="bRQM5yaX5Cxatu0flyowVWbMtWo=">AAACMHicbVBdS8MwFE3n15xfVR99CQ5BEEY7N9QHZeCDPk5wm7CVkWbpFpamJUmFUfqTfPGn6IuCIr76K8zWwtzmJYFzzzmX5B43ZFQqy3o3ckvLK6tr+fXCxubW9o65u9eUQSQwaeCABeLBRZIwyklDUcXIQygI8l1GWu7weqy3HomQNOD3ahQSx0d9Tj2KkdJU17zpeALhuJzoA09g2lWT2J52WqtMu9MZZzp3CS+6ZtEqWZOCi8DOQBFkVe+aL51egCOfcIUZkrJtW6FyYiQUxYwkhU4kSYjwEPVJW0OOfCKdeLJwAo8004NeIPTlCk7YvxMx8qUc+a52+kgN5Lw2Jv/T2pHyzp2Y8jBShOP0IS9iUAVwnB7sUUGwYiMNEBZU/xXiAdJJKJ1xQYdgz6+8CJrlkl0pVe8qxdpVFkceHIBDcAxscAZq4BbUQQNg8ARewQf4NJ6NN+PL+E6tOSOb2QczZfz8AmsYp1g=</latexit>

2

2
+

5

2
+

2

1
+

3

3
+

2

2
= 7.5

<latexit sha1_base64="B6E8tlNc48MZyLrknJL/0aYpoqw=">AAACMnicbVDLSsNAFJ34rPUVdelmsAiCEJLaUjdKwY3uKtgHtKFMppN26GQSZiZCCfkmN36J4EIXirj1I5y2AfvwcgfOPede7tzjRYxKZdtvxsrq2vrGZm4rv72zu7dvHhw2ZBgLTOo4ZKFoeUgSRjmpK6oYaUWCoMBjpOkNb8Z685EISUP+oEYRcQPU59SnGClNdc27ji8QToqpTngOp1V5rtKa81ddpDpnNd15BStWuWsWbMueBFwGTgYKIIta13zp9EIcB4QrzJCUbceOlJsgoShmJM13YkkihIeoT9oachQQ6SaTk1N4qpke9EOhH1dwws5OJCiQchR4ujNAaiAXtTH5n9aOlX/pJpRHsSIcTxf5MYMqhGP/YI8KghUbaYCwoPqvEA+Q9kJpl/PaBGfx5GXQKFpOySrflwrV68yOHDgGJ+AMOKACquAW1EAdYPAEXsEH+DSejXfjy/ietq4Y2cwRmAvj5xd3lKfM</latexit>



• Solution 1:

• Solution 2:

Data stream splitting may help!
(in the case the splitting cost can be ignored)

If Stream Splitting is Allowed
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<latexit sha1_base64="wYx5j9kd5Io2w4ooMNG535yLyjU="></latexit>
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System Model
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The heterogenous edge network is formulated as an undirected graph
• node: edge servers with different processing powers
• edge: virtual links (each is constitutive of several physical 

communication links with different forms)

An application is a Directed Acyclic Graph (DAG)
• function: has dependent relations
• data stream: measured in GB, function can not be executed before

required data are received

We name this as dependent function embedding since it is
actually embedding one graph into another



Involution of Finish Time
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<latexit sha1_base64="KV1MUVUvw+liYr+2m7q9kt1WVes="></latexit>

(fi, fj)

<latexit sha1_base64="3/HtFWNc44VGz3rZDlNX6dxHdvc=">AAAB8XicbVBNS8NAEJ3Ur1q/oh69LBahgpREKnqSghePFewHtiFstpt27WYTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3z94/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN1M/fYTlYrF4l6PE+pFeCBYyAjWRnqohD47Q6H/eOrbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42u3iCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvIyJJNVUkPmiMOVIx2j6PuozSYnmY0MwkczcisgQS0y0CalkQnAXX14mrfOqW6te3NXK9es8jiIcwTFUwIVLqMMtNKAJBAQ8wyu8Wcp6sd6tj3lrwcpnDuEPrM8fDqiP3A==</latexit>

• is a function pair with dependent relations

• is the edge server which is dispatched to

• is the data transferring time of the stream

• is the finish time of function when it

is dispatched to

p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

fi

<latexit sha1_base64="Nvj8Cql/JTYUUaGEzUyiesY1bMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWegj7ol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVL1a9fK+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdGiI3K</latexit>

t(eij)

