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“We observe that 50% of the functions execute for less than 1s
on average, and 50% of the functions have maximum execution
i m i m it = time shorter than ~3s; 90% of the functions take at most 60s,
and 96% of functions take less than 60s on average.”
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median value of 0.03 s. Additionally, 74% of submitted
tasks had an execution time of less than 1 s.”
Function-as-a-Service



ML 9. AT & cscs ETHziirich

spcl.ethz.ch

Serverless as a Way Forward

@ Function

Fine-grained computing

Abstracted resource management
Language Runtime

Container Engine
Operating System

Hypervisor

Hardware

Function-as-a-Service



ML .. AT & cscs ETHziirich

spcl.ethz.ch

Serverless as a Way Forward

@ Function

Fine-grained computing

Abstracted resource management

Language Runtime . .
SHas Elastic scheduling

Container Engine
Operating System

Hypervisor

Hardware

Function-as-a-Service



MSPCL S s o < e Bt

spcl.ethz.ch

Serverless as a Way Forward

@ Function

Fine-grained computing

Abstracted resource management

Language Runtime . .
SHas Elastic scheduling

Container Engine

Operating System I@ Performance?

Hypervisor

Hardware

Function-as-a-Service



a7 o = . S S e g P RS e cscs ETH:zirich

spcl.ethz.ch

- _@ Cloud , ™\

-
Virtualization [=. ™ | Containers
= <>
y N

Elastic Runtimes

P S )

workload managy wy-as-you-go Multi-tenary

R
e

>
§

N\
7
A




rMePrL 9. R B PN @@ cscs ETH:ziirich

spcl.ethz.ch

Virtualization M | Containers
= <>
y N
Elastic Runtimes

és 38

workload managy wy-as-you-go Multi-tenaW

R
e

>
§

N\
7
A




a7 o = . S

e cscs ETH:zurich

spcl.ethz.ch

Convergence of HPC and Cloud

QA
o

7

K
‘g)'

e
|/
5

K/

</

i

2
N

s

A

workload manager

¢ Cloud \

(111 o]
-
Virtualization [=. ™ | Containers
= <>
y N

Elastic Runtimes

és 38

Pay-as-you-go Multi-tenaW




rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

E%] Applications

9 Programming




rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

E%] Applications

9 Programming

First-author
Collaborations
Submissions




MPEL D @soc! ar \:0:0 cscs ETH:zurich

YW @spcl_eth

spcl.ethz.ch

High-Performance Serverless Stack

E%] Applications
e FaaSKeeper
7

arXiv

e SeBS
'. Middleware’21

9 Programming

. FMI
' ICS’23

0' Disaggregation

2 IPDPS’24

First-author

Collaborations .' rFaas
Submissions m»  |PDPS'23




ML 9. e o &% cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

E%] Applications

. FaaSKeeper . SeBS-Flow
'. '. Submission

‘M SeBS
A \iddleware’21 arXiv

@ Programming
. FMI .
' ICS’23 '.

e Disaggregation . Xaa$S
' '. IEEE CiSE’24

& d IPDPS’24

First-author

Collaborations .' rFaas .' MemDedup
Submissions m»  |PDPS'23 /m»  BigData’23




a7 o = B L

spcl.ethz.ch

High-Performance Serverless Stack

e SeBS
'. Middleware’21
e FMI
' ICS’23

0' Disaggregation
/A»  |PDPS’24

First-author

Collaborations .' rFaas
Submissions /™  |PDPS'23

E%] Applications
e FaaSKeeper
2

arXiv

@ Programming

e XaaS
'. IEEE CiSE’24

l' MemDedup
A» BigData’23

e cscs ETH:zurich

e SeBS-Flow
'. Submission

-' Transparent
a Serverless

e Serverless
'. GPUs




rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

How does serverless = . .
performance look like? Appllcahons

e SeBS
'. Middleware’21

9 Programming

Disaggregation ) EEN Transparent
IPDPS’24 IEEE CiSE’24 Serverless

First-author

Collaborations rEaaS MemDedup Serverless
Submissions IPDPS’23 BigData’23 GPUs




ML 9. e o &% cscs ETHziirich

spcl.ethz.ch

SeBS: The Serverless Benchmark Suite ACM/IFIP

Middleware’ 21

10



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

SeBS: The Serverless Benchmark Suite ACM/IFIP

Serverless Platforms

Middleware’ 21

A< @

f‘ E%HénWhisk

10



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

SeBS: The Serverless Benchmark Suite ACM/IFIP

Middleware’ 21

A<D @ @ python’
f‘ E%HénWhisk ﬂ.@dc @

Serverless Platforms

10



a7 o = B L

spcl.ethz.ch

@)_SeBS: The Serverless Benchmark Suite

A<D @ @ python’
f‘ E%HénWhisk ﬂ.@dc @

Serverless Platforms

e cscs ETH:iirich

ACM/IFIP
Middleware’ 21

Performance & Cost
Invocation Overhead
Container Eviction
Serverless Communication
Serverless Workflows

10



a7 o = B L

spcl.ethz.ch

@)_SeBS: The Serverless Benchmark Suite

@ python’

nodc C:

Serverless Platforms

A< @

f‘ E%HénWhisk

" 4

f"7\$

& -

e cscs ETHzirich

ACM/IFIP
Middleware’ 21

Performance & Cost
Invocation Overhead
Container Eviction
Serverless Communication
Serverless Workflows

10



rMeSPCL 9. s @@ cscs ETH:ziirich

spcl.ethz.ch

SeBS: The Serverless Benchmark Suite ACM/IFIP

Serverless Platforms

Middleware’ 21

P pgthon Performance & Cost

Invocation Overhead
Container Eviction
Serverless Communication
Serverless Workflows

A<D @
f‘ 6A5HénWhisk n.dc @
v 4 N

f/\$

& -

10



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

SeBS: The Serverless Benchmark Suite ACM/IFIP

Middleware’ 21
P pgthon PerforrT\ance & Cost

Invocation Overhead
Container Eviction
Serverless Communication
Serverless Workflows

