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Idle Resources
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• Avoidable cloud spend and lack of resource management raise 
potential challenges. Ninety-four percent of all respondents with budget 
authority for new investments acknowledged having avoidable cloud 
spend at their organization, with small di!erences across the North 
America (94%), APAC (96%), and EMEA (92%) regions. The primary cause 
of avoidable cloud spend is idle or underused resources (66%), followed 
by overprovisioning of resources (59%) and lack of needed skills (47%) 
(see Figure 6). In addition, one in four organizations (24%) surpassed 
their annual projected cloud spend. This highlights the importance of 
centralization and alignment on budget planning from a holistic level. 

Figure 6

"Which of the following factors contribute to avoidable cloud spend, also known as 
cloud waste, at your organization?"

Base: 996 Application development and delivery decision-makers with budget authority for new investments
Note: Respondents selected all responses that applied 
Source: A commissioned study conducted by Forrester Consulting on behalf of HashiCorp, June 2022
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UNLOCKING MULTICLOUD’S OPERATIONAL POTENTIAL 9

[1] Hashicorp-Forrester, “Unlocking Multicloud’s Operational Potential,” 2022. [Online].  
     Available: https://www.datocms-assets.com/2885/1659554932-unlocking-multiclouds-operational-potential-forrester-hashicorp.pdf 



Low-priority VMs 
SmartHarvest [EuroSys 21]

Memory harvesting VMs 
MHVM [ASPLOS 22]

Harvest gSSDs        
BlockFlex [OSDI 22]

Function acceleration    
Freyr [WWW 22]

…
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Provider-sideUser-side

VM-based Cloud 

Serverless

StepConf [INFOCOM’22]

COSE [INFOCOM’20]
Freyr [WWW’22]

SmartHarvest [EuroSys’21]

OFC [EuroSys'21]

⭐ Libra [HPDC’23]

MHVM [ASPLOS’22]

CherryPick [NSDI’17]

Ernest [NSDI’16]
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Harvesting for VM-based cloud / HPC 

Long-running

Always-on


Workload-agnostic

Serverless computing 

Short-living

Timeliness


Varying input sizes

Harvesting idle resources timely and safely?



Limitations of Existing Work
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• Provider-side works (OFC, Freyr)


• Hard to generalize to varying input data


• Ignorance of resource timeliness


• User-side works (COSE, StepConf)


• Static configuration cannot satisfy dynamic resource demands
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Step 2: Function Invocation
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Wall clock
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t2
<latexit sha1_base64="3Ww4GaMuzZhqhHC4JdvBQmJw8Kc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioD8oVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwhCjZg=</latexit>

t4
<latexit sha1_base64="moMq/0PU3K0axT+dOEa3xx78UOM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lK/TgWvHisaGuhDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8sdgfDPzH5+4NiJWDzhJuB/RoRKhYBStdI/9i3654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdq3qX1fpdvdKo5XEU4QRO4Rw8uIIG3EITWsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wcJxo2Z</latexit>

t5
<latexit sha1_base64="hhysT1zuLpLaP8RI0YEpFS+R0Go=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKqR4LXjxWtLXQhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikY+JUM95msYx1N6CGS6F4GwVK3k00p1Eg+WMwuZn7j09cGxGrB5wm3I/oSIlQMIpWusdBY1CuuFV3AbJOvJxUIEdrUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophtd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOunUql6jWr+rV5q1PI4inME5XIIHV9CEW2hBGxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gALSo2a</latexit>

t6

Re
so

ur
ce

 u
ni

t

<latexit sha1_base64="ktXyLOUJtG0ESQ82hReYjnjeiYA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6rHgxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSA/Yv+6WyW3HnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn81PnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTtCF4yy+vkla14l1Vave1cr2ax1GAUziDC/DgGupwBw1oAoMhPMMrvDnSeXHenY9F65qTz5zAHzifPwa+jZc=</latexit>