<latexit sha1_base64="QpkbeR4HSMwXg0Ac2uUn+2uiWBQ=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRE8S8OIxgnlIsoTZySQZM7O7zPQKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BbEUBl3321lZXVvf2Mxt5bd3dvf2CweHDRMlmvE6i2SkWwE1XIqQ11Gg5K1Yc6oCyZvB6GbqN5+4NiIK73Ecc1/RQSj6glG00gOWeDcVj5OzbqHolt0ZyDLxMlKEDLVu4avTi1iieIhMUmPanhujn1KNgkk+yXcSw2PKRnTA25aGVHHjp7ODJ+TUKj3Sj7StEMlM/T2RUmXMWAW2U1EcmkVvKv7ntRPsX/mpCOMEecjmi/qJJBiR6fekJzRnKMeWUKaFvZWwIdWUoc0ob0PwFl9eJo3zslcpX9xVitXrLI4cHMMJlMCDS6jCLdSgDgwUPMMrvDnaeXHenY9564qTzRzBHzifP3IokCw=</latexit>
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<latexit sha1_base64="0ZfYnfMc402h1ePsld7bF2Lc9pI=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBah3ZREKrqSohuXFfqCNoTJdNIOnTyYmQih1F9x40IRt36IO//GSZuFth64cOace5l7jxdzJpVlfRuFjc2t7Z3ibmlv/+DwyDw+6cooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN73L/N4jFZJFYVulMXUCPA6ZzwhWWnLNcnt4y8ZVFFd9l9VQ9qi5ZsWqWwugdWLnpAI5Wq75NRxFJAloqAjHUg5sK1bODAvFCKfz0jCRNMZkisd0oGmIAyqd2WL5OTrXygj5kdAVKrRQf0/McCBlGni6M8BqIle9TPzPGyTKv3ZmLIwTRUOy/MhPOFIRypJAIyYoUTzVBBPB9K6ITLDAROm8SjoEe/XkddK9qNuN+uVDo9K8yeMowimcQRVsuIIm3EMLOkAghWd4hTfjyXgx3o2PZWvByGfK8AfG5w8W45Md</latexit>

fi

<latexit sha1_base64="Nvj8Cql/JTYUUaGEzUyiesY1bMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWegj7ol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVL1a9fK+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdGiI3K</latexit>

eij

<latexit sha1_base64="1CU06+N68gkal6VJYV0NzAQMjrE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6EkKXjxWsB/QhrLZTtptN7thdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHTS1TRbFBJZeqHRKNnAlsGGY4thOFJA45tsLx3cxvPaHSTIpHM0kwiMlAsIhRYqzUxF7GRtNeueJVvTncVeLnpAI56r3yV7cvaRqjMJQTrTu+l5ggI8owynFa6qYaE0LHZIAdSwWJUQfZ/Nqpe2aVvhtJZUsYd67+nshIrPUkDm1nTMxQL3sz8T+vk5roJsiYSFKDgi4WRSl3jXRnr7t9ppAaPrGEUMXsrS4dEkWosQGVbAj+8surpHlR9S+rVw+XldptHkcRTuAUzsGHa6jBPdShARRG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDRX49J</latexit>

p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

the earliest
idle time of p(fj)

<latexit sha1_base64="Fh+hqlhnU1OhADswZmTeZv8c96g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqutOhJCl48VrAf0C4lm2bbtNlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdTO7mfvuJKs2keDTTmPoRHgoWMoKNlVpxOeyPL/vFkltxF0DrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp7NCL9E0xmSCh7RrqcAR1X66uHaGLqwyQKFUtoRBC/X3RIojradRYDsjbEZ61ZuL/3ndxIQ3fspEnBgqyHJRmHBkJJq/jgZMUWL41BJMFLO3IjLCChNjAyrYELzVl9dJ66riVSu1h2qpfpvFkYczOIcyeHANdbiHBjSBwBie4RXeHOm8OO/Ox7I152Qzp/AHzucP31yOqg==</latexit>



Data Transferring Time
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(fi, fj)

<latexit sha1_base64="3/HtFWNc44VGz3rZDlNX6dxHdvc=">AAAB8XicbVBNS8NAEJ3Ur1q/oh69LBahgpREKnqSghePFewHtiFstpt27WYTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3z94/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN1M/fYTlYrF4l6PE+pFeCBYyAjWRnqohD47Q6H/eOrbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42u3iCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvIyJJNVUkPmiMOVIx2j6PuozSYnmY0MwkczcisgQS0y0CalkQnAXX14mrfOqW6te3NXK9es8jiIcwTFUwIVLqMMtNKAJBAQ8wyu8Wcp6sd6tj3lrwcpnDuEPrM8fDqiP3A==</latexit>

• is a function pair with dependent relations

• is the edge server which is dispatched to

• is the set of simple paths between and

p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

fi

<latexit sha1_base64="Nvj8Cql/JTYUUaGEzUyiesY1bMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWegj7ol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVL1a9fK+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdGiI3K</latexit>

t(eij) , �
�
p(fi), p(fj)

�
+ max

%2P
�
p(fi),p(fj)