Serverless Platforms

A<D @
f‘ 6A5HénWhisk I’I‘dc @

" 4 2"

O\ $ O 110 stars

53 forks

* 15 contributors

10



rMeSPCL 9. s @@ cscs ETH:ziirich

spcl.ethz.ch

SeBS: The Serverless Benchmark Suite ACM/IFIP

Serverless Platforms

Middleware’ 21

P pgthon PerforrT\ance & Cost

Invocation Overhead
Container Eviction
Serverless Communication
Serverless Workflows

A<D @
f‘ E%HénWhisk n.dc @

" 4 2"

O 110 stars
\ 53 forks

15 contributors

.'. 107 citations

10



ML 9. e & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

How does serverless = . .
performance look like? Appllcahons

e FaaSKeeper
2

e SeBS-Flow
'. Submission

‘M SeBS
A Middleware’21 arXiv

@ Programming
L L L

O'Disaggregation l' XaaS " Transparent
JA»  |PDPS’24 A |EEE CiSE’24 a Searverless

-' rFaas -' MemDedup .' Serverless
Jm»  |PDPS’23 B BigData’23 - GPUs

11



ML 9. e & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform v . .

e FaaSKeeper
2

e SeBS-Flow
'. Submission

‘M SeBS
A Middleware’21 arXiv

@ Programming
L L L

O'Disaggregation l' XaaS " Transparent
JA»  |PDPS’24 A |EEE CiSE’24 a Searverless

-' rFaas -' MemDedup .' Serverless
Jm»  |PDPS’23 B BigData’23 - GPUs

11



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications

benchmarking suite.

Functions are expensive
to invoke.

9 Programming

Disaggregation ) EEN Transparent
IPDPS’24 IEEE CiSE’24 Serverless

-' rFaas MemDedup Serverless
'™y  |PDPS’23 BigData’23 GPUs

11



ML 9. AT & cscs ETHziirich

spcl.ethz.ch

Function-as-a-Service for HPC IEE; (:ngps

High Performance
A

Dynamic, g Static,
Flexible Provisioned

\ 4
High Overheads

12



rMSPCL 9. et s @ cscs ETHzirich

spcl.ethz.ch

Function-as-a-Service for HPC IEE; (:2P3DPS

Long-running jobs

H|gh Performance _

N

Static parallelism

HPC
Clusters

Dynamic, g Static,
Flexible Provisioned

\ 4
High Overheads

12



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Function-as-a-Service for HPC IEE; (:ngps

I\

Static parallelism

Long-running jobs
High Performance

HPC
Clusters

Dynamic, < g Static,
Malleable jobs Flexible Provisioned
Latency-sensitive jobs Faa$S
: \ 4
SOl RRLALIDS High Overheads
Dynamic parallelism

12



ML 9. e & cscs ETHziirich

spcl.ethz.ch

How fast are invocations in FaaS? e 1P0Ps \

10°

(-
o
un

[
o
I

Round-Trip time [usec]
= =
R D

(-
o
=

1 2 4 8 16 32 64 128 256 512 10242048 5120

[ 36 CPU cores, 377 GB memory. ] Message size [kB]
100 Gbps Ethernet with RoCEv2 support.

13




ML .. AT & cscs ETHziirich

spcl.ethz.ch

How fast are invocations in FaaS? IEEE IPDPS \
2023

10° :
OpenWhisk, up to 1.8 MB/s

M

(-
o
un

2

AWS Lambda, up to 18 MB/s

[
o
I

Round-Trip time [usec]
— =
R D

(-
o
=

1 2 4 8 16 32 64 128 256 512 10242048 5120

[ 36 CPU cores, 377 GB memory. ] Message size [kB]
100 Gbps Ethernet with RoCEv2 support.

13




ML .. AT & cscs ETHziirich

spcl.ethz.ch

How fast are invocations in FaaS? IEEE IPDPS \

2023
10°

OpenWhisk, up to 1.8 MB/s
R\

(-
o
un

2

AWS Lambda, up to 18 MB/s
nightcore, up to 454 MB/s

|

[
o
I

Round-Trip time [usec]
— =
R D

(-
o
=

1 2 4 8 16 32 64 128 256 512 10242048 5120

[ 36 CPU cores, 377 GB memory. ] Message size [kB]
100 Gbps Ethernet with RoCEv2 support.

13




a7 o = B L

spcl.ethz.ch

Why is FaaS slow?

HTTP
Gateway

Queuing
Scheduling

Function Server

Sandbox

e cscs ETH:zurich

IEEE IPDPS
2023

14



rMSPCL 9. et s @ cscs ETHzirich

spcl.ethz.ch

Why is FaaS slow? IEE; (:zpsnps

#1 REST
interface

HTTP Queuing Function Server
Gateway Scheduling Sandbox

14



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Why is FaaS slow? IEE; (:Zp:ps

#1 REST
interface

HTTP Queuing Function Server
Gateway Scheduling Sandbox

#2 Scheduling happens
in every invocation.

14



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Why is FaaS slow? IEE; (:Zp:ps

#1 REST
interface

HTTP Queuing Function Server
Gateway Scheduling Sandbox

#3 Multi-copy
#2 Scheduling happens invocations

in every invocation.

14



a7 o = B L

spcl.ethz.ch

Why is FaaS slow?

#1 REST
interface

e cscs ETH:iirich

#4 Fast networks
not used

HTTP Queuing
Gateway Scheduling

Function Server

Sandbox

#2 Scheduling happens
in every invocation.

