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Preface:

|O usetcase of
HEP Is stilksimple. §




There are always

several ways to
solve a given problem |

TTree -> RNtuple
POSIX -> KV
Random -> Seq IO
10 GE -> 100 GE
NFS -> DAOS
RADOS-> NVMesh
porovide more HW ...
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Question

Where do we solve |0 problems?
Where are |O systems evolving?
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Aspect 3

tiering

transparent cache

] PERF tier -

access driven

migration
:  VOLUME tier :

WLOCGG
19 Gevd

Vioridwide LHC Cornputr

Question

When does Storage Tiering
actually make sense?

managed cache
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Aspect 4

siream types

we require two types of 10 server

data transfer data access

3 Storage Site 1 . Application

“sssssssssssssmEEEEmEEEEmEn® \e “ssnmsmnnmnns K ------------- -
high banadwidth . : RO Streaming + Random
WAN RW Streaming LAN [WAN] : WO Streaming

........................... , - s

:' Storage Site 2 : : Storage :

’ : | Diversity or Zoo? :

ey 4 (AT o* How many server/protocol SOIUEONS dOes | *eu. .. u et sse e es e enens

one really need?




Aspect 5

data format

file collection
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another major aspect iIs compression:
what, how and where to do it?
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Given Facts / Questions

1 The storage system is in general not aware of the the data structure (?)
2 We always decompress on application side (?)




file = collection of objects

OBJECT

Simplify your life

We can stick to FILE APls even when
we use object storage directly




Aspect 7

storage media

g cernan venadors.view ..

media
price examples

24010)

+4000 Euro/TB

500x

+8000 Euro/TB

[ OX

+1200 Euro/1B

4-6X

+100 Euro/TB

0.9-1X

8-16 Euro/TTB



capacity.comparnsonfor a given pudget witn: Nnoreduncancy

media
price examples

24010)4

+4000 Euro/TB

500x
+8000 Euro/TB ' pers. mem

DRAM

[/ OX | NVMe

+1200 Euro/1B

OX

+100++ Euro/TB

0.9-1x

8-16 Euro/TB







HDD Baseline

assume a disk based storage platform as baseline service when developing data

formats and application |O
disks (+ tapes behind ... see CERN Tape Archive project CTA )

SSD NVMe

are great local or remote-local |ow-latency high-bandwidth

temporary, caching or burst-buffer storage

batch job stage-in, stage-out etc.
great for end-user analysis

Improvements by Hardware & Software

100GE + PCle boost sequential streaming performance using HDDs
using parallel |0 (Object Storage, RAIN, Erasure Coding ...)
nigh-bandwidth HDD streaming allows easy inclusion of SSDs/NVMe into workflows

to improve performance [if needed]
not all LHC use-cases need NVMe (high IOPS) to be efficient
straightforward to get 1-2 GB/s streams per file - are our applications requiring more”?




100GE/PCle
allows tactor 4x-10x improvements for streaming 1O out of one disk server

(client-driven) erasure encoding
high-bandwidth streaming for storage tiering at low cost with HDDs

f client driven EC \

&
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XRootD Server
modular storage for WAN + LAN Transters/Access + possibly Caching

all physics |O:
XRootD + JBOD server
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0B/s -
01/31 16:0D0

— bytes_read

— bytes_written

01/31 20:00 02/01 00:00

Number ...

7.012
Bil

“typical CERN 10 day

A .I l |

'l"‘ I' ll;\ I'\ l'

. \l ot ].\ ‘M' Iﬁ'l'l
W

|
I| l\'\ 'I
\ ‘ N

02/01 04:00 02/01 08:00

Number ...

384 Mil

ohysics data

EOS Total 10
|
| 1
~ | |
'll \ lrl lI' (.-‘-.\J ||
Al g ' [
| '| [l | H|
| | I
||| |I |' I ' I[ \ :
| | |
\ | nﬂu fl A | V(AN
, W T W 1V | | . |
I — '1| M WJ | T8 R /'l W
|Il [ ',l o L
'\\}',_/1 ‘
|I
02/01 12:00 02/01 16:00 02/01 20:00

Total Sp... Used Sp...