�
X

lmn2%

z%
b%mn

<latexit sha1_base64="Y7qNwnpE+MFpOqqXtf+Bbr59+fE="></latexit>

P
�
p(fi), p(fj)

�

<latexit sha1_base64="N+PRANykqrM/Gh/276CFzIPz6dA=">AAACDXicbVDLSsNAFL2pr1pfUZduBqvQgpREKrqSghuXFewDmlAm00k7djIJMxOhhP6AG3/FjQtF3Lp359+YtFlo9cAwh3Pu5d57vIgzpS3ryygsLa+srhXXSxubW9s75u5eW4WxJLRFQh7KrocV5UzQlmaa024kKQ48Tjve+CrzO/dUKhaKWz2JqBvgoWA+I1inUt88cgKsRwTzpDl1PDasRBW/z6onKPvvqplULfXNslWzZkB/iZ2TMuRo9s1PZxCSOKBCE46V6tlWpN0ES80Ip9OSEysaYTLGQ9pLqcABVW4yu2aKjlNlgPxQpk9oNFN/diQ4UGoSeGlltrta9DLxP68Xa//CTZiIYk0FmQ/yY450iLJo0IBJSjSfpAQTydJdERlhiYlOA8xCsBdP/kvapzW7Xju7qZcbl3kcRTiAQ6iADefQgGtoQgsIPMATvMCr8Wg8G2/G+7y0YOQ9+/ALxsc3BHCaNw==</latexit>

p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

p(fj)

<latexit sha1_base64="Fh+hqlhnU1OhADswZmTeZv8c96g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqutOhJCl48VrAf0C4lm2bbtNlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyG5tb2zv53cLe/sHhUfH4pKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdTO7mfvuJKs2keDTTmPoRHgoWMoKNlVpxOeyPL/vFkltxF0DrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp7NCL9E0xmSCh7RrqcAR1X66uHaGLqwyQKFUtoRBC/X3RIojradRYDsjbEZ61ZuL/3ndxIQ3fspEnBgqyHJRmHBkJJq/jgZMUWL41BJMFLO3IjLCChNjAyrYELzVl9dJ66riVSu1h2qpfpvFkYczOIcyeHANdbiHBjSBwBie4RXeHOm8OO/Ox7I152Qzp/AHzucP31yOqg==</latexit>

z%

<latexit sha1_base64="8kSoAMrVBQodcN4eTWlcqKHK2fg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRE8S8OIxgnlIsoTZyWwyZB7LzGwghnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e7m19Y3Nrfx2YWd3b/+geHjUMCrVhNaJ4kq3ImwoZ5LWLbOcthJNsYg4bUbD25nfHFFtmJIPdpzQUOC+ZDEj2Drp8anbGWGtB6pbLPllfw60SoKMlCBDrVv86vQUSQWVlnBsTDvwExtOsLaMcDotdFJDE0yGuE/bjkosqAkn84On6MwpPRQr7UpaNFd/T0ywMGYsItcpsB2YZW8m/ue1UxtfhxMmk9RSSRaL4pQjq9Dse9RjmhLLx45gopm7FZEB1phYl1HBhRAsv7xKGhfloFK+vK+UqjdZHHk4gVM4hwCuoAp3UIM6EBDwDK/w5mnvxXv3PhatOS+bOYY/8D5/ACIfkJ8=</latexit>

• is the data stream size allocated on the simple path

• is fixed bandwidth allocated for and the function pair

%

<latexit sha1_base64="VffXg3vTQ1lYoZMurtQQgOarrJY=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRU9S8OKxgv2AdinZNNuGZpMlyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhYngxnreNypsbG5t7xR3S3v7B4dH5eOTllGppqxJlVC6ExLDBJesabkVrJNoRuJQsHY4vp/77QnThiv5ZKcJC2IylDzilFgntXsTovVI9csVr+otgNeJn5MK5Gj0y1+9gaJpzKSlghjT9b3EBhnRllPBZqVealhC6JgMWddRSWJmgmxx7gxfOGWAI6VdSYsX6u+JjMTGTOPQdcbEjsyqNxf/87qpjW6DjMsktUzS5aIoFdgqPP8dD7hm1IqpI4Rq7m7FdEQ0odYlVHIh+Ksvr5PWVdWvVa8fa5X6XR5HEc7gHC7BhxuowwM0oAkUxvAMr/CGEvSC3tHHsrWA8plT+AP0+QOI0o+y</latexit>

b%mn

<latexit sha1_base64="Ij42CrgY//mnud9uO2nnhf1Gh3A=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoicJePEYwTwg2YTZySQZMo9lZjYSlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXFHNmrO9/e7m19Y3Nrfx2YWd3b/+geHhUNyrRhNaI4ko3I2woZ5LWLLOcNmNNsYg4bUSju5nfGFNtmJKPdhLTUOCBZH1GsHVSJ+qmQk477THWeqi6xZJf9udAqyTISAkyVLvFr3ZPkURQaQnHxrQCP7ZhirVlhNNpoZ0YGmMywgPaclRiQU2Yzq+eojOn9FBfaVfSorn6eyLFwpiJiFynwHZolr2Z+J/XSmz/JkyZjBNLJVks6iccWYVmEaAe05RYPnEEE83crYgMscbEuqAKLoRg+eVVUr8oB5flq4fLUuU2iyMPJ3AK5xDANVTgHqpQAwIanuEV3rwn78V79z4WrTkvmzmGP/A+fwAf/5Lq</latexit>