#3 Multi-copy
invocations

IEEE IPDPS
2023

14



MSPCL S s o < e Bt

spcl.ethz.ch

Function-as-a-Service for HPC IEE: (:ngps

High Performance
A

HPC
Clusters

Dynamic, g Static,
Flexible Provisioned

FaaS

v
High Overheads

15



MSPCL S s o < e Bt

spcl.ethz.ch

Function-as-a-Service for HPC IEE: (:ngps

High Performance
A

HPC

fikad> Clusters

Dynamic, g Static,
Flexible Provisioned

FaaS

v
High Overheads

15



ML 9. e o &% cscs ETHziirich

spcl.ethz.ch

Function-as-a-Service for HPC IEE; (:2P3DPS

Reduced invocation

High Performance

4
Zero-copy RDMA
rFaaS HPC
Clusters
Dynamic, Static,
Flexible >Provisioned
Faa$S

\ 4
High Overheads

15



ML 9. e & cscs ETHziirich

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
2023

Function
Executor

Faas Control

Plane

Client

16



ML 9. e & cscs ETHziirich

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke 2023
Function £
Executor ?'O
FaaS Control

Plane
Client / \
%‘é‘ Cold

16



ML 9. AT & cscs ETHziirich

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke invoke b
Function Q Q,
Executor ?' O . O
FaaS Control

Plane >
Client / \1 /‘\ \g
%‘é Cold s Warm

\

II

16



ML .. AT & cscs ETHziirich

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke invoke b
Function ! ) Q Q,

Executor - O 4‘0 R

Control
Faa$ o / \ / ‘.
Client — \é

* Cold '.\' Warm

" 4

Function
Executor

v

Control
Plane

rFaasS

v

Client

v

16



ML .. AT & cscs ETHziirich

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke invoke b
Function Q Q,
Executor ?' O . O R
FaaS Control

Plane
Client / \1 / > \L
' gi“é Cold 28\

allocate lease
Function &
Executor -

Control J/ \

rFaasS , y

Plane / \
Client

v

v

v

16



MSPCL S s o < e Bt

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke invoke b
Function Q a
Executor ?' Q’ . Q’ R
FaaS Control

Plane
Client / \‘ /\,/ \
3&“\5 Cold s Warm

" 4

allocate lease  compute

Function a
Executor * Q’

71 \
’

v

Control 3 ‘

rFaaS . = — / \
z:ient / \1/ \1
3‘%\%‘ Cold

v

v

16



MSPCL S s o < e Bt

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke invoke b
Function Q a
Executor ?' O . O R
FaaS Control

Plane
Client / \1 /\'/ \L
3‘*\5 Cold B Warm

allocate lease  compute

Function & £ Function

Executor : o . Executor .
AN > >

Control '

rrad . | /\
e VAR
%‘é‘ Cold

v

Client

v

v

16



MSPCL S s o < e Bt

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke invoke b
Function £
Executor ?'O
FaaS Control

Plane /
Client
gi@ Cold

allocate lease  compute notify thread
Function & £ Function
Executor - o . Executor R

Ty
’
A

v

v

v

rFaaS <" __~ A / \
Client / \1/ \4 Client —
3‘%\%‘ Cold ‘.

Warm

16



SPCL 2., &% cscs ETHziirich

spcl.ethz.ch

Invocations in FaaS and rFaaS IEEE IPDPS
invoke invoke b
Function £
Executor ?'O

Control / |

Faas Plane / ~
Client

gi@ Cold

allocate lease  compute notify thread active poll
Function & £ Function O
Executor - o R Executor Q R

Ty
’
A

v

v

v

g

Warm | -@- Hot

N

rFaaS <" __~ A / \
Client / \1/ \4 Client —
3‘%\%‘ Cold ‘.

16



ML .. AT & cscs ETHziirich

spcl.ethz.ch

How fast are invocations in FaaS? IEEE IPDPS \

2023
10°

OpenWhisk, up to 1.8 MB/s
R\

(-
o
un

2

AWS Lambda, up to 18 MB/s
nightcore, up to 454 MB/s

|

[
o
I

Round-Trip time [usec]
— =
R D

(-
o
=

1 2 4 8 16 32 64 128 256 512 10242048 5120

[ 36 CPU cores, 377 GB memory. ] Message size [kB]
100 Gbps Ethernet with RoCEv2 support.

17




ML .. AT & cscs ETHziirich

spcl.ethz.ch

How fast are invocations in FaaS? IEEE IPDPS \

2023
10°

OpenWhisk, up to 1.8 MB/s
|

(-
o
un

2

AWS Lambda, up to 18 MB/s
nightcore, up to 454 MB/s

|

rFaasS, Warm: 9.3 us
* Hot: 5.3 us
o

1 2 4 8 16 32 64 128 256 512 10242048 5120

[ 36 CPU cores, 377 GB memory. ] Message size [kB]
100 Gbps Ethernet with RoCEv2 support.

[
o
I

Round-Trip time [usec]
— =
R D

(-
o
=

rFaaS: up to 12 GB/s

17




MSPCL S s o < e Bt

spcl.ethz.ch

How fast are invocations in FaaS? e 1P0Ps \
10° :
OpenWhisk, up to 1.8 MB/s 4
9 105 L
@ 10
= A 695X
o 104 X
£ AWS Lambda, up to 18 MB/s 27x
"5_ 103 nightcore, up to 454 MB/s Vool
= |
2 107 rFaaS, Warm: 9.3 us
8 * Hot: 5.3 us
o 10!t

P

1 2 4 8 16 32 64 128 256 512 10242048 5120

[ 36 CPU cores, 377 GB memory. ] Message size [kB]
100 Gbps Ethernet with RoCEv2 support.

rFaaS: up to 12 GB/s

17




ML 9. e & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications
. FaaSKeeper e SeBS-Flow
R R

benchmarking suite.

e SeBS
'. Middleware’21

arXiv Submission

Functions are expensive
to invoke.

