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Scheduling and resource management system
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25 (Multi-Tenant) GPU &EEHz1T{El (Job)

IFH 20 GPU E2&R
AF 10 GPU BL&h

- 12X TF Job Ol gﬁﬁ):‘, L E ZGPURR S =R
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AEFEIL(Job)RIE R [EE

Queus 1 RDMA domain
ueu
Queue 2 Plac

Server Server Server Server

Training

ueue 3

data =~ 4

RDMA domain HDFS

/.—4? il

Job B

THEL

Queue n
Server Server Server Server

®

[~ Exit

Resource scheduler
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"restnet”

"example.tensorflow:stable",
Ii ‘/tmp/data”,
wput",
I/T\%% RS R
/ ﬂ%;dﬂk GPUSEES

‘EE??%&E% |"python train.py\--batc =256 \
- -moded_name=resnet50"
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=R 5228 - Docker

Docker Registry

* Image

J VBTN E i
j: T@;ﬂzll_ﬂ- ERZ%\ et I ‘ pull

« Registry _ il run
- HEE K e g
e Container )

- EITHRIRIREESRS

Dockerfile Docker Image Docker Container




i=1% (Image)

S E TSRS S T ROFS ranah 555 i dckariaajnt] . . Union mount
s BREUTENEER AR e i s e S
* uUun io N Mou nt | c283f215¢57f AUFS branch ==>> /var/lib/docker/aufs/diff/... | +—— I(;c;lre\trainer

. i ?-_:‘_‘['I: g $|11 i'ftl: ?\ zjiﬁ 91e54dfb1179 AUFS branch ==>> /var/lib/docker/aufs/diff/...
* AUFS

* OverlayFS

d74508fb6632 AUFS branch ==>> /var/lib/docker/aufs/diff/...

Image layers

€22013c84729 AUFS branch ==>> /var/lib/docker/aufs/diff/... (8/0)

d3alf33e8a5a AUFS branch ==>> /var/lib/docker/aufs/diff/...

Image

BeriRRERRR



DockerfileSC 441

FROM nvidia/cuda:10.0-cudnn7-devel-ubuntul6.04
ARG PYTHON_VERSION=3.6

RUN apt-get update && apt-get install -y --no-install-recommends \
RUN curl -o ~¥/miniconda.sh
/opt/conda/bin/conda install -y -c pytorch magma-cudal00 && \

WORKDIR /opt/pytorch
COPY..

WORKDIR /workspace
RUN chmod -R a+w .

https://github.com/pytorch/pytorch/blob/build/1.3.0/docker/pytorch/Dockerfile



https://github.com/pytorch/pytorch/blob/build/1.3.0/docker/pytorch/Dockerfile

PyTorch Docker Image S£441

missing>
missing>
missing>
missing>
missing>
missing>
missing>
missing>
missing>
missing>
missing>
missing>
missing>
missing>

CREATED
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
months
months
months
months
months

NMNMNMNNMNSNSNSNSNSNSNSNSNSNA

CREATED
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh
/bin/sh

chmod -R a+w /workspace

#(nop) WORKDIR /workspace
#(nop) ENV LD_LIBRARY_PATH=/usr/..
#(nop) ENV NVIDIA DRIVER CAPABIL..
#(nop) ENV NVIDIA VISIBLE DEVICE..
conda install pytorch torchvision..
#(nop) ENV PATH=/opt/conda/bin:/..
curl -v -o ~/miniconda.sh -0 htt.
#(nop) ENV PYTHON_VERSION=3.6
apt-get update && apt-get install..
#(nop) LABEL com.nvidia.volumes...
#(nop) CMD ["/bin/bash"]
mkdir -p /run/systemd && echo 'do..
set -xe && echo '#!/bin/sh' > /.
rm -rf /var/lib/apt/lists/*
#(nop) ADD file:a5b5hea2fab5358461..
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Container top layer

Image layer 2

Image layer 1

Image base layer

file 1 file 2 file 3 file 4
A A
A 4
file 1 file 4
file 2
A
file 3 file 4

AUFS 17 fi# 3K =) SK A1




Nes (Container)

0

« WikizE X:
 Linux containers are

Implementations
of operating system-level
virtualization for
the Linux operating
system.