t3

1
2
3

<latexit sha1_base64="S5emuJQZFkmeSiRCmntdYUEaILc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKsR4LXjxWtLXQhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikY+JUM95msYx1N6CGS6F4GwVK3k00p1Eg+WMwuZn7j09cGxGrB5wm3I/oSIlQMIpWusdBY1CuuFV3AbJOvJxUIEdrUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophtd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOunUqt5VtX5XrzRreRxFOINzuAQPGtCEW2hBGxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gAMzo2b</latexit>

t7
<latexit sha1_base64="mOxPTy5vJEsgxOakyCnWnJrKvyo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lK0R4LXjxWtLXQhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikY+JUM95msYx1N6CGS6F4GwVK3k00p1Eg+WMwuZn7j09cGxGrB5wm3I/oSIlQMIpWusdBY1CuuFV3AbJOvJxUIEdrUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophg0/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nXRqVe+qWr+rV5q1PI4inME5XIIH19CEW2hBGxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gAOUo2c</latexit>

t8

Idle resources in pool

a
b c d

e

Covered resources

d
e

Invocation demandsDemand coverage = 
<latexit sha1_base64="9VscHUW/GxS7rW/6QjBbxXnu8l8=">AAACI3icbZDJSgNBEIZ74hbjFvXoZTAICWKYyWLEU8CLxwhmgUwYejo9SZOehe4aIQzzLl58FS8elODFg+9iZ0FM4g8NP19VUV2/E3ImwTC+tNTG5tb2Tno3s7d/cHiUPT5pySAShDZJwAPRcbCknPm0CQw47YSCYs/htO2M7qb19hMVkgX+I4xD2vPwwGcuIxgUsrO3liswiU0LmEdlHuzqFdjlwmXpF9QUqBaSeJmUC4mdzRlFYyZ93ZgLk0MLNezsxOoHJPKoD4RjKbumEUIvxgIY4TTJWJGkISYjPKBdZX2s1vXi2Y2JfqFIX3cDoZ4P+oz+nYixJ+XYc1Snh2EoV2tT+F+tG4F704uZH0ZAfTJf5EZch0CfBqb3maAE+FgZTARTf9XJEKvQQMWaUSGYqyevm1apaF4XKw+VXL20iCONztA5yiMT1VAd3aMGaiKCntErekcf2ov2pk20z3lrSlvMnKIlad8/MfyitA==</latexit>

1⇥ (t5 � t3) + 2⇥ (t7 � t5)

2⇥ (t7 � t3)

An incoming invocation,

which demands two extra resource units, !3—!7. 
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Harvested Resource Pools
Worker Node m

Container
CPU
Mem

Sharding Scheduler #n 4

Step 4: Scheduling

Y:(pre_cpu,pre_mem,dur,type)

Hist.

ML

• Calculate demand coverage in realtime

• Select the node with the highest score

• Same score, then consider localityDemand coverageNode selection

Coverage score = 
<latexit sha1_base64="APEBFT1L1gaKLsQufq0kYxIeQxI=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoiCUpRV0WdOGygn1AE8JkOmmHziRhZiKEkB9x46+4caGICzfi3zhts6jVAxcO59zLvff4MaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOujBKBSQdHLBJ9H0nCaEg6iipG+rEgiPuM9PzJ9dTvPRAhaRTeqzQmLkejkAYUI6Ulz2w6iMVjBB1FOZHwxstwnOTwDNbs87l1uuBxwiOR5p5ZterWDPAvsQtSBQXanvnpDCOccBIqzJCUA9uKlZshoShmJK84iSQxwhM0IgNNQ6T3udnsuxyeaGUIg0joChWcqYsTGeJSptzXnRypsVz2puJ/3iBRwZWb0TBOFAnxfFGQMKgiOI0KDqkgWLFUE4QF1bdCPEYCYaUDregQ7OWX/5Juo25f1Jt3zWqrUcRRBkfgGNSADS5BC9yCNugADB7BM3gFb8aT8WK8Gx/z1pJRzByCXzC+fgDQKqEd</latexit>

↵⇥Dcpu + (1� ↵)⇥Dmemory

Demand coverage of CPU

Demand coverage of Memory
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Step 5: Harvesting & 
Acceleration

Worker Node m

Container Harvested Resource Pools
CPU
Mem

5 Harvest or 
Accelerate?

user_* pred_*v.s.