@ Programming
L ‘R L

O'Disaggregation l' XaaS " Transparent
JA»  |PDPS’24 A |EEE CiSE’24 a Searverless

-' rFaas -' MemDedup .' Serverless
Jm»  |PDPS’23 B BigData’23 - GPUs

18



ML 9. e & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications
. FaaSKeeper e SeBS-Flow
R R

benchmarking suite.

arXiv

0’ SeBS
A Middleware’21 Submission

Fast invocations with
RDMA acceleration.

@ Programming
L L L

O'Disaggregation l' XaaS " Transparent
JA»  |PDPS’24 A |EEE CiSE’24 a Searverless

-' rFaas -' MemDedup .' Serverless
Jm»  |PDPS’23 B BigData’23 - GPUs

18



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications

benchmarking suite.

Fast invocations with
RDMA acceleration.

9 Programming

How can serverless

improve HPC?

0' Disaggregation ) EEN Transparent
B»  |PDPS’24 IEEE CiSE’24 Serverless

rFaas MembDedup Serverless
IPDPS’23 BigData’23 GPUs

18



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Software Solution @lEEE IPDPS 2024
”ACM SRC @ SC 22

19



ML 9. AT & cscs ETHziirich

spcl.ethz.ch

Software Solution @lEEE IPDPS 2024
”ACM SRC @ SC 22

Standard HPC Node

@] IRAM =[GPU] |

E RAM EIE'I;JL |

& High performance
&9 Inflexible architecture

19



SPCL 2., &% cscs ETHziirich

spcl.ethz.ch

Software Solution e 1PDPS 292
”ACM SRC @ SC 22

Standard HPC Node Hardware Disaggregation
) T Aoru: | =
i) TR IGPUE | |
{u): £EANE =IoPU: | =

& High performance & High utilization

&9 Inflexible architecture &9 Cost, performance penalty

19



MESPOL 9. e <@ cscs ETH:zirich

spcl.ethz.ch
Software Solution L IPDPS 2024
”ACM SRC @ SC 22
Standard HPC Node Hardware Disaggregation
B g TPk | & Bt
[B): T5AN “IoPUE | i
B TEAWS =loPUL | i
@ High performance @ High utilization
&9 Inflexible architecture 69 Cost, performance penalty
Existing Coupled Ll =[GPU]:

Hardware Systems Ty ) 3
[m]:

19



B @spcl

Y @spcl_eth

SIPCL

spcl.ethz.ch

Software Solution

Standard HPC Node

i [eruE |

& High performance
&9 Inflexible architecture

e cscs ETH:zurich

IEEE IPDPS 2024
.QACM SRC @ SC 22
Hardware Disaggregation
=
(=]
(=

=y g | U1 oo =1

Existing Coupled i B E :I !==:
Hardware Systems P oo 1] e 1
L) | ERAMR | E[GPUJE!

1 1, L i

1 g — : | 1 ] '= |||||||||| =I

I E : |I :EE:

& High utilization
&9 Cost, performance penalty

Software Abstraction
for Disaggregation

19



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Serving Remote Memory ay EE 1PDPS 2024
”ACM SRC @ SC 22

20



a7 o = B L

spcl.ethz.ch

Serving Remote Memory

| MEMORY |

| MEMORY |

e cscs ETHzirich

IEEE IPDPS 2024

G)
SaACM SRC @ SC 22

20



a7 o = B L

spcl.ethz.ch

Serving Remote Memory

Invoke Function

| MEMORY |

| MEMORY |

e cscs ETH:zurich

IEEE IPDPS 2024

;QACM SRC @ SC 22

20



ML 9. e & cscs ETHziirich

spcl.ethz.ch

Invoke Function

Serving Remote Memory . 1 IEEE IPDPS 2024

CHEREE @l (@] (8] (@] | 2AcmsRc @ sc 22
RDMA i
[ MEMORY }e — MEMORY |

20



e cscs ETH:zurich

a7 o = B L

spcl.ethz.ch

Invoke Function

Serving Remote Memory i 1 . o EEE 1PDPS 2024
mEEE . EEEE | GAMSRC@sc22
[ MEMORY }e — MEMORY |
10
_- 8
§
LULESH ?13 ° tggglim size
125 ranks £ 4 B
S w18
o , . 20
25
0
1ms 10 Ms 100 M*S 500 MS 1 ms 10 mMs 100 MS 500 MS
15
|V||LC ?:‘;' 10 I|:>f|rlc|>_l§>:lem size
© s 32
32 ranks 2 — 4
q>_) 5 e 96
@] B 128
0
1 e 10 M5 100 M3 500 M 1 me 10 M 100 ™M° 500 M

20



ML .. AT & cscs ETHziirich

spcl.ethz.ch

Invoke Function
Serving Remote Memory _ 1 o EE 1PDPS 2024
V] | | [ COMA @] (@) @) [@] | AACM SRC @ SC 22
[ MEMORY }e — MEMORY |
10 -
Read Write
- 8
S
LULESH g ° lﬁ%‘](;_bEI?:n size
125 ranks £ 4 ——
S o 18
o, = 20
s 25
0
1ms 10 M 100 M3 500 MS 1ms 10 Ms 100 mMS 500 MS
15 Read Write
|V||LC %o' 10 I|:>f|rlc|>_lg>:lem size
32
32 ranks g —
q>_) 5 96
o w128
0
1 e 10 M5 100 M3 500 M 1 me 10 M 100 ™M° 500 M

20



mSPCL 9. ' & cscs  ETHziirich
spcl.ethz.c
Invoke Function

Serving Remote Memory . 1 I IEEE IPDPS 2024

mEeE . EEEE | Savsrcesc2
[ MEMORY }e — MEMORY |
10
- 8
X
- ULES
LULESH E ° Ip;rc;_lfletln size
125 ranks £ 4 B
S w18
o 5 20
25
0
1ms 10 ms 100 MS 500 M® 1ms 10 mS 100 Ms 500 MS
15 Read Write
|V||LC % 10 I\pﬂrlcl;lg:lem size
© . 32
32 ranks g — 64
q>_) 5 e 96
O 128
0
1 ms 10 ms 100 mS 500 ms 1 mS 10 ms 100 ms 500 ms