%

<latexit sha1_base64="VffXg3vTQ1lYoZMurtQQgOarrJY=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRU9S8OKxgv2AdinZNNuGZpMlyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhYngxnreNypsbG5t7xR3S3v7B4dH5eOTllGppqxJlVC6ExLDBJesabkVrJNoRuJQsHY4vp/77QnThiv5ZKcJC2IylDzilFgntXsTovVI9csVr+otgNeJn5MK5Gj0y1+9gaJpzKSlghjT9b3EBhnRllPBZqVealhC6JgMWddRSWJmgmxx7gxfOGWAI6VdSYsX6u+JjMTGTOPQdcbEjsyqNxf/87qpjW6DjMsktUzS5aIoFdgqPP8dD7hm1IqpI4Rq7m7FdEQ0odYlVHIh+Ksvr5PWVdWvVa8fa5X6XR5HEc7gHC7BhxuowwM0oAkUxvAMr/CGEvSC3tHHsrWA8plT+AP0+QOI0o+y</latexit>

(fi, fj)

<latexit sha1_base64="3/HtFWNc44VGz3rZDlNX6dxHdvc=">AAAB8XicbVBNS8NAEJ3Ur1q/oh69LBahgpREKnqSghePFewHtiFstpt27WYTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3z94/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN1M/fYTlYrF4l6PE+pFeCBYyAjWRnqohD47Q6H/eOrbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42u3iCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvIyJJNVUkPmiMOVIx2j6PuozSYnmY0MwkczcisgQS0y0CalkQnAXX14mrfOqW6te3NXK9es8jiIcwTFUwIVLqMMtNKAJBAQ8wyu8Wcp6sd6tj3lrwcpnDuEPrM8fDqiP3A==</latexit>

communication start-up cost
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t(eij) , �
�
p(fi), p(fj)

�
+ max

%2P
�
p(fi),p(fj)

�
X

lmn2%

z%
b%mn

<latexit sha1_base64="Y7qNwnpE+MFpOqqXtf+Bbr59+fE="></latexit>

Each simple path should be
allocated with how much data
stream?

Assumption: for each data stream,
during its transferring, the bandwidth
allocated to it is viewed as constant
and b%mn ⌧ bmax

mn

<latexit sha1_base64="xphZOzXSpoDw0H4dGJtsCZdhIBo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmkosuCG5cV7AOaGCbTSTt0ZhJmJsUSsnTjr7hxoYhbP8Gdf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w/aKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSj66nfGROpaCzu9CQhPkcDQSOKkTZSYB+HQcZFfu+NkZTDGHqMwULKOHrIA7vq1JwZ4DJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDOSV7xUkQThERqQnqECcaL8bPZIDk+N0odRLE0JDWfq74kMcaUmPDSdHOmhWvSm4n9eL9XRlZ9RkaSaCDxfFKUM6hhOU4F9KgnWbGIIwpKaWyEeIomwNtlVTAju4svLpH1ec+u1i9t6tVEv4iiDI3ACzoALLkED3IAmaAEMHsEzeAVv1pP1Yr1bH/PWklXMHII/sD5/ALHlml8=</latexit>

we draw 3 out of 4 simple
paths between andn1

<latexit sha1_base64="+eaB28SDLespk2ZLr6Fn10UlNnI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD2rgDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/FsO5nQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk/ZV1atVr+9rlUY9j6MIZ3AOl+DBDTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP/v7jZQ=</latexit>

n4

<latexit sha1_base64="J4o2hHfBHhk1Y5kNTa7xrs3G83A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD2pQG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+2rqlerXt/XKo16HkcRzuAcLsGDG2jAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwAAlo2X</latexit>
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P : min
~p,~z

max
f2Fexit

T
�
p(f)

�

<latexit sha1_base64="g44IHbZ9vGjPfFo0/8iguD8lkec="></latexit>

s.t.
X

%2P
�
p(fi),p(fj)

