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Storage in HPC

v

« Parallel File Systems (PFS):

« Peak performance: ~2000GiB/s
» Capacity: >70PiB

* Interfaces:
« POSIX, MPI-I0, HDF5, etc.,

» Limitations:

 Scalability, complexity, metadata services
« Small file access, data synchronization, etc.,

/
CPU clock speeds

slow down @é&
v 7,
: More cores ‘
per socket
(I;IO
ap g
Increasingly faster .
o GFS"  File System v
pectrum
2000 2010 2020 UrangeFS
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Burst Buffers

&
2 4

« Shared I/0 buffering nodes, called Burst Buffers (BB) /lmﬂln-;; . B

« Flash storage deployments T
« Cost of SSD decreases — 2.2x price premium by 2021 ﬁﬂ'ﬂ':m.

» Low-latency with faster networks i m***w ‘ 5“8£€i"‘

. Several HPC sites have already deployed BBs: ”°"“ W

NERSC S COI’I ) | Sétorage

- KAUST's Shaheenll e ol e e e e e e e
. JCAHPC'g Qakforest-PACS =
) IC_)ARII\\IIIL'S TS””'W . Cori, a Cray XC40 system at NERSC
.« _and rio?ent]cr)nclzome uses Cray’s DataWarp BB technology

Use"c.:ases:

« as a cache on top of the PFS Memory
- as a fast temporary storage for out-of-core applications e
« for intermediate results (data may not be persisted), and /O Performance !l S
 as an in-situ/in-transit visualization and analysis Gap Burst Buffer, ; ggp
Parallel File System ¢ o disks Parallel File Systeme_g’ disks
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BB example: Cray's DataWarp in Cori

L 4

« Each buffer node is equipped with 2 PCle x8 SSDs of
3.2TB capacity each

« Access to buffers via batch scheduler
* BB reservation lifetime same as application
 Data flushing at the end of the job

» Two levels of granularity — degree of striping data:
« Small pool at 20GB per buffer
 Large pool at 200GB per buffer (default)

e Distribution in round robin fashion

« Two types of allocation - visibility of data
» Per-job instance
« Persistent instance

Background |

#!/bin/bash

#SBATCH -q debug
#SBATCH -N 1
#SBATCH -C haswell
#SBATCH -t 00:15:00

srun a.out INSERT_YOU_CODE_OPTIONS_HERE

. Storage Servers :
(e.g., Lustre)

...................................

Cray's DataWarp

[_[ ”H ”H ”H ”] Burst Buffer

Burst Buffer nodes




§!;..
SCALABLE COMPUTING ILLINOIS INSTITUTE‘V/
SOFTWARE LABORATORY OF TECHNOLOGY

Cross-Application |I/0 Interference

&
2

 Millions of cores [ App } [ App 2 }
« Capacity vs Capability Computing _ '//o -
« Multiple applications share access to BBs /
« Resource contention: e
« Compute and network are managed by the global -
scheduler
 Storage resources deal with I/0 contention
leading to severe performance degradation Network___.--- e D

SN

Parallel File System(PFS)

Background



E

170 Scheduling in BB vs. PFS

Lower latency and higher BW changes the way applications access the buffers

Different storage mediums (i.e., flash-based vs spinning) dictates different access concurrency
Different use cases for BBs lead to different access patterns and semantics

Access to BBs is reserved through the global scheduler (i.e., Slurm) and not via a mount point

9/7/2018 Slide 8
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Challenges of I/0 Scheduling in BB

L 4

Concurrent access and interference
Allocation exclusivity
Reservation mechanisms

Capacity constraints
Buffer content draining
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Harmonia

Highlights
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2-way decision
process

Policy-based
scheduling

Interference-
aware

Finer
granularity

Over-provisioning
buffers

Adaptive to
system status

Pipelined
content draining
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Approach

Interference /0 Phase /0 Scheduling

Sensitivity Detection Policies
* Medium Sensitivity to - User-defined - Optimize scheduling
Concurrent Access (MSCA) - Source code analysis metrics
- Binary - Adapt to system and
workload