© HEROKN:

* cgroup, namespace

Strong isolation

I

i N\

-[ DL Job1 ][ DL Job2 [ DL Job3 ]
]
1 7

," Guest Guest Guest
f 0s 0s os

Y

i Hypervisor/VMM '

Weak isolation

Container Engine

(]

i

Container 1 Container 2 | Container 3 |
DL Job1 DL Job2 DL Job3 i
\§ J1
1
[ ; 1

i

¥
&

-

1
\
&

[ Operating System* ]

1 ]
¥ Operating System |

Machine Virtualization

Containers

Infrastructure Infrastructure



Root PID Namespace

pid 1 (pid 1)

/

~

PID Namespace x

pid 3 (pid 1)

i pid 2 (pid 2)

pid 5 (pid 3)

pid 4 (pid 2)

J

black: Real PID
blue: getid() to get this PID
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e Linuxi@idcgroupXiHiEEAIEIR

« }z=H# (control)
« 1T#4 (accounting)

- PgES (isolation)

>

it

Cpu
memory
block i/o

network

$lJzH(Control Group)

CPU

Memory Network

Storage
10

CGOUP 1

CGOUP 4

CGOUP 2

CGOUP 3




REABSRSRE T RILH

cpuset isolation Confine processes to processor and memory node subsets
ns isolation For showing private view of system to processes in cgroup
cpu control Share CPU bandwidth between groups
cpuacct accounting  The CPU Accounting (cpuacct) subsystem generates automatic

reports on CPU resources

memory control The memory controller supports reporting and limiting of process
memory, kernel memory, and swap used by cgroups.

devices isolation This supports controlling which processes may create (mknod)
devices as well as open them for reading or writing.

rdma control The RDMA controller permits limiting the use of RDMA/IB-spe-cific
resources per cgroup.

blk_io control The blkio cgroup controls and limits access to specified block
devices by applying 10 control



GPUZESBELSPEE - Nvidia Docker

CL

- IhRE: GPUNIERIFEE
« |AJEA:
- TEBIEFHOSHCPUR Y ERMmE
+ GPURTFEIEIRE e e

- BERRDIE:

CONTAINER 1 CONTAIMNER N

Docker Engine

CUDA Driver
. e PRI .r - P o L= N

- Nvidia MPS , HBIERERHT t =
NVIDIA GPUs “a

nvidia docker

Sewer -----------------------------------------




Nvidia Dockerscy)

# Test nvidia-smi with the latest official CUDA image
S docker run --gpus all nvidia/cuda:9.0-base nvidia-smi

# Start a GPU enabled container on two GPUs
S docker run --gpus 2 nvidia/cuda:9.0-base nvidia-smi

# Starting a GPU enabled container on specific GPUs
S docker run --gpus ""device=1,2""' nvidia/cuda:9.0-base nvidia-smi
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A

* BF1AE (Gang Scheduling)

- DRFJEE (Dominant Resource Fairness Scheduling)

- 5=1AE (Capacity Scheduling)
- ¥65 (Preemption)

- BLOEERE




A E MEBEa R (metrics)

FX—HUEWRAE, EEFERELATER:
« &Mt (Throughput)
- ST AJ[B](Makespan) / 3l ET[E)(Average Response Time)

« /2 (Fairness)

» FJFZE (Utilization)
» IRFZFRKIMN(SLA)




EEF T MIUELR

A& FTEALARRTESMES, W
REKHESRED, EeiMfISaERE
RICTHFEME LT (GE):

« TiFllgk: FEFEAERENIES

- FIFRZ: BRIV ESERRIRIRE
REFZINEER:

» REFIEUESFEZRLHE

+  GPURMLTIASUFES LX)k
H#x: High Throughput, High Utilization

3 IAPEE o) 7

Job A Task Job B Task GPU
Node 1 Node 2
p———— —y —i— —_——
1 2 3 4 5 6 7 8
U
E t, |a; a, as a, b1 bz b; b4

and Short Response Times

TTIERT), Job ATIR LR

Pending Task Queue




AL E (Gang Scheduling)

° W|k|fE_">\< Job A Task Job B Task Job C Task
* A scheduling algorithm for parallel Nodel Node 2
systems that schedules related threads 1 2] B8 4 5] 6] [7
or processes to run simultaneously on ~ _|" & [ &) 1% as] [a
different processors. St o) (o) o) | as] g
* R e
— =~ —1 353 AN < N T b b b
o IE,IHTJ-EEjJ) gig{}%ﬁ/\i | 1 2 3




FA BT IR UNE] > (Fairness) 18 &7

c O BERMEBREBENARZGHNEHTZEL
N (Fairness) ViR RIAE?

o Hiik: MHEEZRZREREBEALAE, REZIELM
FE2FHZMHRMFIR (CPU, Host memory, etc.), Ff
HEZFEIAEGPUXGPU memory

- ZitB#r: &M (Throughput) 5/A 3 (Fairness)

L

GPU Cluster Job Queue

Job 1

1GPU
4GB RAM

1GPU
4GB RAM

Task 1

Task 2

Job 2

2 GPU
2GB RAM

3 GPU
2GB RAM

Task 3

Task 4

J

Cluster Resources: [10 GPU, 20GB RAM ...]



