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e The HPC datacenter scheduling problem
W
m Typical optimization problem e—e-o0

m Some tasks, some servers S MU A

m When and where run the tasks

m Several methods sm‘ = =
* V' =1

m NP-Hard problem =
m Large amount of research on heuristicswith = %
low competitive ratios

yyyyyyy
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m Characteristics

m Memory
m Processor

m Sort tasks
m Sort servers

m No coming back
on previous
decisions
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Classical greedy allocation algorithms
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m Only maximum
and constant
values

m O/S assumed as
without impact

m Assumed as
identical servers
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m Characteristics

m Duration
m Resources

m Sort tasks

m Sort places
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Classical greedy scheduling algorithm
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m Only maximum
duration
(walltime)

= Middleware

assumed as
without impact

m Start/stop
time
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.‘ Classical approach

m Full knowledge
m Tasks: arrival _time, duration, resources
m Hosts: computational _speed
m Constraints: deadline
m Objectives: ...
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m Full knowledge

Context Applications

Classical approach

m Tasks: arrival _time, duration, resources
m Hosts: computational _speed
m Constraints: deadline

m Objectives:

m Oracle- or distribution-based studies
m Information are not known in advance

m Scheduling Zoo

http://schedulingzoo.lip6.fr/
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Pl ‘Cmax

Parallel identical machines. We are given m machines. Processing time of job j is p;, independent of the n

Cunax
Makespan. Minimize the maximum completion time-over all obs.

Matching entries

P|[Caax
P||Crax

P||Caax

P||Crnax

found

{SHrong {NHP}-completeness results: moivation, exar

15 strongly NP-hard Vol. 25, No. 3, 498-508 1075, bibte]

can be soived in time: Scheduling and fxed-parameter tractabity, Mrich, Ma
(P ) - nOU) for some function 562 2015. fbtex]

125 & (1 -+ ¢)-PPIOKIMAIION I Ay EPTAS for scheduling obs on unform processors
time 200/£0g(1/¢) | O(nlogm) Jansen, Vol. 24, p 457485 2010, ibtex]

under the exponential time
hypothesis (ETH) there is no (1 + ¢)
~approximation running in time

21977 4 poly(n) forany § > 0

ximation sehemes for the cle
ete Algorithms (SODA), p.657—5
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Zoom on energy-efficient scheduling of

.‘ HPC Datacenters

m Leverages
m On/Off
m DVFS (Dynamic voltage and
frequency scaling)
m Choice of server (only for
homogeneous system)

Servers
Available power

m Objectives
m Power caping
m Performance
m Energy

Time

. DVFS: High Frequency

. DVFS: Low frequency

. Switched off

m Each leverage and objective needs its
model
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o Classical models

m On/Off
8 Ton; Toffs Eons Eoff
m DVFS
m Power = Pgtic + C x Usage x Freq x Volt?

H — h FrEqmax
m Time = TimeFyeq,,., X ~Freq
m Energy = Power x Time
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A How to obtain the DVFS model
L

Dynamic electric power consumed by a CMOS component:

Pcmos:CeffX\/zXf

with, C. the effective capacitance *, V the voltage and f the frequency

* physical quantity: capacity of a component to resist to the change of voltage between its pins

Energy consumed for each tasks:

E=PxToxTxV3?, with Vo fand T x1/F, then E o 2

Frequency Frequency
E; x 7
fl
T1
0
0 T D Time
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.. Realistic models are complex

Electrical power models for a single server:
m Classical : linear (error E~10-15%)

Power = Ppjn + Load x (Pmax - Pmin)
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A Realistic models are complex
)

Electrical power models for a single server:
m Classical : linear (error E~10-15%)

m Finer : Processor voltage/frequency (E~5-9%)

Power = Ppi, + Load x oVoltage® Frequency
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Electrical power models for a single server:

m Classical : linear (error E~10-15%)
m Finer : Processor voltage/frequency (E~5-9%)

m Even finer: Processor temperature (E~4-7%)