9/7/2018 Slide 12
Background Approach Design Evaluation Conclusions



SCALABLE COMPUTING
SOFTWARE LABORATORY

akougkas@hawk.iit.edu

ILLINOIS |N5T|TUTE§U"
OF TECHNOLOGY

 Different buffering devices handle concurrent access in
different ways
« Each controller offers different concurrency:
* RAM has multiple memory lanes and banks
* NVMe has multiple PCle lanes
« SSDs offer internal parallelism
« SATA HDDs have only one lane

* A new metric used by Harmonia scheduler:
e MSCA = Application_Num_Concurrent_Accesses v MaxBW —RealBW

1/0_Device_Concurrency MaxBW

« Higher MSCA values means that the medium is more sensitive
to concurrent accesses

« Scheduler takes MSCA into account to minimize interference
stemming from the hardware

Medium Sensitivity to
Concurrent Access

Background | Approach | Design | Evaluation Conclusions

y (MSCA
Sy o

Medium Sensitivit
O O1 ©O O

y (MSCA
S

Medium Sensitivit

RAM ——

NVMe ——
SSD
HDD(fast)

HDD ——

2 %

2 4 8 16 32
Number of Concurrent Processes

RAM ——

NVMe ——
SSD
HDD(fast)

HDD ——

/

2 4 8 16 32
Number of Concurrent Processes
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« Cross-application I/0 interference =12 N%M ——
Nt e ——
« Multiple applications competing for access to I/0 resources g1o HDD(?SI’(D)
as
« Leads to severe performance degradation and variability % 8 HDD ——
o 6 I i
* Interference Factor: ° , | _
()
» Describes the slowdown applications experience due to resource ® ol = ]
contention =% e
e [ = Execution Time with Interference 1 2 3 4 5 6 7 8
= Execution Time without Inter ference Number of Concurrent Applications
* I provides an absolute reference for a non-interfering system =12 N%M T
when If =1 %10 338
. HDD(fast)
- Context-dependent metric: i 8 HDD ——
O 6
 Allows comparison of applications with different I/0 size or I/0 © .l
requirement £
22
O

1 2 3 4 5 6 7 8
Number of Concurrent Applications

Slowdown due to I/0 Interference

Background | Approach | Design | Evaluation | Conclusions
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Source code

User-defined Binary (executable)

analysis
* User declares start - end of « Parse code identifying start - * Dynamically intercept 1/0 calls
each |I/0 phase by injecting: end of each I/0 phase and marking start - end of each I/0
- #pragma harmonia_io_start(...)) inject auto-generated pragmas phase
* Pros: * Pros: * Pros:
* Flexibility and control to the user « Automatic I/0 phase detection * No need for user input or source
- Higher accuracy of 1/0 phase « Less user involvement code submission
detection . Cons: « Dynamic detection during linking
* Cons: - Incorrect classification (i.e., false * Cons:
* Requires good understanding of positives-negatives) * Lower accuracy
the application’s /0 behavior » User might not be allowed to - Some overhead
* Might lead to malpractice or submit source code due to security

exploitation of pragmas

/0 Phase Detection ==

Background | Approach | Design | Evaluation Conclusions
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Harmonia
Architecture

Middleware library in C++
Applications link or re-compile

All communications via MPI one
sided

Main components:
« Agent
« Buffer Monitor
« Scheduler

9/7/2018

Background

Approach

Application A Application B Application N
NOoOM|| &0ood L O 0O L Harmonia Scheduler
D . D D D DD E D . D D Applications System Metrics
N : F [ N : App|Phase [Size| | Dev | MSCA | I
LI L .AE LI L E‘D LI L .AD Al 1 |128||Ram | 1.8 |[158
D O0O@ || O00@ | |DO0O4@ | | B0 [o|[ssn]nz]s
o = C 1 64 HDD | 295 | 12
' Harmonia
1/O | Agent | Buffer nodes
1l I I B - <~ °"\{| | BufferID | Queue Size Remaln.lng
Path Capacity
12 120GB
14 115GB
e e e e e e s | wee
| Harmonia Buffer Monitor }/
System profiler
Burst buffer nodes Buffer Latency Bandwidth
. ] PFS (ms) (MB/sec)
Harmonia Scheduling Queue 1 120 300
JobQueue RunningJobs | ScheduledJobs| CompletedJobs 1+2 140 556
(Distributed Queue) (List) (Distributed Queue) (Distributed Map) 2+3+4+5 150 992
7 5 6 21
2 8 5 24
Evaluation Conclusions