344.05 255.13
PB PB

IOPS

+100 GB/s
peak 200 GB/s

[ | I\
v \ \
|| II“J IV"-,P'-‘I.LQ ﬂ ﬁ I ' I‘ﬁlll lnl ﬁ; -,IL‘ l I"'
ll\l. "o || f I‘l/‘-a\l I | /) ‘l \ l,
AV A AR Y AW
A ‘I" | f LA ! J
W '\l\/ v‘ Y ! i ll\ 1 ad_f lnl Al
|" l'. ) |.l r\' Y ~r L,,‘lhw L,ﬂh
v In |\ l'l "
WY
02/02 D0:DD 02/02 D4:00 02/02 D8:00 02/02 12:00
— g g F
N7
CERN sicrage technelog
y used at the Large Hzdron Collia
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Run-3

ohysics data

General Direction
cost driven approach “provide 1O bandwidth + volume at low cost - (less) IOPS - use big files”

Storage Capacity

will exceed 500 PB raw disk space this year
+134 PB additional capacity for physics (9000 HDDs)

14 TB disks / 96 per server
100 GE per senver - no blocking factor

low-cost high performance Storage

100 PB pool for ALICE experiment: O2

/000 HDDs, connectivity 75 x 100GE, EC BS(12,10)
nominal 2 181t streaming 10 with client dmvem erasure encoding




Run-3

ohysics data

- NVMe or SSDs are not used for Big Data Storage
- dedicated analysis facility with local NVMe’s+hyper converged CephFS (HPC)

- HDD price still factor 5 better, power consumption HDD/SSD not significant
extra cost at CERN

- TAPE still cheaper than disk in large installations

alternative approach : EC disks as tape replacement e.g. KISTI project

- major part of |O volume we serve is essentially sequential
(upload/download or few initial seeks + forward reading/seeking) access



https://www.excelero.com/storage-configurator/patented%20RDDA%20-%20remote%20direct%20drive%20access%20bypassing%20CPU

EOS DIO R&D
Client side EC

- 02 use case requires write performance guarantees - fixed time window
- until today EOS supports only client side EC (parallel |1O) for reading
- evaluating XrdEc plug-in for client side EC (parallel 10) for reading and writing optimised for
streaming (supports random reads) - server-side EC (see RADOS) yields traffic amplification ~2x
- |less talls in transfer durations - achieved stream performance >1.8 GB/s [RS(12,10)]

r 3

server|side EC

[@] [@] [@] 5. 3 data servers, 300 streams (15GB/s of aggregate throughput), 1 hour run
~__ -~ \/

K J Avg transfer duration = 1151.5723889783164 msec
Avg. transfer rate = 1.844/392182702522 GB/s

( DIO - client driven EC \ Median data transfer rate: 1.8726591760299625 GB/s
Median transfer duration: 1068.0 msec

Data transfer rate standard deviation: 0.4190817385137205

Transfer duration standard deviation: 309.24501469327305

/

= =3 =m))



https://www.excelero.com/storage-configurator/patented%20RDDA%20-%20remote%20direct%20drive%20access%20bypassing%20CPU

XRootD nas become a widely adopted framework for 1O In H=R over the vears

nultithreaded C++ server using [ CF/IF
federation/clustering ccoabilties
storage back-end plugins (FPOSIX, hdfs, cepn

proxy cache (0lock oriented) xCache XrOotd.0rg
third party transfers (core functionality for a tiered storage arcnitecture

orotocol plug-|
pullding bloc

NS root & http(s) protocol

< 10 Integrate many storage systems INto the global Infrastructure

Questions

- 18 It good enough for 100GE networking's
- s It good enougn 1or NVMe Dbased storage’




http:/

root://

1 client 100.GE 1 server

i -
-

Nno data encryption



100 GE Technology
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100 GE

80k

ICPS vs concurrency

180 200

# clients

streaming
64k |8674M 9000k
40k G 12M
56k G 13M
48k c 13M
32k G 13M
8188B G 13M
48k G 12M
16k G 14M
104k G 13M
100k G 13M
24k G 13M
44k G 13M
132k G 13M
24k G 14M
G

14M
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220 240 260 280 300 320 340

360

380 400

127k
196k
224k
211k
206k
219k
205k
236k
233k
224k
221k
219k
232k
226k
237k

NOW

client
10 streams 12 GB/s
16% CPU

|IOPS limit ~ 2M
read from BC single file

but only 40k from

NVMe with .

O

Ok 1OPS
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/1 client 100 GE 1 server\ memory

:

10 parallel transters

96 HDD @ 220MB/s

96 parallel transfers EEEEEEEEEE
1 per disk
parallel transfers | N:2¥eH 3 GB/s
- WCEPNnTS RADOUS
\ kernel 480 HDDs




Commercial
D a’[ a Tr an Sfer for |—| PC MAPPED MAPPED GUEST MAPPED GUEST MAPPED GUEST COLLECTIONS