20



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch -
Invoke Function

Serving Remote Memory ] 1 o EEE 1PDPS 2024
EEEE  EEEE |2avscesc
[ MEMORY }e — MEMORY |
10
_. 8
=
LULESH 3 ° problem size
125 ranks £ 4 B
S w18
o 5 20
B 25
0
1ms 10 ms 100 MS 500 MS 1ms 10 MS 100 MS 500 MS
15 Read Write
|V||LC ;':j' 10 E)ﬂrlclJ_glem size
32
32 ranks 2 —
g > 96
o) w128
0

1 msS 10 ms 100 ms 500 ms 1 ms 10 ms 100 ms 500 ms

20



ML 9. e & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications
. FaaSKeeper e SeBS-Flow
R R

benchmarking suite.

e SeBS
'. Middleware’21

arXiv Submission

Fast invocations with
RDMA acceleration.

@ Programming
L L L

How can serverless

improve HPC?

O'Disaggregation l' XaaS " Transparent
JA»  |PDPS’24 A |EEE CiSE’24 a Searverless

-' rFaas -' MemDedup .' Serverless
Jm»  |PDPS’23 B BigData’23 - GPUs

21



ML 9. e & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications
. FaaSKeeper e SeBS-Flow
R R

benchmarking suite.

e SeBS
'. Middleware’21

arXiv Submission

Fast invocations with
RDMA acceleration.

@ Programming
L L L

Improved utilization with

software disaggregation.

O'Disaggregation l' XaaS " Transparent
JA»  |PDPS’24 A |EEE CiSE’24 a Searverless

-' rFaas -' MemDedup .' Serverless
Jm»  |PDPS’23 B BigData’23 - GPUs

21



a7 o = B L

e cscs ETH:iirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform
benchmarking suite.

Fast invocations with
RDMA acceleration.

Improved utilization with
software disaggregation.

Communication is slow

and restricted.

e FMI
'. ICS’23

Disaggregation
IPDPS’24

rFaasS
IPDPS’23

E%] Applications

9 Programming

) EER
IEEE CiSE’24

MemDedup
BigData’23

Transparent
Serverless

Serverless
GPUs

21



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACM ICS
2023

22



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACM ICS
2023

22



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACM ICS
2023

22



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Communication in serverless Aczuz)nz;cs

Cloud Storage

NAmond )\

22



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACM ICS
High Latency 2023
For Small Messages

S3

Cloud Storage

NAmond )\

22



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACM ICS
High Latency Expensive for 2023
For Small Messages Large Messages

S3 DynamoDB
Cloud Storage

NAmond )\

22



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACZ';"Z';S
High Latency Expensive for Not Serverless
For Small Messages Large Messages

= %

S3 DynamoDB
Cloud Storage

NAmond )\

22



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACM ICS
2023

23



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACZIXIZL’CS

LF

Hole Puncher

/  \

23



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

Communication in serverless ACM ICS

Hole Puncher

N = I\

23



a7 o = B L

spcl.ethz.ch

FMI on AWS Lambda

-
(e
w

102

101

Communication Time [ms]

Y
[w]
w

102

10!

Communication Time [msg]

8

8

allreduce

16 32 64
reduce

16 32 64
Functions

128 256

128 256

102

10'

10°

108

102

10!

10°

8

bcast

16 32 64
Scan

16 32 64
Functions

128 256

128 256

10°

102

10’

108

102

10"

10°

e cscs ETH:iirich

gather

4 8 16 32 64 128 256
scatter

4 8 16 32 64 128 256
Functions

ACM ICS
2023

24



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

FMI on AWS Lambda —— S3 —— Redis —— TCP ACM ICS

allreduce bcast gather 2023

'a' 2

E 10° 10 10°

(b}

£

l_ 1

8102 10 102

©

O

C

g 107 10°

=

(@]

O

4 8 16 32 64 128 256 4 8 16 32 64 128 256 4 8 16 32 64 128 256

reduce scan scatter

3103 103

'5' 102

£

2

|2102 10 102

o

® :

o 10" 10

S

10

= 0

E 10

o 1Q°

@)

4 8 16 32 64 128 256 4 8 16 32 64 128 256 4 8 16 32 64 128 256

Functions Functions Functions

24



rMSPCL 9. s & cscs ETHziirich

spcl.ethz.ch

FMI on AWS Lambda —— S3 —— Redis —— TCP ACM ICS

allreduce bcast gather 2023

'a' 2

E 10° 10 10°

®

£

l_ 1

8102 10 102

©

O

C

Ewo1 10° 10

=

(@]

@]

4 8 16 32 64 128 256 4 8 16 32 64 128 256 4 8 16 32 64 128 256

reduce scan scatter

3103 103

'5' 102

£

2

|2102 10 102

o

® :

Q 10° 10

S

10

= 0

E 10

o 1Q°

@)

4 8 16 32 64 128 256 4 8 16 32 64 128 256 4 8 16 32 64 128 256

Functions Functions Functions

24



a7 o = B L

spcl.ethz.ch

e cscs ETH:zurich

High-Performance Serverless Stack

Multi-platform
benchmarking suite.

E%] Applications
. FaaSKeeper e SeBS-Flow
R R

0’ SeBS
A Middleware’21 arXiv Submission

Fast invocations with
RDMA acceleration.

@ Programming
Improved utilization with e FMI e e
software disaggregation. ' 1CS’23 '. '.

Communication is slow
and restricted.

0' Disaggregation
/A»  |PDPS’24

e rFaasS
'. IPDPS’23

e XaaS
'. IEEE CiSE’24

l' MemDedup
A% BigData’23

-' Transparent
 Serverless

e Serverless
'. GPUs




a7 o = B L

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform
benchmarking suite.

Fast invocations with
RDMA acceleration.

Improved utilization with
software disaggregation.