Design
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Represents the application
The number Of Agents per apphcat'()n depends Application A Application B Application N

on the size of the job 0000000, |(HOOQ| | Harmonia Scheduler
(e.g., every 64 application cores -> 1 Agent) oo guouil) (DLDILT | -Aspleations . _Systom Metrics
e , OOOD| 0000 0000| | B et
- Upon initialization (i.e, MPT Init ()), Agent GO0W||OD0D0W| |Bo0W 7| [0 iz [7e
registers several information to the Scheduler: T RamoRE sjlmnl e [
L IO ||i_Agent | uffet nodes____
» Application name Path ﬂ—'—g ''''''' : Queve size | "I
* Jobsize 99999999/ : e
« Group that owns the application, etc., ( Harmonia Baffer Monitor Y| | =
° ResponS|b|e for Burst buffer nodes Buffer S\Il_ziirr:l;)romeBrandwidth
] . PFS (ms) (MB/sec)
* ExeCUtIng the I/O Phase DeteCtlon Jonueu¢|jaLrlﬂ(:igglﬁolicstlsegllﬂlilnggU(S)lriiletedJobs 112 :ig 2(5)2
. . . . (Distributed Queue) (List) (Distributed Queue) (Distributed Map) 2431445 150 992
« Communicating the intention to do I/0 : ° ° 2

« Accepting messages from Scheduler

Harmonia Agent

| | Design | Evaluation Conclusions
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Lightweight background process running on

buffer nodes
. . . Application A Application B Application N
» Uses MPI one sided communications O00Q||0D00E| |(DOOME| | Harmonia Scheduler
R . . |:| D |:| D DD D D D IZI Ap, Iication§ System Metrics
Collects |.nf.ormat|or.1 from buffer nodes noon||ooool | oo | | s et
- Remaining capacity OO0 || 000 | |E00@ | |[Elo o] o] e e
64 HDD 29.5 12
« Node state: I/0 queue size (i.e., iostat) 1o S ee—
—_— ueue Size Remain_ing
- Node availability: busy or free (i.e., during flush) Path W] capacty
- Maintains a small percentage of buffernodes [0 = /|
as backup or flusher nodes to handle [ Harmonia Buffer Monitor M = B -
. OveI’ﬂOWIng da_ta or Burst buffer nodes B:':f:r La(t;z)cy B(:;\Bdlvsv:it)h
H . S h d I Q 1 120 300
* Data ready to be f|UShed JobQueue aLrlr:'n(:iEgI?obsCScsedlljjleTlgbs U(S)l:gletedJobs 1+2 140 556
(Distributed Queue) (List) (Distributed Queue) (Distributed Map) 2431445 150 992

Harmonia Buffer Monitor

| | Design | Evaluation | Conclusions
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* Global multithreaded entity running on one or
more separate nodes

. . . Application A Application B Application N
« 2-way scheduling process collecting info from
both¥he a Iica’?ic?ns and the buffe?nodes U W Do U | WU UL | Harmonia Scheduler
pp D D |:| D DD D D D IZI AAp Pli:atiog.s DSyster;SI\c/litricls
 Structures: 00RO 0000|0000 | s e [reel 16 Tis
« Application registry - '["9\ L B 0 ||SSD| 112 |78
64 HDD 29.5 12
» Buffer status table i Sffor modes
» System profiler and metrics o Quoue Size | REMAINIg
« Scheduling queue Path _ Capacty
« Dynamic Programming approach Q
y 9 g app S e
) - if =0 . ( Harmonia Buffer Monitor }/ S
0 if 25 X orm <Y, Burst buffer nodes Buffer Sﬂiﬂf romeBrandwidth
.. i Ny mo— ] . PFS (ms) (MB/sec)
OPT(n,m) = 4 C7+OPT(n~",m™7), > Harmonia Scheduling Queue 1 120 300
9 OPT(TL_Z, m)’ th . ‘quQueue RunningJobs thgduledJobs CompletedJobs 142 140 556
max OPT(’YL, m_j )) ,otnerwise (Dlstrlbutt;d Queue) (L;st) (Dlstnbut:d Queue) (Dlstrlbl;t;ad Map) 2131445 150 992
L OPT(n=* m~7) ) 2 8 5 2

o OPT(n,m) is the optimal solution n phases to m buffers at time ¢

o Clthe cost to schedule the i phase to the ji buffer
o Xis the maximum number of collocated apps (based on MSCA and I;) and Y min number of buffers for this phase