Reproducibility Replay Conclusion

Puissance (W)

A Realistic models are complex

T T

Applications m—"
Courant de fuite mm——
Puissance a vide
Total

Power = Pp,in+Load x Vo/tage2 Frequency+ A Tempera tute 200 400 600 800 1000
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. Realistic models are complex

J

Electrical power models for a single server:

Classical : linear (error E~10-15%)

]
m Finer : Processor voltage/frequency (E~5-9%)
]
]

100
|

80
|

Even finer: Processor temperature (E~4-7%)

60
|

Efficiency (%)
40
|

Do not forget about bias: power supply unit, ]
cooling, ... E~2-3% !
.’
[‘) 2(;0 4(‘)0 6(;0 8[‘)0 10‘00

20

Powerpc = wo + w1 Powerac + w» Poweric
DC Power (W)
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. Realistic models are complex

J

Electrical power models for a single server:

hidden layers

Classical : linear (error E~10-15%)
Finer : Processor voltage/frequency (E~5-9%)
Even finer: Processor temperature (E~4-7%)

Do not forget about bias: power supply unit,
cooling, ... E~2-3%

Learning methods (neural networks, E~2%)*

input layer
output layer

*Da Costa et al., Effectiveness of neural networks for power modeling for Cloud and HPC: It’s
worth it!, Transactions on Modeling and Performance Evaluation of Computing Systems journal, 2020,
10.1145/3388322
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o Hidden hypothesis

m All applications are black boxes with the same internal behavior
m FLOPS of a server allows to evaluate the duration of an application

m Executing two times the same application will result on the same behavior
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© Plan

Homogeneous applications
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Application power ranking depends on
o the hardware
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Application power ranking depends on
o the hardware
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Cluster name
Execution at maximum frequencies for each cluster.
Same architecture: 2 x Intel Xeon E5-2630 v3

georges.da-costaQirit.fr 14/39


mailto:georges.da-costa@irit.fr

Context Applications Reproducibility Replay Conclusion

Application power ranking depends on
.‘ the hardware
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Application power ranking depends on
o the hardware
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A DVFS impact on power, time and energy

J

Classical models

m Inputs: Timefnax, Powerssatic,

Powerdynamic

m Timer = Timefmay M2

m Powers =
f \2
Powerstatic + Powerdynamic X (Wax)
m Energys = Timer X Powery

Only depends on hardware

georges.da-costa@irit.fr
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Reproducibility Replay Conclusion

—— Pstatic >> Pdyn
—— Intermediate
—— Pstatic << Pdyn

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Frequency / Max frequency
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. DVFS impact on power, time and energy

J

Classical models

m Inputs: Timefnax, Powerseatic,
Powerdynamic

m Timer = Timefmaxfm—ﬁ
m Powers =

Powerstatic + Powerdynamic X (Wfax)z
m Energyr = Timer X Powery

Only depends on hardware
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m NAS Parallel
Benchmarks

m Time normalized
based on
maximum
frequency

m Bi-Intel Xeon
E5-2630 (2 x 6
cores)
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.. Increasing precision

m State of applications
Computing
Communications
Disk 1/0

Idle
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.. Increasing precision

m State of applications

m Computing Fasteslt a | 8 |
m Communications | i |
m Disk 1/0
m Ildle —
Slowest o X B
m Model =

| |
m Fluid: reacts to DVFS | | |
m Rigid: does not react to dvfs

m Fluid _percentage = 255
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.‘ Methodology

Building the model
m For each cluster, application

m Obtain mean time at Fmax
m Obtain mean time at Fmin
m Obtain

Fluid _perc(cluster, application)
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e Methodology

J

Building the model
m For each cluster, application

m Obtain mean time at Fmax
m Obtain mean time at Fmin
m Obtain
Fluid _perc(cluster, application)

Using the model
m Impact of DVFS (per unit of work):

Fmax

(1 — Fluid _perc) + Fluid _perc ;
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- Methodology