Arrival 
TimeHarvested 

Resource Pool

<latexit sha1_base64="wJPLQRjpcdzDX4BkVbO4/SHYPeQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzjwBuWKW3UXIOvEy0kFcjQH5a/+MGZpxBUySY3peW6CfkY1Cib5rNRPDU8om9AR71mqaMSNny1OnZELqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieONnQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk3at6l1V6/f1SqOWx1GEMziHS/DgGhpwB01oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHwO2jZU=</latexit>

t1
<latexit sha1_base64="1DKwQYSKE0I+TDIAwYv8o/6IxBI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwU6jZY=</latexit>

t2
<latexit sha1_base64="ktXyLOUJtG0ESQ82hReYjnjeiYA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6rHgxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSA/Yv+6WyW3HnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn81PnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTtCF4yy+vkla14l1Vave1cr2ax1GAUziDC/DgGupwBw1oAoMhPMMrvDnSeXHenY9F65qTz5zAHzifPwa+jZc=</latexit>

t3
<latexit sha1_base64="3Ww4GaMuzZhqhHC4JdvBQmJw8Kc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioD8oVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwhCjZg=</latexit>

t4current time

Idle Busy More resources needed Estimated completion time 
<latexit sha1_base64="BdlBL0kUW+/NdugKupB/Ur3i0Ug=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUNINS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTdGG4K2+vE7a1Yp3Xak1a+V6NY+jAOdwAVfgwQ3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8A3keM8Q==</latexit>

t

(#3,      ,      )<latexit sha1_base64="3Ww4GaMuzZhqhHC4JdvBQmJw8Kc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioD8oVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwhCjZg=</latexit>

t4

 
<latexit sha1_base64="3Ww4GaMuzZhqhHC4JdvBQmJw8Kc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioD8oVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwhCjZg=</latexit>

t4Invocation #1

<latexit sha1_base64="ktXyLOUJtG0ESQ82hReYjnjeiYA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6rHgxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSA/Yv+6WyW3HnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn81PnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTtCF4yy+vkla14l1Vave1cr2ax1GAUziDC/DgGupwBw1oAoMhPMMrvDnSeXHenY9F65qTz5zAHzifPwa+jZc=</latexit>

t3#2

 
<latexit sha1_base64="3Ww4GaMuzZhqhHC4JdvBQmJw8Kc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioD8oVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwhCjZg=</latexit>

t4#3

Harvest

<latexit sha1_base64="3Ww4GaMuzZhqhHC4JdvBQmJw8Kc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioD8oVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwhCjZg=</latexit>

t4Invocation #4

Harvest

Harvest

Reassign

(#1,     ,    )
<latexit sha1_base64="3Ww4GaMuzZhqhHC4JdvBQmJw8Kc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioD8oVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPwhCjZg=</latexit>

t4

 (#2,          ,      )
<latexit sha1_base64="ktXyLOUJtG0ESQ82hReYjnjeiYA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6rHgxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSA/Yv+6WyW3HnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn81PnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTtCF4yy+vkla14l1Vave1cr2ax1GAUziDC/DgGupwBw1oAoMhPMMrvDnSeXHenY9F65qTz5zAHzifPwa+jZc=</latexit>
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Implementation
Libra is prototyped on top of Apache OpenWhisk using Scala
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for harvesting

OpenWhisk default
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Testbed Clusters
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Evaluating harvesting

3 nodes

72 Intel Xeon 


E5-2670 CPU cores

72 GB memory

Evaluating scheduling

6 nodes

160 Intel Xeon 


E5-2420 CPU cores

160 GB memory

Evaluating scalability

50 Jetstream nodes

1,200 Intel Xeon 


E5-2680 CPU cores

1,200 GB memory



Function Response Latency
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Figure 9: 99th-percentile invocation end-to-end response la-
tency of �ve scheduling algorithms.