Harmonia Scheduler

| | Design | Evaluation | Conclusions
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Harmonia
Scheduling

Policies

9/7/2018

Maximum
Buffer System
Efficiency

Application
Priority

Maximum
Application
Bandwidth

Application
Fairness

Minimum
Application
Stall Time

*Maximizing buffer utilization — minimize idleness
*Hides flushing behind computation to keep buffers busy

*Prioritize specific applications’ buffer access, interference-free
+Sort all /0 phases based on priority and schedule accordingly

*Maximizing bandwidth each application experiences
*Schedule 1/0 phases exclusively, interference-free, possibly wait

*Equal division of buffer resources to applications (or random)
*Same waiting and execution times for all apps (until threshold)

*Minimize the average wait time by sacrificing bandwidth
*Minimize slowdown time due to interference
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NVMe SSD HDD fast HDD

(/ I ” Device RAM
] a r - B
npameieo ParlelTle ysteny Model M386A4GA0DMO  Intel DC P3700 Intel DC §3610 . >cadate Seagate

000 buffers
OO0 g OOOO Connection DDR4 2133Mhz
HIEEIE
!J %} O0o 0 :: EE O O Capacity 512 GB(32GBx16)
J ] ] O O : O Latency 13.5ns
J CentOS 0000 RPM -
7 E E E E QOOQ Device Concurrency 8
(_)PEN MPI Infiniband Network(56Gbit)  Ethernet Network(10Gbit) Max Read BW 65000 MB/s

= :. -'ra n ge Max Write BW

Testbed: Chameleon System, Appliance: Bare Metal

OS: Centos /.1, Storage: OrangeFS 2.9.6, MPI: OpenMPI

Programs:

» Synthetic benchmark alternating computing and 1/0 phases
»  Workloads:

« Compute-intensive

« Balanced

* 1/0 intensive

« Onlyl/O

« VPIC: particle simulation

» HACC-IO: cosmological simulation 1/0 kernel

Buffer aggregate capacity: 800GB
Total dataset size for 8 instances: 1.6TB

9/7/2018
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59000 MB/s

ST600MP0005 ST9250610NS

PCle Gen3x8 SATA6Gb/s @ 12Gb/s SAS @ SATA 6Gb/s

1TB 1.6 TB 600 GB 24TB

20 s 55-66 ps 2 ms 4.16 ms
= 15000 7200
4 2 1 1

2800 MB/s 550 MB/s 215 MB/s 115 MB/s
1900 MB/s 500 MB/s 185 MB/s 95 MB/s

'y
"y
t...

|

4

ﬁ
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Testbed

and
Configurations
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1 20 B Ol\lerl.h.e.lad 1 i 1 1 1 1 1 1 I I 1 1 1 1 i
Performance and 100 | oValting == _
overheads E . 10 ——
— i 1
Synthetic benchmark E 60 | §
« Balanced workload (compute-I/0) T
Average completion time < 40 r |
* Wait to be scheduled @) 20 | |
« Computation time
o L o L o L
+ Overheads $5 2835 §5:283F 885283
Concurrent execution scaling 825%ca2 5RF5LRedx s5RE5ReQ
. o ®©® & ® '© = o © & ® '© = o ®© & ©® '© =
e 2-8instances O =20 =2 w = O=20 =2 w = 0O =20 =2 w =

« Buffer can hold dataup to 4
instances before they flush
Compared to DataWarp scheduling

4 .
Number of concurrent instances

« 40% faster execution than DataWarp for 8 concurrent instances
» 4% overhead on average to perform |/0 phase detection offline
« MaxBW offers the best I/0 time whereas Fairness the slowest I/0