J

Building the model
m For each cluster, application
m Obtain mean time at Fmax
m Obtain mean time at Fmin

m Obtain
Fluid _perc(cluster, application)

Using the model

m Impact of DVFS (per unit of work):
Fmax

f'

(1 — Fluid _perc) + Fluid _perc
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Questioning the model
m Is it precise?
m Is Fluid _perc depending on the
cluster?

m Is Fluid _perc depending on the
application?

m Compare model and measure

m Use RMSE to compare values
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. Experimental Framework

m Benchmarks: 8 Nas Parallel Benchmarks (NPB); rand: loop of call to rand
function

Platform: 18 clusters from Grid5000, processors from 2012 to 2021

Grid5000 Power monitoring, DVFS management, experiment management:
ExpetatorJr

m Hardware performance counters, RAPL: MojitO/S?
m Raw data (soon to be available) 7Go, cleaned data 5.6Go

Experiments: All benchmarks, all available frequencies, on all clusters, 10 times

Thttps: //gitlab.irit.fr/sepia-pub/expetator
‘https://gitlab.irit.fr/sepia-pub/mojitos

georges.da-costafirit.fr 19/39
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.. Naive rand model
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Model: One model: Aggregates all data from all clusters and one application: rand

georges.da-costa@irit.fr


mailto:georges.da-costa@irit.fr

Context Applications Reproducibility Replay Conclusion

.. Naive all app model
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Model: One model: Aggregates all data from all clusters and all applications
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.‘ Per Server rand model
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Model: One model per server: Aggregates all data for each clusters using one
application: rand
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.‘ Per Server all app model
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applications
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.. Per App model
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Model: One model per server per application
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® )
A Fluid model

—— Fluid °
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Model: One model per server using one alpha (obtained using data from all
applications)
There is one alpha per server per application
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m Mean measured
power: 229W

m Mean duration :

1.1

m Mean energy :
213J

georges.da-costa@irit.fr

Context

Is it precise? Using RMSE as comparison

metric

Applications

Reproducibility

Replay

Conclusion

Power Duration Energy
name
Naive rand 67.04 0.32 91.58
Naive all app 65.74 0.32 103.48
Per Server rand 43.90 0.30 57.98
Per Server all app 41.24 0.30 82.18
Per App 28.96 0.30 91.56
Fluid 28.96 0.05 36.98
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bench bt cg ep ft is lu mg  rand sp
cluster
chetemi 0.73 026 102 068 064 075 028 105 025
chifflet 059 028 100 052 058 056 015 1.00 0.14
chifflot 075 022 100 065 044 083 042 097 049
dahu 081 028 099 066 040 081 012 1.00 0.36
graffiti 073 022 09 063 041 082 028 1.01 0.30
graoully 066 018 1.02 062 050 0.77 009 1.11 0.11
graphique 065 034 099 058 055 067 018 1.00 0.10
graphite 083 067 098 079 075 089 062 096 047
grappe 0.74 031 094 051 026 069 012 1.00 0.19
grele 076 032 099 066 068 071 034 1.04 0.36
grimani 067 029 102 061 044 072 020 1.00 0.13
grimoire 066 018 099 062 050 076 009 095 0.11
grisou 067 020 091 064 050 076 009 096 0.10
grvingt 081 027 100 065 040 081 013 1.00 0.36
montcalm 067 024 113 043 024 059 003 1.00 0.16
orion 081 061 104 077 076 084 065 1.01 047
petitprince  0.77 059 096 081 0.76 0.7/ 0.70 093 0.45
taurus 080 061 101 0.77 075 084 065 097 048
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©
A Takeaway

m Can be done online using system
measures

m All applications and hardware are
different

. C . . N lication knowled
m Fluid/Rigid is a good approximation = 0 appcation knowledge

m hardware performance

m Two measures needed counters and RAPL
m 10 times more precise (RMSE) than m Only 10 to 25% increased
the black box model error (RMSE)

| —+ Online generic
e Measures 3
]