@ <>\ - @ e -‘ e N Data access
225 30 | 129N 9N interface

. ] A o o GridFTP & HTTPS

v v

2

@ STORAGE GATEWAY @ STORAGE GATEWAY @ STORAGE GATEWAY E—LOTE\?!(?\ES
POSIX 1 POSIX 2 Amazon Web

/project Services S3 F’Olifies &
configuration

v High Assurance
ENDPOINT

Management &
config interface

glroous

connect e Eonnect TRANSEER
sewer CONNECTOR servgr NODES

DATA 0C e Network & storage

supports gridFTP & HTTPS o conneced e

packends: Google Drive, Google Cloud Storage, POSIX, POSIX with file staging, Box, Ceph,
S3, Spectralogic BlackPearl, and iRODS
HPC sites deploy Globus Connect server (4,5)

out no support in WLCG file transfer service (et

not rcally aligning with WLCG strategy (0 drop GLOBUS






local filesystems

local KV stores/DBs

DFUSE

DAOS

=~ 1 DAOS

ephFS

oy C
WEKA.io I=
et VY

HADOS

parallel/distributed filesystems

distributed KV(object) stores/DBs

high-level object storage




 get rid of for HPC (sometimes ..)

° more (rados, daos, scylladb)
+ object storage model for
« EC (client-side) for and

 FUSE and ad-hoc on top of Object Storage

(juicefs, dfuse ..)

 NVMe + persistent memory as high tier

» tiering to moderate the problem of NVMe



What's your
PROBLEM

- an example:

- With the introduction of NVMe and Optane Memory it has quickly become
evident, that the asynchronous interfaces of LINUX are not efficient to deal
with extreme low latency (micro seconds) devices

CEPH OSDs cannot deliver [OPS of NVMe devices over
a network to remote clients with low latency

- 80k IOPS at bms latency per server

=> rethink (rewrite) your 1O server




What s vour

PROBLEM

How da you-get the I0PS of NVMVe or Optana Memory out’?

Trade-off CPU load for lower |/O latency

Polling vs. Interrupt

Application perceived 1/0 latency

IRQ é —— T [ [P | Where to use polling ...

Wake
IR
°

Application perceived I/0 latency

Relative latency reduction over IRQ (%)

BIO stack Device driver Are you done ?

Command execution

May

be
Flash SSDs

Likely not

NVM SSDs Disks, tape, optical, ...

1 10 100 1000 10000 100000

Typical device command service time (us)




How da you-get the I0PS of NVMVe or Optana Memory out’?

https://thenewstack.io/how-io_uring-and-ebpf-will-revolutionize-programming-in-linux/

ssize t read(int fd, void *buf, size t count);

ssize_t write(int fd, const void *buf, size_t count);

Evalution of IO interface in LINUX

* sync 10 e
* posix AlO : thread pool running sync |0 s

e [inux AlO : only direct |O
® |0_uring : real asynchronous non blocking
|O In newest kernel

User will put

What s vour

PROBLEM




-

remote direct drive access \

RDDA

bypass CPU

NVMESh 2

ol

~

storage performance
development kit

SPDK

polling instead of interrupts

»>

cdd @ 0 s
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Kdata aware storage with server processirD

ONETWORK

SkyhookDM

SkyhookDM - Tabular data management in object storage.



https://en.wikipedia.org/wiki/%E2%88%85_(disambiguation)

JO Senver - NVIVesh

by Exceleron: software defined storage for NVMe's

- patented RDDA - remote direct drive access bypassing CPU
low-latency scalable block storage solution
NO open source

[""" ® -
— | H o~
[ S ‘ . W
NVMesh CLIENT(S) (GUI, RESEuI HTTP) NVMesh TARGET(S)
: TOPOLOGY
Y *MANAGER
s YN @ - °®%e .Y s o
Em PN B9 PN P SNSRI, » € P - D AT e
4 H "l . g B =t ae= P}
® o
(UNMODIFIED) INTELLIGENT R-NIC HIGH SPEED NETWORK NVMesh R-NIC NVMe
APPLICATIONS CLIENT BLOCK TARGET MODULE DRIVE(S)

DRIVER



JO Sernver - NVIVIES

Storage Configurator

|15

Aggregated Performance

MeshProtect Level Max 4K IOPS Max Bandwidth
Read

Latency(ps)

Capacity
Base 10

25 1.843 TB

31 922 1B

140 1.382 TB

1.475TB

technology like rbd@CEPH, client kernel driver,
server Is light-weight, erasure coding Is done client side
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O Sener -

hyper convergea
B

/O

NVMesh
larget Module

NVMesh
larget Module

[]
Intelligent Client -

Intelligent Client
BIOCK Driver



open source distributed asynchronous object storage

& C @ © | & https://github.com/daos-stack

O Search or jJump to... / Pull requests Issues

DAQOS Storage Stack

)>> Distributed Asynchronous Object Storage

cd @ 0 s

& https://wiki.hpdd.intel.com/display/... [P daos@daos.groups.io

[l Repositories 63 Packages People

software Is free ... you pay for the hardware
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open source distributed asynchronous object storage

High-Latency Communications
P2P Operations

Conventional Storage System

Data and
Metadata

Block Interface Linux* Kernel |/O

Intel®” Optane™ DC

Persistent Memoryx

\l'sll;l) OFTANE DCOX

3D NAND Storage

) l'(!)l‘ | | '.