« Harmonia's scheduling policies offer greater flexibility to the system
9/7/2018
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s*s // Harmonia: An Interference-Aware Dynamic 1/0 Datawarp —— MaxBW —— Datawarp —— MaxBW ——
\C/ Scheduler for Shared Non-Volatile Burst Buffers MaxqufI_Eff T Fairmess MaxBuffEff —— Fairness
riority MinStall —— Priority MinStall ——
Anthony Kougkas,
100 . . ; 400
95 | [ [ I g§350 . [ [ I
. . %i 90 | | I = | | |
Scheduling Metrics R ) . . 3
2 80t 1 @
I3 — ——— [ © 250 | | | I
Ej S | [ [ 1] o | | | |
g 01 | | © 200 [ | o
A= . = | N <C |\*\x\x
Max Buffer E_fflClency. . 5 Zg P T I S —
« Harmonia can be 2x more efficient e LT | , | < o Li— —
H . Compute Balanced Data Only Compute Balanced Data Only
Max BandWIdth' Intensive Intensive I/0 Intensive Intensive I/0
- Harmonia can offer 3x higher Workload type Workload type
i Datawarp —— MaxBW —— Datawarp —— MaxBW ——
average bandWIdth MaxBuffEff —— Fairness MaxBuffEff —— Fairness
Fairness: Priority MinStall —— Priority MinStall ——
. . . 1800
« Harmonia can achieve 10x higher = 1600
fairness £ 1400 | _ 1600 ¢ ‘
-— O
- i . 1200 | . i
Min Stall Time: el & 1400
. o« . . . b ()
« Harmonia can minimize stall time B 800 | E 1200 ]
. . I
for application by 3x g 600 = 1000 | ]
S 400 &5 :
g 200 | 800 r | ! ! T
0 E_d t ; {1 60 | l
Compute  Balanced Data Only 0Compute Balanced Data Only
Intensive Intensive I/O Intensive Intensive I/0
Workload type Workload type

« Harmonia’s policies can better adapt to workloads than other buffering systems

9/7/2018
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‘Wait —— Description |DataWarp|Harmonia
Anthony Kougkas, 140 + Compute —= -
- /O —= Min Completion
e <120 Flush/Compute =1 1 Timz 76.9 59.2
Butter drainin €100 b o= | |__Tme_
(data flushing £ &0 R R
T 60
2 40 r Comﬁ}/:t:ig?l'ime 16 70
Buffer draining: flushing of data from © 2 —
buffers to the persistent layer (i.e.,PFS) . Time S I
2 instances of VPIC with 16 steps: Aggtgv\‘,\aprgz App1 App2 Test Metrics in Minutes
- Buffer can hold data only for 1 instance Buffering System
* Ineach step: 80 — .
- Computation phase N
«  Writing data to buffers —g0 | S
-« Harmonia leverages computation phases to Ey |
drain the buffers o)
E40
2x better performance than DataWarp T30
()
. o oge . >
Flushing threshold initiates flushing: 020 |
« 100% case same behavior as DataWarp 10 |
* 0% case incoming I/0 conflicts with flush 0 —< = < o T 9 < = o
« 50-75% threshold offers the best x T < = i <
overlapping of incoming I/0 and flushing 100% Pe?c/gntage SPtitfer caggc/ﬁy 0%

« Harmonia leverages computation to “hide” flushing

9/7/2018
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Discussion

'Q: How does Harmonia handle read-after-write (RAW) workloads?

A: Harmonia employs a hinting system where an |I/O phase is
marked as “"cached” or “flushable” during the 1/0 Phase
Detection. It uses those hints to drive its scheduling decisions.

Q: How about asynchronous 1/0 calls?

A: Harmonia can utilize the traffic service classes implemented
in InfiniBand networks (i.e., traffic class field TClass in Mellanox)
to handle both I/0 and compute traffic.

9/7/2018 Slide 25
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» Cross-application 1/0 interference is a source of performance
degradation that I/0 schedulers need to be aware of.

« Buffering mediums (i.e., storage devices) handle concurrency
differently which can be effectively used by the scheduler to
minimize interference.

» Policy-based scheduling works better for diverse I/0 workloads.

Harmonia, a new, dynamic, interference-aware I/0 scheduler
- schedules individual I/0 phases for finer granularity.
—— « By overlapping computation and 1/0 phases and calculating I/0
I I interference into its decision making process, Harmonia can be

3x faster than state of the art buffering systems leading to better
resource utilization.

9/7/2018 26
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