240

220

200

Power (W)
Duration for one unit of work (s)
Energy for one unit of work (J)

05 06 07 08 09 10 05 06 07 08 09 10 05 06 07 08 09 10
georges.da-costa@irit.fr ratio ratio ratio 28/39


mailto:georges.da-costa@irit.fr

Context Applications Reproducibility Replay Conclusion

© Plan

Reproducibility

georges.da-costa@irit.fr


mailto:georges.da-costa@irit.fr

Context

Applications

Reproducibility

Replay

Data acquisition is sometime difficult

Conclusion

o luD24
s btD-24 261 ° 7501 ,
o epE24
» cgD16
450 sp-D-24
24 700
.
.
425 . .
22{° 650
f .
400 H 1
2.0 . 600 .
¢
Pl g | . |1
] 8
g 375 \ S 2 550
< | . |
g ¢ £ ®
£ * .t g LI
® e
350 i 16 00 .o
s .
. .
) } . : i
! e i "
H
325 1.4 . W 4501 o + + ‘
. N ® . ’ .
4 ) ' . Ve .
. e vt et
12
300 LI 400 f *
O LA | t + + i ' .
) LY o *
e st e I i.
[ '} -
1.0 . * ®
275 350 .
0.4 05 0.6 0.7 0.8 09 1.0 0.4 0.5 0.6 07 0.8 0.9 1.0 0.4 05 0.6 0.7 0.8 0.9
ratio ratio

georges.da-costa@irit.fr ratio

30/39


mailto:georges.da-costa@irit.fr

Context Applications

w

Simple experiment of Fast Fourier
Transform (NPB) e

Reproducibility Replay Conclusion

No stability of experiments

100 experiments on exactly the same 4 ;|
servers (Grid'5000)
Large variations

m Time: 12s, 7% (Std. Dev. 3.2s)
m Energy: 9.3kJ, 5.5% (3kJ)

m For the same time, 167s -

170

Time (s)
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164

00

m Difference of 4kJ 164
Time # Energy
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.. Traditional replay: principle

(ol o
Workload Simulator
(recorded or generated) (RIMS)

=

—

=
Scheduler Simulated platform
(FCFS, easy-bf, ...) (machine description)
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A Traditional replay: shortcomings

Historic workload:

— S—

Traditional replay:

| |
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inter-arrival time
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(original work from Zakay and Feitelson 2015)
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A Traditional replay: shortcomings
Historic workload:

job1 job2
E .................... > }4
think time

Traditional replay:
job1 > job2

Replay with feedback:

N job1 P job2
o <& }
|

inter-arrival time

\ 4

(original work from Zakay and Feitelson 2015)
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o Replay with feedback

feedback

A&~ N\

J Simulator \
(RIMS)

—
=

Scheduler Simulated platform
(FCFS, easy-bf, ...) (machine description)

m Implementation available in Batmen:
https://gitlab.irit.fr/sepia-pub/mael/batmen

m Reproducible experimental campaign:
https://gitlab.irit.fr/sepia-pub/open-science/expe-replay-feedback
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Distribution of jobs’ submission times!

Number of submissions per day

[ original trace (KTH)

Oct

Jan 97 Apr Jul Oct Jan 98 Apr Jul

$M. Madon, G. Da Costa, and J.-M. Pierson, Replay with Feedback: How Does the Performance of
HPC System Impact User Submission Behavior?, in Future Generation Computer Systems 2024,
10.1016/j.future.2024.01.024
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.. Distribution of jobs’ submission times!
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o Conclusion

J

m Takeaway

m Applications behave differently depending of servers
m Online algorithms provide quite precise models

m Impact on energy-efficient scheduling of datacenters

m Too tight heuristics might have difficulties on actual systems
m Offline: Resilient scheduling is a must
m Online: Reactive systems with measures

m Replay with feedback

m Improves the realism of scheduling experiments
m Use local products, simulate with batmen and batsim :)
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