�
z% = sij , 8eij 2 E

<latexit sha1_base64="dmPK+0BXafVWYSROgeehPnU/foo="></latexit>

~z � ~0

<latexit sha1_base64="WcHU0DRx2QoxLIOn7AmZin+YAm4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRiq6k4MZlBfuANpTJ9KYdOnk4MynUEPBX3LhQxK3f4c6/cZJmoa0HLpw5517m3uNGnEllWd9GaWV1bX2jvFnZ2t7Z3TP3D9oyjAWFFg15KLoukcBZAC3FFIduJID4LoeOO7nJ/M4UhGRhcK9mETg+GQXMY5QoLQ3Mo/4UaPKY4v4IHnD+sNLKwKxaNSsHXiZ2QaqoQHNgfvWHIY19CBTlRMqebUXKSYhQjHJIK/1YQkTohIygp2lAfJBOkq+f4lOtDLEXCl2Bwrn6eyIhvpQz39WdPlFjuehl4n9eL1belZOwIIoVBHT+kRdzrEKcZYGHTABVfKYJoYLpXTEdE0Go0ollIdiLJy+T9nnNrtcu7urVxnURRxkdoxN0hmx0iRroFjVRC1GUoGf0it6MJ+PFeDc+5q0lo5g5RH9gfP4AiEuVMg==</latexit>

)

<latexit sha1_base64="5UZT/dWyqHrT4u2ro9PonZ83J/k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHisYj8gDWWz3bRLN9mwO1FK6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg6777RRWVtfWN4qbpa3tnd298v5B06hMM95gSirdDqnhUiS8gQIlb6ea0ziUvBUOb6Z+65FrI1TygKOUBzHtJyISjKKV/M696A+Qaq2euuWKW3VnIMvEy0kFctS75a9OT7Es5gkySY3xPTfFYEw1Cib5pNTJDE8pG9I+9y1NaMxNMJ6dPCEnVumRSGlbCZKZ+ntiTGNjRnFoO2OKA7PoTcX/PD/D6CoYiyTNkCdsvijKJEFFpv+TntCcoRxZQpkW9lbCBlRThjalkg3BW3x5mTTPqt559eLuvFK7zuMowhEcwyl4cAk1uIU6NICBgmd4hTcHnRfn3fmYtxacfOYQ/sD5/AGSf5Fx</latexit>

the sum of the data stream
allocated on each simple path
is exactly the data stream with
size

How to place each function and split each
data stream to minimize the Makespan?

the last function’s finish time

sij

<latexit sha1_base64="wS4rB2CPm1f1j9qhv+6cNxSfD+M=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoicpePFYwX5Au5Rsmm3TZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFR06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc38381hPThiv5aCcJC2IykDzilFgnNU0v46Npr1zxqt4ceJX4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsWuqmhiWEjsmAdRyVJGYmyObXTvGZU/o4UtqVtHiu/p7ISGzMJA5dZ0zs0Cx7M/E/r5Pa6CbIuExSyyRdLIpSga3Cs9dxn2tGrZg4Qqjm7lZMh0QTal1AJReCv/zyKmleVP3L6tXDZaV2m8dRhBM4hXPw4RpqcA91aACFETzDK7whhV7QO/pYtBZQPnMMf4A+fwDm3Y9X</latexit>
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T ?
�
p(fj)

�
= max

⇢
max

8i:eij2E


min

p(fi),{z%}8%2Pij

⇣
T ?

�
p(fi)

�
+ t(eij)

⌘�
, ◆p(fj)

�
+ t

�
p(fj)

<latexit sha1_base64="SX/5Vlr3UUzPgWa2k/WDRis4Jj0="></latexit>

(fi, fj)

<latexit sha1_base64="3/HtFWNc44VGz3rZDlNX6dxHdvc=">AAAB8XicbVBNS8NAEJ3Ur1q/oh69LBahgpREKnqSghePFewHtiFstpt27WYTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3z94/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN1M/fYTlYrF4l6PE+pFeCBYyAjWRnqohD47Q6H/eOrbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42u3iCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvIyJJNVUkPmiMOVIx2j6PuozSYnmY0MwkczcisgQS0y0CalkQnAXX14mrfOqW6te3NXK9es8jiIcwTFUwIVLqMMtNKAJBAQ8wyu8Wcp6sd6tj3lrwcpnDuEPrM8fDqiP3A==</latexit>

• is a function pair with dependent relations

• is the edge server which is dispatched to

• is the data transferring time of the stream

• is the finish time of function when it

is dispatched to

p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

fi

<latexit sha1_base64="Nvj8Cql/JTYUUaGEzUyiesY1bMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWegj7ol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVL1a9fK+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdGiI3K</latexit>

t(eij)