Low-Latency High-Message-Rate Communications
Collective Operations and In-Storage Computing

DAOS Storage Engine

Metadata, Low-Latency /O,
and Indexing/Query

... PMDK NVM Express*
Interface (NVMe*)
Interface

Intel® Optane™ DC
Persistent Memory

3D NAND Storage and

INTEL" 3D NAND 55D

s \th‘l,'l IPTAN [‘( (:)::, E

L
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Intel/DAOS
AWS/WekalO
TACC/DAOS

ANL/DAOS
NUDT/Lustre

KISTI/IME
Oracle/BeeGFS

1O Senver < DAOS

open source distributed asynchronous object storage

10-500 Full List
Overall Score

1500

2000

1I0-500 10 Node Challenge
Overall Score

Intel/DAOS

TACC/DAOS

ANL/DAOS

WekalO

EPCC/GekkoFS
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 ceph OSD re-write with Seastar framework http://seastar.io/

(using SPDK) - codename of new 0SD: Crimson
* longish project - not trivial

* replacement of BlueStore e.g. with PoseidonStore

* 10 uring, new kernel asynchronous
I/O0 interface to exploit
interrupt-driven 1/0

e CPU 1s bottleneck for several

NVMe cards Seastar https server scaling


https://www.excelero.com/storage-configurator/patented%20RDDA%20-%20remote%20direct%20drive%20access%20bypassing%20CPU
http://seastar.io/
https://docs.ceph.com/en/latest/dev/crimson/poseidonstore/

*Processing inside CEPH object

Data Management APP/
File Access Library

storage (hyper-converged) e

e SkyhookDM supports row-based S| | =gy
-

p r O C e S S -i n g V -i a Ceph Distributed Object Storage with SkyhookDM extensions

Objects conlain custom Local RocksDB instances

file partiions and nalive provide query-able metadala
dala access methods and indexing

and col-based processing via

fast 1n-memory

V1 < v -

serialization formats

— [ -
N oy ~d

Duration(s)
~J C.
o v <

Processing Side
mm Client
B storage
— ,
1 10
Selectivity

me soent in querying 1%, 10%, and 100% cata with query pracessing on el 'ent and storage side

Tmesoe 1. ‘.--
https://medium.com/getpopper/reproducible-experiments-and-benchmarks-on-skyhookdm-ceph-using-popper-64c42d47a65a


https://en.wikipedia.org/wiki/%E2%88%85_(disambiguation)
https://www.excelero.com/storage-configurator/patented%20RDDA%20-%20remote%20direct%20drive%20access%20bypassing%20CPU
https://www.google.com/url?q=https%3A%2F%2Fgoogle.github.io%2Fflatbuffers%2F&sa=D&sntz=1&usg=AFQjCNHjA8_BoXFtX5J6U8FtL9iWlJejMQ
https://www.google.com/url?q=https%3A%2F%2Fgoogle.github.io%2Fflatbuffers%2F&sa=D&sntz=1&usg=AFQjCNHjA8_BoXFtX5J6U8FtL9iWlJejMQ
https://www.google.com/url?q=https%3A%2F%2Farrow.apache.org&sa=D&sntz=1&usg=AFQjCNGMQiLmoUtzjovAMPow7KvSIUXRYQ

O “erver - ONETWORK

SkyhookDM - Tabular data management in object storage.

penefits from object locality

eadvantage 1s less obvious with erasure encoded objects (remote

access)

penefits clearly 1n selective processing

Questions
ecan you have LHC frameworks running on your storage
system (memory, software updates etc.) ?

*1s the performance benefit worth 1t?


https://en.wikipedia.org/wiki/%E2%88%85_(disambiguation)
https://www.excelero.com/storage-configurator/patented%20RDDA%20-%20remote%20direct%20drive%20access%20bypassing%20CPU

Summary

future 10 requirements are less problematic than CPU in HEP
-100 GE + parallel 10 with HDDs provide required order of magnitude

Improvements essentially today

SSD/NVMe useful as ad-hoc storage at CERN
- exploring |OPS of flash storage requires modernised server async |O

approach (when will we have kernel 5.1 at CERN?)
temporary solution: physics applications should avoid too small 10 requests

(100GE = 40k x 256kb)

Open Source Storage Software has become mainstream. There are
fantastic developments ongoing to provide ultra low latency storage systems,
which can revolutionise data formats and processing. For now they are not

cost competitive for an organisation like CERN.



https://www.excelero.com/storage-configurator/patented%20RDDA%20-%20remote%20direct%20drive%20access%20bypassing%20CPU
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