Default RR JSQ MWS Libra

To
ta

l T
im

e 
(s

)

0

200

400

Request per Min
10 20 30 40 50 60 120 180 240 300

Id
le

 c
or

e 
x 

Se
c

0

2000

Request per Min
10 20 30 40 50 60 120 180 240 300

Id
le

 M
B 

 x
 S

ec

2K
100K
200K
300K

Request per Min
10 20 30 40 50 60 120 180 240 300

(a) Workload completion time

(b) Idle CPU core x Idle time

(c) Idle memory x Idle time

Figure 10: Workload completion time and performance of
utilizing harvested resources of �ve scheduling algorithms.
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Figure 11: Average/peak CPU and memory utilization.
to the node with the least resource pressure. We enable the cluster
with L����’s function harvesting and acceleration when evaluating
all �ve algorithms for a fair comparison on scheduling. We evaluate
�ve algorithms by running the ten multi trace sets sequentially and
report the results averaged over �ve times of experiments.
P99 response latency. L���� consistently achieves the lowest P99
latency for all traces (Fig. 9).
System utilization. Fig. 11 reports the average/peak CPU and
memory utilization of �ve scheduling algorithms. L���� gener-
ally maintains the highest CPU and memory utilization among all
baselines for ten trace sets.
Workload completion time. We de�ne workload as a collection of
multiple incoming function invocations, and workload completion
time as the time from invoking the �rst invocation until the last
invocation completes. From Fig. 10(a), L���� outperforms the other
four algorithms by completing workloads faster.
Idle time of harvested resources. Our evaluation keeps track of
every harvested resource’s entry time and leave time in harvest
resource pools. We de�ne idle time as the time when harvested
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Figure 12: L����’s scalability and scheduling overhead.

resources staying in the pool without any invocations actually
utilizing them. We then sum up the values of all the product of
harvested resources and their idle time to indicate the performance
of how a scheduling algorithm utilizes the harvested resources.
Intuitively, a lower value indicates a better utilization of harvested
resources for a scheduling system. Fig. 10(b) and (c) show that L����
generally maintains the lowest value among all algorithms for all
traces. It makes the best use of harvested resources.

8.5 Scalability
We study the strong scaling and weak scaling of decentralized shard-
ing schedulers in L���� using the Jetstream cluster. Strong scaling
evaluates L����’s performance on increasing worker nodes when
given a �xed total number of function invocations; and weak scal-
ing evaluates the performance on increasing worker nodes when
the average number of invocations distributed to each node is �xed.
We gradually increase the number of L����’s schedulers from one
to four to examine the e�ectiveness of increasing concurrent sched-
ulers. Note that one scheduler is exactly a centralized version. We
use the same workload that consists of ten real-world functions
used in previous experiments to measure the scalability of L����.
Each function has the number of invocations evenly divided from
the total number. We keep the initial resource con�guration the
same as the previous experimental setup. We enable L����’s har-
vesting and timeliness-aware scheduling to evaluate the scalability
in realistic scenarios.
Strong scaling. We launch 1000 concurrent invocations where
each function is invoked 100 times simultaneously. Fig. 12(a) shows
the performance of strong scaling when L���� gradually increases
the number of schedulers from one to four. The completion time of
workload decreases with the number of schedulers increasing.
Weak scaling. We set the average number of invocations assigned
to each worker as 20 and evaluate the weak scaling of L����, which
means that 200 concurrent invocations for 10 nodes and 1000 for
50 nodes. Fig. 12(b) shows the trend of completion time does not
rise signi�cantly when workload intensity increases.
Scheduling overhead. We de�ne the scheduling overhead of an
invocation as the time when a scheduler picks it up until sending it
to a node. We measure the scheduling overhead averaged over con-
current invocations using the 50-node cluster with four schedulers.
Fig. 12(c) shows the average overhead with workload intensity in-
creasing from 200 to 1000. L���� maintains the overhead under 1
ms consistently.

8.6 Pro�ler’s Model Analysis
Metrics. We adopt two metrics, accuracy and '2 score, to evalu-
ate the performance of multi-classi�cation and regression models,
respectively. For classi�cation problems, accuracy measures the
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39%
lower function response latency

3x
higher resource utilization
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