<latexit sha1_base64="QpkbeR4HSMwXg0Ac2uUn+2uiWBQ=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRE8S8OIxgnlIsoTZySQZM7O7zPQKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BbEUBl3321lZXVvf2Mxt5bd3dvf2CweHDRMlmvE6i2SkWwE1XIqQ11Gg5K1Yc6oCyZvB6GbqN5+4NiIK73Ecc1/RQSj6glG00gOWeDcVj5OzbqHolt0ZyDLxMlKEDLVu4avTi1iieIhMUmPanhujn1KNgkk+yXcSw2PKRnTA25aGVHHjp7ODJ+TUKj3Sj7StEMlM/T2RUmXMWAW2U1EcmkVvKv7ntRPsX/mpCOMEecjmi/qJJBiR6fekJzRnKMeWUKaFvZWwIdWUoc0ob0PwFl9eJo3zslcpX9xVitXrLI4cHMMJlMCDS6jCLdSgDgwUPMMrvDnaeXHenY9564qTzRzBHzifP3IokCw=</latexit>

T
⇣
p(fi)

⌘

<latexit sha1_base64="0ZfYnfMc402h1ePsld7bF2Lc9pI=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBah3ZREKrqSohuXFfqCNoTJdNIOnTyYmQih1F9x40IRt36IO//GSZuFth64cOace5l7jxdzJpVlfRuFjc2t7Z3ibmlv/+DwyDw+6cooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN73L/N4jFZJFYVulMXUCPA6ZzwhWWnLNcnt4y8ZVFFd9l9VQ9qi5ZsWqWwugdWLnpAI5Wq75NRxFJAloqAjHUg5sK1bODAvFCKfz0jCRNMZkisd0oGmIAyqd2WL5OTrXygj5kdAVKrRQf0/McCBlGni6M8BqIle9TPzPGyTKv3ZmLIwTRUOy/MhPOFIRypJAIyYoUTzVBBPB9K6ITLDAROm8SjoEe/XkddK9qNuN+uVDo9K8yeMowimcQRVsuIIm3EMLOkAghWd4hTfjyXgx3o2PZWvByGfK8AfG5w8W45Md</latexit>

fi

<latexit sha1_base64="Nvj8Cql/JTYUUaGEzUyiesY1bMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWegj7ol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVL1a9fK+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdGiI3K</latexit>

eij

<latexit sha1_base64="1CU06+N68gkal6VJYV0NzAQMjrE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6EkKXjxWsB/QhrLZTtptN7thdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHTS1TRbFBJZeqHRKNnAlsGGY4thOFJA45tsLx3cxvPaHSTIpHM0kwiMlAsIhRYqzUxF7GRtNeueJVvTncVeLnpAI56r3yV7cvaRqjMJQTrTu+l5ggI8owynFa6qYaE0LHZIAdSwWJUQfZ/Nqpe2aVvhtJZUsYd67+nshIrPUkDm1nTMxQL3sz8T+vk5roJsiYSFKDgi4WRSl3jXRnr7t9ppAaPrGEUMXsrS4dEkWosQGVbAj+8surpHlR9S+rVw+XldptHkcRTuAUzsGHa6jBPdShARRG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDRX49J</latexit>

p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

the placement decision the stream mapping decision* here means
the earliest
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(fi, fj)

<latexit sha1_base64="3/HtFWNc44VGz3rZDlNX6dxHdvc=">AAAB8XicbVBNS8NAEJ3Ur1q/oh69LBahgpREKnqSghePFewHtiFstpt27WYTdjdCCf0XXjwo4tV/481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3z94/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN1M/fYTlYrF4l6PE+pFeCBYyAjWRnqohD47Q6H/eOrbZafqzICWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip5NSL1U0wWSEB7RrqMARVV42u3iCTozSR2EsTQmNZurviQxHSo2jwHRGWA/VojcV//O6qQ6vvIyJJNVUkPmiMOVIx2j6PuozSYnmY0MwkczcisgQS0y0CalkQnAXX14mrfOqW6te3NXK9es8jiIcwTFUwIVLqMMtNKAJBAQ8wyu8Wcp6sd6tj3lrwcpnDuEPrM8fDqiP3A==</latexit>

• is a function pair with dependent relations

• is the data transferring time of the stream

• is the earliest finish time of function when it

is dispatched to

t(eij)

<latexit sha1_base64="QpkbeR4HSMwXg0Ac2uUn+2uiWBQ=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRE8S8OIxgnlIsoTZySQZM7O7zPQKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BbEUBl3321lZXVvf2Mxt5bd3dvf2CweHDRMlmvE6i2SkWwE1XIqQ11Gg5K1Yc6oCyZvB6GbqN5+4NiIK73Ecc1/RQSj6glG00gOWeDcVj5OzbqHolt0ZyDLxMlKEDLVu4avTi1iieIhMUmPanhujn1KNgkk+yXcSw2PKRnTA25aGVHHjp7ODJ+TUKj3Sj7StEMlM/T2RUmXMWAW2U1EcmkVvKv7ntRPsX/mpCOMEecjmi/qJJBiR6fekJzRnKMeWUKaFvZWwIdWUoc0ob0PwFl9eJo3zslcpX9xVitXrLI4cHMMJlMCDS6jCLdSgDgwUPMMrvDnaeXHenY9564qTzRzBHzifP3IokCw=</latexit>