Fast communication with
hole punching.

e SeBS
'. Middleware’21
e FMI
' ICS’23

0' Disaggregation
B»  |PDPS’24

e rFaasS
'. IPDPS’23

E%] Applications

e FaaSKeeper
2

arXiv

@ Programming

e XaaS
'. IEEE CiSE’24

l' MemDedup
A% BigData’23

e cscs ETH:zurich

e SeBS-Flow
'. Submission
e
7

-' Transparent
a Serverless

] Serverless
'. GPUs



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications
e FaaSKeeper
|

benchmarking suite.

arXiv

9 Programming

Fast invocations with

RDMA acceleration.

Improved utilization with
software disaggregation.

Fast communication with

hole punChlng' Disaggregation XaaS Transparent

IPDPS’24 IEEE CiSE’24 Serverless
How to port existing and

complex systems?

rFaas MembDedup Serverless
IPDPS’23 BigData’23 GPUs

25



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

ZooKeeper’

26



ML 9. e & cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

Apache

ey, SHETK okKeeper

26



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

ZooKeeper’

Infrequently used

26



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

ZooKeeper’

High read-to-write ratio

Infrequently used

26



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

ZooKeeper’

High read-to-write ratio

Infrequently used

Server-centric design

26



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

ZooKeeper’

Infrequently used High read-to-write ratio

Server-centric design Complex data model

26



rMSPCL 9. et s @ cscs ETHzirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

Cost ratio of ZooKeeper and FaaSKeeper, 90% reads. Cost ratio of ZooKeeper and FaaSKeeper, 80% reads.

[ZooKeeper — constant cost for VMs. ]

FaaSKeeper — pay per each request. 27




ML 9. e o &% cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

Cost ratio of ZooKeeper and FaaSKeeper, 90% reads. Cost ratio of ZooKeeper and FaaSKeeper, 80% reads.
100K 500K 1M 2M 5M 100K 500K 1M 2M 5M
Requests per day. Requests per day.

[ZooKeeper — constant cost for VMs. ]

FaaSKeeper — pay per each request. 27




a7 o = B L

Standard

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

Cost ratio of ZooKeeper and FaaSKeeper, 90% reads.

Hybrid Storage

100K 500K 1M 2M 5M
Requests per day.

[ZooKeeper — constant cost for VMs. ]
FaaSKeeper — pay per each request.

Standard

Hybrid Storage

e cscs ETHzirich

Cost ratio of ZooKeeper and FaaSKeeper, 80% reads.

100K 500K 1M 2M 5M
Requests per day.

27



e cscs ETHzirich

a7 o = B L

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

Cost ratio of ZooKeeper and FaaSKeeper, 90% reads. Cost ratio of ZooKeeper and FaaSKeeper, 80% reads.

3 x t3.small 3 x t3.small
gl . o .
5 3 x t3.medium 5 3 x t3.medium
% 3 x t3.large % 3 x t3.large
n 9 x t3.small n 9 x t3.small
9 x t3.medium 9 x t3.medium
9 x t3.large 9 x t3.large
% 3 x t3.small % 3 x t3.small
© 3 x t3.medium © 3 x t3.medium
) )
el 3 x t3.large A 3 x t3.large
2 9xt3.small 2 9xt3.small
o o
. 2 .
§9xt3.med|um = 9 x t3.medium

9 x t3.large

100K

500K 1M 2M
Requests per day.

ZooKeeper — constant cost for VMs. ]
FaaSKeeper — pay per each request.

[

5M

9 x t3.large

100K 500K 1M 2M 5M
Requests per day.

27



SIPCL

B @spcl

YW @spcl_eth

e cscs ETHzirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

Cost ratio of ZooKeeper and FaaSKeeper, 90% reads.
0.20

0.41

0.81
0.61

1.22
2.44

3xt3small 10.15 2.03 1.01 0.51

E 3xt3medium 2029 4.06 2.03 1.01
g 3xt3.large 40.58 8.12 4.06 2.03
&  9xt3small 30.44 6.09 3.04 1.52
9 x t3.medium | 60.88 12.18 6.09 3.04

9 x t3.large 24.35 12.18 6.0

0 3xt3.small 15.89 3.18 1.59 0.79
S 3xt3.medium 31.78 6.36 3.18 1.59
S 3xt3large |63.56 12.71 6.36 3.18
2  o9xt3small 47.67 953 477 2.38
§9xt3.medium 19.07 9.53 4.77
9 x t3.large pEEleNe) 38.14 19.07 9.53
100K 500K 1M 2M

Requests per day.

ZooKeeper — constant cost for VMs.
FaaSKeeper — pay per each request.

]

0.32
0.64
1.27
0.95
1.91
3.81

5M

100.0

-1.0

- 0.8

Cost ratio of ZooKeeper and FaaSKeeper, 80% reads.

3 x t3.small
yo] .
5 3 x t3.medium
2 3 x t3.large
I
wn 9 x t3.small

9 x t3.medium

9 x t3.large
% 3 x t3.small
© 3 x t3.medium
o
el 3 x t3.large
2 9xt3.small
¥e)
>
T

9 x t3.medium

9 x t3.large

100K 500K 1M 2M 5M

Requests per day.