Dominant Resource Fairness (DRF)

« Uik BER:
* DRF ZIHEBEAURGH E/NT S F(smallest
dominant share)
o REK:
- BERRBEFTEAESHERTEFNMDIFHE
F 5% R (dominant resource)

o HEFHAE/NAY (max-min fairness) AYETXT
ZHRIFEFXE (e.g.GPU, CPU) WIAZES

Job 1 has higher priority than Job 2 as Job 1 share 0.4 is less than Job2 share 0.5

r

L

Queue 1

Job 1

1GPU
4GB RAM

1GPU
4GB RAM

Task 1

Task 2

Job 2

2 GPU
2GB RAM

3 GPU
2GB RAM

Task 3

Task 4

Cluster Resources: [10 GPU, 20GB RAM]

Job 1:

Total GPU 1+1 =2 GPU
GPU Share = 2/10=0.2
Total Memory 4+4 = 8GB
Memory Share = 8/20 = 0.4

SHARE = 0.4 [Dominant resource is Memory]

Job 2:

Total GPU 2+3 =5 GPU
GPU Share =5/10 = 0.5
Total Memory 2+2 = 4GB
Memory Share = 4/20 = 0.2

SHARE = 0.5 [Dominant resource is GPU]



L Z N NERZRE

Wasted free resources

’ IETJEE :" ______ L_Is;r; ______ E l
C BN MARL T RBAR? e
* /\ ?7“%'12'7'\ /}? E/J |_-| H—J- ;ZD 1—.[ |_.| H_J-jj roam A Used Capacity Freefsa;acity
HAR PR NFERIE? 45% ;

s FRNFFERGEMEAEMALRFEY :,- _U:e:l_ W _u:e:z_ :

s ML ERRRAERE, RESIE S Nl
g%}fglﬂFGPU&GPU memaory Used Capacity

Team B %
. 121‘|‘E$T\ Utilization, Fairness and SLA 1%

II | II |
ur Y, U2 Y, U3 1, Uqg |
II II II |

PUS R [N G R —_— |

Team C I

No free resources, job can not be scheduled

ot ¥ ol ¥ ol I ol
|
|
|




A= E (Capacity Scheduling)

lm

. |
¢ E EIEI . : L;s;;l :
. ~ ~ —_— (] I
* XFFZ(Multi-tenant) FIRHE ' -
KA ) G Min Capacity Max Capacity
* ﬁf{ H% . User Limit Factor = 3 10% 30%
« Utilization: fmm===-=--- fmmmmmm--- :
\ N ) 1 Userl | User2 I
o REINEEE (Virtual Cluster) | 59 ! : 5% !
| 1
* Bonus Resource
e Fairness: Queue & Min Capacity Max Capacity
) - User Limit Factor = 1 10% 30%
* Dominant Resource Fairness (DRF)
. e N = N e A
e User Limit Factor: 2#|BH AT DUEFENE® vouz w2z hous o ous )
B 2% 4y 2% ) 3% ) 4%
- o J o J - J
« SLA .
Queue € Min Capacity Max Capacity

° Preemptlon UserLlrg.l;;'actor= 10% 30%




REAIEERE (Virtual Cluster) BREY

» REHASSRERIE/VERVBCEIATTE N
» JSREHASSEF IR EIIERE

Al

Al

Virtual Clusters

Tenant A Tenant B

UECu - VE— E VC Layer

U/ /, /

gy Third-party scheduler
LTI il T ) operates on VC view
i/ // = / / Physical Layer
5 —— T TRTY Allocate and deallocate physical
[/ it/ i/ resources
Physical Cluster

/. _/ Freecell [/ 7 AllocatedCell ~ =+===- Cell Binding
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« RIRH D ELEFEF (Tenants)
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FEPRSLA?