fi

<latexit sha1_base64="Nvj8Cql/JTYUUaGEzUyiesY1bMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWegj7ol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVL1a9fK+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdGiI3K</latexit>

eij

<latexit sha1_base64="1CU06+N68gkal6VJYV0NzAQMjrE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6EkKXjxWsB/QhrLZTtptN7thdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHTS1TRbFBJZeqHRKNnAlsGGY4thOFJA45tsLx3cxvPaHSTIpHM0kwiMlAsIhRYqzUxF7GRtNeueJVvTncVeLnpAI56r3yV7cvaRqjMJQTrTu+l5ggI8owynFa6qYaE0LHZIAdSwWJUQfZ/Nqpe2aVvhtJZUsYd67+nshIrPUkDm1nTMxQL3sz8T+vk5roJsiYSFKDgi4WRSl3jXRnr7t9ppAaPrGEUMXsrS4dEkWosQGVbAj+8surpHlR9S+rVw+XldptHkcRTuAUzsGHa6jBPdShARRG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDRX49J</latexit>

p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

When is fixed, we can define the subproblem for stream mapping:p(fi)

<latexit sha1_base64="Yg5fqYa4yLj64f+aic/unJ8bPNI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPQkBS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJreZ33miSjMpHsw0pn6ER4KFjGBjpXZcDQfsfFCuuDV3DrRKvJxUIEdzUP7qDyVJIioM4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWChxR7afza2fozCpDFEplSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz2UybixFBBFovChCMjUfY6GjJFieFTSzBRzN6KyBgrTIwNqGRD8JZfXiXti5pXr13e1yuNmzyOIpzAKVTBgytowB00oQUEHuEZXuHNkc6L8+58LFoLTj5zDH/gfP4A3deOqQ==</latexit>

decide to get the valuep(fi)

<latexit sha1_base64="q2YrI9Qa1IFYI0qdJLtYA/yFWZI=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBItQN8NMqdplwY3LCvYB7VAyaaaNzSRDkhFK6T+4caGIW//HnX9jpq2gRQ+EHM65l3vvCRPOtPG8Tye3tr6xuZXfLuzs7u0fFA+PWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh+Drz2w9UaSbFnZkkNIjxULCIEWys1ErKUZ+d94slz730MiDPrawQ353/XgmWaPSLH72BJGlMhSEca931vcQEU6wMI5zOCr1U0wSTMR7SrqUCx1QH0/m2M3RmlQGKpLJPGDRXf3ZMcaz1JA5tZYzNSK96mfiX101NVAumTCSpoYIsBkUpR0ai7HQ0YIoSwyeWYKKY3RWREVaYGBtQwYbwfSn6n7Qqrl91L26rpXptGUceTuAUyuDDFdThBhrQBAL38AjP8OJI58l5dd4WpTln2XMMv+C8fwHqv46t</latexit>

T ?
⇣
p(fi)

⌘

<latexit sha1_base64="y0D7GWcoSimlzwDJ8Y6KkJTe83A=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEdlMSqdhl0Y3LCn1BE8NkOmmHTiZhZiKUUNz4K25cKOLWr3Dn3zhps9DWAxfOnHMvc+/xY0alsqxvo7C2vrG5Vdwu7ezu7R+Yh0ddGSUCkw6OWCT6PpKEUU46iipG+rEgKPQZ6fmTm8zvPRAhacTbahoTN0QjTgOKkdKSZ5607x2pkHCu6agC40rg0SrMHlXPLFs1aw64SuyclEGOlmd+OcMIJyHhCjMk5cC2YuWmSCiKGZmVnESSGOEJGpGBphyFRLrp/IQZPNfKEAaR0MUVnKu/J1IUSjkNfd0ZIjWWy14m/ucNEhU03JTyOFGE48VHQcKgimCWBxxSQbBiU00QFlTvCvEYCYSVTq2kQ7CXT14l3YuaXa9d3tXLzUYeRxGcgjNQATa4Ak1wC1qgAzB4BM/gFbwZT8aL8W58LFoLRj5zDP7A+PwB4DGVxw==</latexit>