27



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

From ZooKeeper to FaaSKeeper

Cost ratio of ZooKeeper and FaaSKeeper, 90% reads. Cost ratio of ZooKeeper and FaaSKeeper, 80% reads.
3xt3.small 10.15 2.03 1.01 FHeEHEmoReie) 3xt3small 587 1.17 0.29 0.12 100.0

g 3 xt3.medium 20.29 4.06 2.03 1.01 BRI g 3 xt3.medium 11.74 2.35 1.17 | 05 BOWES
% 3xt3.large 4058 8.12 4.06 2.03 0.81 100.0 % 3xt3.large 23.47 469 235 1.17 [V
» 9xt3small 30.44 6.09 3.04 1.52 [ W % o9xt3small 17.60 352 1.76 0.88 kS
9 x t3.medium ' 60.88 12.18 6.09 3.04 1.22 9 x t3.medium | 35.21 7.04 352 1.76 @ 0.70
9 x t3.large BWANAY 24.35 12.18 6.09 2.44 9 x t3.large fWK¥E 14.08 7.04 3.52 1.41
121.75) 10 | 70.42 | 10
0 3xt3small 15.89 3.18 1.59 0.79 0.32 0 3 x t3.small 9.16 1.83 0.92 0.46 0.18
o 3 xt3.medium 31.78 6.36 3.18 1.59 | W o & 3xtdmedium 1832 366 183 092 [NUEY | 0.5
;% 3xt3.large 1 63.56 12.71 6.36 3.18 1.27 | ;% 3xt3.large 36.64 /.33 3.66 1.83 @ 0.73
S  oxt3small 47.67 9.53 477 238 0.95 T  oxt3small 27.48 550 2.75 1.37
e e
>9xt3.medium FEEEERE 19.07 9.53 477 1.91 > 9 xt3.medium FEEEEEH 10.99 550 275 1.10
9 x t3.large pEEleNe) 38.14 19.07 9.53 3.81 9 x t3.large pHeERePA 21.98 10.99 5.50 2.20
100K 500K 1M 2M 5M 100K 500K 1M 2M 5M
Requests per day. Requests per day.
[ZooKeeper — constant cost for VMs. ]
FaaSKeeper — pay per each request. 27




a7 o = B L

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform
benchmarking suite.

Fast invocations with
RDMA acceleration.

Improved utilization with
software disaggregation.

Fast communication with
hole punching.

How to port existing and
complex systems?

e SeBS
'. Middleware’21
e FMI
' ICS’23

0' Disaggregation
/A»  |PDPS’24

e rFaasS
'. IPDPS’23

E%] Applications

e FaaSKeeper
2

arXiv

@ Programming

e XaaS
'. IEEE CiSE’24

l' MemDedup
A% BigData’23

e cscs ETH:zurich

e SeBS-Flow
'. Submission
e
7

-' Transparent
 Serverless

e Serverless
'. GPUs



a7 o = B L

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform
benchmarking suite.

Fast invocations with
RDMA acceleration.

Improved utilization with
software disaggregation.

Fast communication with
hole punching.

Blueprint for serverless
services.

e SeBS
'. Middleware’21
e FMI
' ICS’23

0' Disaggregation
/A»  |PDPS’24

e rFaasS
'. IPDPS’23

E%] Applications

e FaaSKeeper
2

arXiv

@ Programming

e XaaS
'. IEEE CiSE’24

l' MemDedup
A% BigData’23

e cscs ETH:zurich

e SeBS-Flow
'. Submission
e
7

-' Transparent
 Serverless

e Serverless
'. GPUs



rMSPCL 9. et s @ cscs ETHzirich

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform Applications

benchmarking suite.

Fast invocations with

RDMA acceleration.

9 Programming

Improved utilization with
software disaggregation.

Fast communication with

hole punChlng' Disaggregation XaaS Transparent

IPDPS’24 IEEE CiSE’24 Serverless
Blueprint for serverless

services.

rFaas MembDedup Serverless
IPDPS’23 BigData’23 GPUs

Serverless is hard to
program.

28



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Serverless Process

29



ML 9. e & cscs ETHziirich

spcl.ethz.ch

Serverless Process

Communication State Invoke  Sarverless Function

C/:}\')Millisecond latency of
__——"  cloud proxies.

29



MSPCL S s o < e Bt

spcl.ethz.ch

Serverless Process

Communication State Invoke  Sarverless Function

C/:_?'\)Millisecond latency of
___—"  cloud proxies.

OS Process

‘o a' Nano- and micro-second

IPC_*Fork latency of OS primitives.

29



MSPCL S s o < e Bt

spcl.ethz.ch

Serverless Process

Communication State Invoke  Sarverless Function

C/:_?'\)Millisecond latency of
___—"  cloud proxies.

OS Process

‘o a' Nano- and micro-second

IPC_*Fork latency of OS primitives.

29



MSPCL S < e Bt

spcl.ethz.ch

Serverless Process

Communication State Invoke  Sarverless Function

C/:_?'\)Millisecond latency of
___—"  cloud proxies.

OS Process
Nano- and micro-second
latency of OS primitives.

+-
&

ork

Serverless Process

Microsecond latency of

PraaS backend.
Data Plane

29



a7 o = . S S e g P RS e cscs ETH:zirich

spcl.ethz.ch

Serverless Process

Communication State Invoke  Sarverless Function

C/:_?'\)Millisecond latency of
___—"  cloud proxies.

OS Process
Nano- and micro-second
latency of OS primitives.

+-
&

ork

Serverless Process

Microsecond latency of

PraaS backend.
Data Plane

Works on AWS Fargate, Knative, Kubernetes.
29



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Benchmark: LaTeX Microservice

30



& cscs ETHzirich

a7 o = B L

spcl.ethz.ch

Benchmark: LaTeX Microservice

Praas, 0.25 vCPU PraaS, 1 vCPU

Lambda, 1769 MiB
Praas, 0.50 vCPU Praas, 2 vCPU

Lambda, 443 MiB
Lambda, 3538 MiB

Lambda, 885 MiB

102

wv

£

)

E 1

= 10

10°
N B N N
X, X X X
o o ¢ P o
\";{\\8‘ ‘:{\\6\ ,(:Qd 1 e’&. \\e‘
ge qe qe \)Q 6@’(.