. HEERRREE S FHET T SRR

(BRETCERUESLA?
o Pbdk:

- EREFEIEWT, #I8RIEISRIREE

ToiR G 1& 5 0S )ik
« RITBR:
« FEBIRSIEFBFIIRS ERMN (SLA)

KL,

AMERELGIEE

Total used capacity

T

T2

FERL SRR

Total used capacity

T

App2 B REER

ApplHy I8 O] 357,




YARN3$S & (Preemption) SC431

R :
Queue: A Queue: C
N —— . onfigured = Configured =20
+ Step 1: MITEHEFIRIBAFIHSREN BT i It
Pending =0 Pending = 20
LHYSEE °
« Step 2: @HApplicationMastersEliGHt A&
App1 App3
]
C5
« Step 3: FFEFMICHRILET c6
c7

ApplHY & =5C6, C7 ARIC A o] AKIE 5



GPURIEFNEIER2 N2 GPUR L

o

« ZGPUREFIRILIaRR SHk :
 ZRIGPURFIMEIIRN
- ZRIRSS 88 LRIFNE TR AT

H#¥r: Makespan, Response Time

200 1 local 4-GPU 1 [ Alexnet
- EXZA Loca]g-w 4-GPU  _ o EZZA Resnet]52
- 700 == 2 * 2-GPU 209 %%
2600 . 4 ¢ 1-GPU o [o%!
o 708 o
2500 7 %
2400 E07 B
2300 E £
£200 £06 :32:
== S5 %
100 = U2 ,:.:
0 & 0.4 Sl
0 > O o A
o T o o e
2 o < < o o
Model GPU co-location
(a) Inter-server locality. (b) Intra-server locality.

Figure 1: Mutli-GPU performance with locality setting.

1 [— Tensorflow
S CNTK

209
= 08
| \ | ) zﬂﬁ
1 1 1 1 T
W G\&‘ic @™ o
GPU co-location of different jobs
(a) Server architecture. (b) Effect of job interference.

Figure 2: Server architecture and job interference.



Gandiva 57

\EENMEE

ZFEGPU ¥l (topology) FIzEF0ME (affinity) RVIAEE XL

CPU

1 2 |3| |4|

8-GPU Node

QPI

Algorithm 1 getNodes(in job, out nodes)

CPU

[

I Job12 !
1 1

Job 3

@ @

Job 7

EF @

Job 1
GPUO GPU1 GPU 2 GPU 3

g

GFU O

GPU 2

Server with 1-GPU Jobs

Server with 1-GPU Jobs

[ Job 13 ] [ Job 14 } [
GPU O GPU 1 GPU 2 GPU 3 GPUO

GPU 2

Server with 2-GPU Jobs

Server with 4-GPU Jobs

it ke
A A

ol e AN AR Sl A vy

nodes0 < findNodes( job.gpu,af finity < job.gpu)
nodes1 <— minLoadNodes(node0)

nodes2 <+ findNodes(jog.gpu,af finity < 0)
nodes3 < findNodes(job.gpu)

if nodes1 and height(nodes1) < 1:

return nodes| // Same affinity with free GPUs
if nodes2 and numGPU s(nodes2) > job.gpu:
return nodes?2 // Unallocated GPU servers
if nodes3:
return nodes3 // Relax affinity constraint
. elif nodesl:
return nodes| /I Allow over-subscription
. else:

enqueue( job) // Job queued




REZIIAEEMR RS IEE?

c REFIFIER:
- BEENSSFIRINET, HFRERPRERR
- (RVEIESRSE, ERERD RS
» Pk GPURMHRIIGPURSED, BRREMIIASTE, TARIFHISF
DB (time slicing), Z=#8(packing)F&HOSHTUARIR RIFFISTFEE

- H¥Rr: Response Time, Utilization
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Gaﬂdiva TN—] D

- BxiE(Early feedback):
- S ER
« over-subscription
« suspend-resume
- BXEEE(Cluster efficiency):
. STH5ER (packing)
« migration

« grow-shrink

N

figs

Traditional GPU allocation

{ Job 1 H Job 2 ]

GFUO

GPU 1 GPU 2 GPU 3

Gandiva: (1) Suspend-Resume/Packing

o
Job 3
¥ —
L;?f JOb\] ;ﬂ { Job 4 }
» GPUO GPU1% GPU2 GPU3
- *.'5\

Job2 ¢

F

Gandiva: (2) Migration

Job 1
M [ ——
L’_—_JQD 2___ J‘Il{ﬁﬂ“ JOb 2 }
A — ﬂ{\g( vy h

GPUO GPUI GPU 2 GPU 3

Gandiva: (3) Grow-Shrink

C,to_.___a._.f___- ~ e
|____JDE)|___J']. ‘[ Job 2
it i sl R By N A
. Job | i
L M Shrink T T
Job 3 J % Job 1
JL S
GPU O GPU 1 GPU 2 GPU 3
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« Kubeflow