• We need to decide where to place and how is mappedfj

<latexit sha1_base64="jm+FQPLweTauFwVmPtjs31Bofjo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvHisaD+gDWWz3bRrN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Ye9x1654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvXOqxd355XadR5HEY7gGE7Bg0uowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8ASAyNyw==</latexit>

eij

<latexit sha1_base64="1CU06+N68gkal6VJYV0NzAQMjrE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6EkKXjxWsB/QhrLZTtptN7thdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHTS1TRbFBJZeqHRKNnAlsGGY4thOFJA45tsLx3cxvPaHSTIpHM0kwiMlAsIhRYqzUxF7GRtNeueJVvTncVeLnpAI56r3yV7cvaRqjMJQTrTu+l5ggI8owynFa6qYaE0LHZIAdSwWJUQfZ/Nqpe2aVvhtJZUsYd67+nshIrPUkDm1nTMxQL3sz8T+vk5roJsiYSFKDgi4WRSl3jXRnr7t9ppAaPrGEUMXsrS4dEkWosQGVbAj+8surpHlR9S+rVw+XldptHkcRTuAUzsGHa6jBPdShARRG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwDRX49J</latexit>

Psub : min
p(fi),{z%}8%2Pij

�ij ,
⇣
T ?

�
p(fi)

�
+ t(eij)

⌘

<latexit sha1_base64="uhI+ij8rcZXZcK6vQJD7Mi4703E="></latexit>
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Theorem. The optimal objective value of isPsub

<latexit sha1_base64="YUyTYpnB+cPwLM6abkVF/46ydlo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0ZUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65l3vmBAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizdu5nKg1y3647DWcBtE7cktShRNu3v4ajmKQRFZpwrNTAdRLtZVhqRjjNa8NU0QSTKR7TgaECR1R52SJ5ji6MMkJhLM0TGi3U3xsZjpSaR4GZLHKqVa8Q//MGqQ5vvYyJJNVUkOWhMOVIx6ioAY2YpETzuSGYSGayIjLBEhNtyqqZEtzVL6+T7lXDbTauH5v11l1ZRxXO4BwuwYUbaMEDtKEDBGbwDK/wZmXWi/VufSxHK1a5cwp/YH3+ADLZlAY=</latexit>

min
~zij

kA~zijk1 =
sij

P|Pij |
k=1 1/Ak,k

<latexit sha1_base64="oB9OA4fd1xuSeaOoQpIMLaUb+5A="></latexit>

iff

Au,u~z
(u)
ij = Av,v~z

(v)
ij , 1  u 6= v  |Pij |

<latexit sha1_base64="CnXuRLJk5j5BwS9hw06upimJcMM="></latexit>

The proof is omitted here.
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Based on the theorem, we propose the algorithm OSM for solving Psub

<latexit sha1_base64="YUyTYpnB+cPwLM6abkVF/46ydlo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS0ZUU3LisYB/QhjCZTtqhk0mYmRRKyJ+4caGIW//EnX/jpM1CWw8MHM65l3vmBAlnSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTropTSWiHxDyW/QArypmgHc00p/1EUhwFnPaC6X3h92ZUKhaLJz1PqBfhsWAhI1gbybftYYT1JAizdu5nKg1y3647DWcBtE7cktShRNu3v4ajmKQRFZpwrNTAdRLtZVhqRjjNa8NU0QSTKR7TgaECR1R52SJ5ji6MMkJhLM0TGi3U3xsZjpSaR4GZLHKqVa8Q//MGqQ5vvYyJJNVUkOWhMOVIx6ioAY2YpETzuSGYSGayIjLBEhNtyqqZEtzVL6+T7lXDbTauH5v11l1ZRxXO4BwuwYUbaMEDtKEDBGbwDK/wZmXWi/VufSxHK1a5cwp/YH3+ADLZlAY=</latexit>
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Based on the theorem, we propose the algorithm DPE for solving :P

<latexit sha1_base64="eZxJtyszZIUHW1zE+h8R8Q7FrG0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRVdScOOygn1gO5RMeqcNzWSGJCOUoX/hxoUibv0bd/6NaTsLbT0QOJxzLzn3BIng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKj72ImlEQZo1pv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bJ54Ss6sMiBhrOyThszV3xsZjbSeRIGdnCXUy95M/M/rpia89jMuk9SgZIuPwlQQE5PZ+WTAFTIjJpZQprjNStiIKsqMLalkS/CWT14lrYuqV6te3tcq9Zu8jiKcwCmcgwdXUIc7aEATGEh4hld4c7Tz4rw7H4vRgpPvHMMfOJ8/wdWQ+A==</latexit>

Theorem. In worst case, the
complexity of DPE is

O

⇣
|N |⇥ |E|⇥max

�
|N |,max

ni,nj

|Pij |
 ⌘

<latexit sha1_base64="KO8Y9f2pbu9w/b41WNsJZtZQXy8="></latexit>

a function may be a predecessor
of multiple functions

update of the optimal substructure
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Compared with a well-known heuristic HEFT, and a related state-of-the-art algorithm FixDoc, 
DPE achieves the smallest makespan over all the 2119 DAGs with absolute superiority under 
arbitrary parameters.