Service, benchmarking scenario

30



. SR e e cscs ETH:zurich

AP .. .

spcl.ethz.ch

Benchmark: LaTeX Microservice

Lambda, 443 MiB Lambda, 1769 MiB Praas, 0.25 vCPU PraaS, 1 vCPU
Lambda, 885 MiB Lambda, 3538 MiB Praas, 0.50 vCPU Praas, 2 vCPU
(]
T
102 - [ B
'G‘ (] [} l
= | I
E‘ (] [ ] ] ™
&
= 101 B — B — B B B —
100 L = L — | L L =
N\ B N N\
X & \ \*
o e < o o
,‘-\\e\ ,‘\\e' \S ,‘-\\e-
X- X P e’
o o° o° G
N\

Service, benchmarking scenario

30



e cscs ETH:iirich

L S:..

spcl.ethz.ch

Benchmark: LaTeX Microservice

o Lambda, 1769 MiB o Praas, 0.25 vCPU PraaS, 1 vCPU

e Lambda, 443 MiB
. Lambda, 3538 MiB s Praas, 0.50 vCPU o Praas, 2 vCPU

Lambda, 885 MiB

. 102 -
2 |
-
— }
£
N : I | I :
109 T RS — II — T .
N X N
X < X
\“Q\) \f\Q\) \(\Q\)
e e N
g@ ge \)Q 63’(.

Service, benchmarking scenario

30



a7 o = B L

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform
benchmarking suite.

Fast invocations with
RDMA acceleration.

Improved utilization with
software disaggregation.

Fast communication with
hole punching.

Blueprint for serverless
services.

Serverless is hard to
program.

e SeBS
'. Middleware’21
e FMI
' ICS’23

0' Disaggregation
/A»  |PDPS’24

e rFaasS
'. IPDPS’23

E%] Applications

e FaaSKeeper
2

arXiv

@ Programming

e XaaS
'. IEEE CiSE’24

l' MemDedup
A% BigData’23

e cscs ETH:zurich

e SeBS-Flow
'. Submission
e
7

-' Transparent
 Serverless

e Serverless
'. GPUs



a7 o = B L

spcl.ethz.ch

High-Performance Serverless Stack

Multi-platform
benchmarking suite.

Fast invocations with
RDMA acceleration.

Improved utilization with
software disaggregation.

Fast communication with
hole punching.

Blueprint for serverless
services.

Enhanced programming
model with processes.

e SeBS
'. Middleware’21
e FMI
' ICS’23

0' Disaggregation
/A»  |PDPS’24

e rFaasS
'. IPDPS’23

E%] Applications

e FaaSKeeper
2

arXiv

@ Programming

e XaaS
'. IEEE CiSE’24

l' MemDedup
A% BigData’23

e cscs ETH:zurich

e SeBS-Flow
'. Submission
e
7

-' Transparent
 Serverless

e Serverless
'. GPUs



rMSPCL 9. & cscs ETHziirich

spcl.ethz.ch

Availability and Acknowledgments

32



S 9. e Al ¥ cscs ETHzirich

spcl.ethz.ch

Availability and Acknowledgments

O spcl/serverless-benchmarks

O spcl/rFaaS O spcl/Praa$S
O spcl/fmi O spcl/FaaSKeeper

32



a7 o = . S S e g P RS e cscs ETH:zirich

spcl.ethz.ch

Availability and Acknowledgments

o spcl/serverless-benchmarks

o spcl/rFaaS O spcl/Praa$S
o spcl/fmi O spcl/FaaSKeeper

dWS <D,

s <, CSCS
FONDS NATIONAL SUISSE er C \‘ ‘ Centro Svizzero di Calcolo Scientifico Gooale
ES::IOEinzﬁicfrqc:éksugle?zgmmNDS \' Swiss National Supercomputing Centre 3 G I CI d g
Swiss NATIONAL SCIENCE FOUNDATION oog e Ou Summer Of COde 32



e cscs ETH:zirich

a7 o = . S

spcl.ethz.ch

MARCIN CoPIK, TORSTEN HOEFLER, ALEXANDRU CALOTOIU, MACIEJ BESTA, ROMAN BOHRINGER, RODRIGO BRUNO, MARCIN CHRAPEK, TOBIAS
GROSSER, GRZEGORZ KWASNIEWSKI, MICHAt PODSTAWSKI, WEI QIU, GYORGY RETHY, LARISSA SCHMID, KONSTANTIN TARANOV, NICOLAS

Wicki, FELIX WOLF, AND PENGYU ZHOU
High Performance Serverless for HPC and Clouds

48 Nt R T M S

vy

')J'
rl; ||
" J‘




	Introduction
	Slide 1: High Performance Serverless for HPC and Clouds 
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

	Intro Serverless
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41

	Benchmarking
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49: SeBS: The Serverless Benchmark Suite
	Slide 50: SeBS: The Serverless Benchmark Suite
	Slide 51: SeBS: The Serverless Benchmark Suite
	Slide 52: SeBS: The Serverless Benchmark Suite
	Slide 53: SeBS: The Serverless Benchmark Suite
	Slide 54: SeBS: The Serverless Benchmark Suite
	Slide 55: SeBS: The Serverless Benchmark Suite
	Slide 56: SeBS: The Serverless Benchmark Suite

	Overview
	Slide 57
	Slide 58
	Slide 59

	rFaaS
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85

	HPC - DIsagg, FK
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111
	Slide 112
	Slide 113
	Slide 114
	Slide 115
	Slide 116
	Slide 117

	Cloud
	Slide 118
	Slide 119
	Slide 120
	Slide 121
	Slide 122
	Slide 123
	Slide 124
	Slide 125
	Slide 126
	Slide 127
	Slide 128
	Slide 129
	Slide 130
	Slide 131
	Slide 132
	Slide 133
	Slide 134
	Slide 135
	Slide 136
	Slide 137
	Slide 138
	Slide 139
	Slide 140
	Slide 141
	Slide 142
	Slide 143
	Slide 144
	Slide 145
	Slide 146
	Slide 147

	Outlook
	Slide 148
	Slide 149
	Slide 150
	Slide 151: High Performance Serverless for HPC and Clouds 
	Slide 152
	Slide 153
	Slide 154
	Slide 155