« OpenPAl
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OpenPAl

© R Q
* —*IJ)EHYARN ﬂ?}_ﬁllﬁgﬂ, Jﬁ%ﬂg% VS (Code), €«> Q’g’ftzl g Big Data AutoML
« FHK8s HENRITHIAR S EIBIEL Jupyter REST o o8
<> PAI Runtime PAI Runtime PAI Runtime

. D . + . No;c)cerbsoakc,e Server
ramewarc GrURONAGIC e [

AL RS, SRS Storege
Scheduler) Managed by

-+ B MHAEGPU EE, ¥ IB/RDMA

. HEE EVHTANKE, BEME

- EEMN BB

. ZEE THEAMASNE

Kubernetes Cluster Management

Docker / Ubuntu

https://github.com/Microsoft/pai



OpenPAl £AR%

PAI Protocol -

Publi Privat
- PAIl fiiz(Marketplace) Market | Market
place $ place
- HERRE, 'EE
Tools for Al Single Job NNI Training Training-Serving
° T\ Training Session Session Pipeline
PAI 1Y (Protoco
- Data, Code, Docker Image I PAIRESTAPI
. R
. EHER Q - Q
| | Web Portal Job Launcher :
|
WA=SRIE Al User | | System
) ﬂEJ'LEEjJE% : DL Job Vata : Admin
AN} — . |
. IERRPANDIFEATIREL | —| . (LocesE
| PAI Runtime PAI Runtime I
o \ -+ Ne I
ﬂl«lﬁ*s‘f%%’k#uﬂﬁﬁi‘z PAI : ‘ Scheduler H Storage H Job monitor ‘ :
: PAI Cluster Management |

ARSI SRS s |

- Single-box, Cloud, On-Prem, Hybrid on-frem |- cloue




Kubeflow

. k8SELEEISIIAITA ACaCalE

. EITk8sETIE
BITk8sETERE .{/‘/‘//
¢ ﬁ %g*qldzn%%“?’g@;’g: Container Registry

« TensorFlow, PyTorchZ @ )

Compiled

Pipeline ersis enE olume
. XSS T

1. Preprocess

e Ll
Data Flow 2. Train
o G PU, TPU% H 3. Inference Server

- e usu “

4. WebApp Server
(J

Launcher (WSL)
:
Node 1 Node 2 Node 3 Node 4
| Kubeflow Dashboard |

https://github.com/kubeflow/kubeflow
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Multi-tenant GPU Clusters for Deep LearningWorkloads: Analysis and Implications

W

Gandiva: Introspective Cluster Scheduling for Deep Learning

Dominant Resource Fairness: Fair Allocation of Multiple Resource Types

« All You Need to Know about Scheduling Deep Learning Jobs

+  https://qgithub.com/microsoft/pai

«  https://www.kubeflow.org/

«  Kubeflow Pipelines With GPUs

«  YARN - The Capacity Scheduler

«  Better SLAs via Resource-preemption in YARN' s Capacity Scheduler

»  Kube-Batch: Dominant Resource Fairness (DRF)

« Linux Programmer's Manual CGROUPS(7)

«  https://github.com/NVIDIA/nvidia-docker

«  Use the AUFS storage driver

«  Making Containers More Isolated: An Overview of Sandboxed Container Technologies



https://www.microsoft.com/en-us/research/uploads/prod/2018/05/gpu_sched_tr.pdf
https://www.usenix.org/system/files/osdi18-xiao.pdf
https://cs.stanford.edu/~matei/papers/2011/nsdi_drf.pdf
https://www.sigops.org/src/srcsosp2017/sosp17src-final35.pdf
https://github.com/microsoft/pai
https://www.kubeflow.org/
https://medium.com/better-programming/kubeflow-pipelines-with-gpus-1af6a74ec2a
https://blog.cloudera.com/yarn-capacity-scheduler/
https://blog.cloudera.com/better-slas-via-resource-preemption-in-yarns-capacityscheduler/
https://github.com/volcano-sh/volcano/blob/master/docs/design/drf.md
http://man7.org/linux/man-pages/man7/cgroups.7.html
https://github.com/NVIDIA/nvidia-docker
https://docs.docker.com/storage/storagedriver/aufs-driver/
https://unit42.paloaltonetworks.com/making-containers-more-isolated-an-overview-of-sandboxed-container-technologies/
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