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NERSC is DOE in H
Computing Fac

NERSC computing for science
| ,. A1000 users, 500 projects
STV I R Tl -rom 48 states; 65% from universities
FHGIES ' el Aundreds of users each day
AW AL500 publications per year

o Fovp; eoram  Systems designed for science

e Al .3PFPetaflopCray system, Hopper

- 3"d Fastest computer in US
- Fastest open Cray XE6 system
- Additional .5 PF in Franklin system and

<& winbsor = i smaller clusters
CLIMATE CHANGE
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Ever Incre
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A User I/0O needs growing
each year in the
scientific community

A Data from sensors, Ly
detectors, telescopes,
genomes adding flood of |2,
data ;

A For many users I/O |
parallelism is mandatc

A 1/0 remains a bottlene
for many groups
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Why is Parallel 1/O
appllcatlons‘ 0

5' wy _?(?_

w Scientists think about
data in terms of their
science problem:
molecules, atoms, grid
cells, particles

w Ultimately, physical
disks store bytes of
data

w Layers in between, th
application and phy3|
disks are at various
levels of sophisticatio
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Parallel 1/0O

A User Perspe_
A Wish List

I Write data from multiple processors into a single file

I File can be read in the same manner regardless of the
number of CPUs that read from or write to the file.

I Do so with the same performance as writing drle-
per-processor

I And make all of the above portable from one machine
to the next

A Inconvenient Truth: Scientists need to understand
/O infrastructure in order to get good
nerformance

Lawrence Berkeley
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/0 ierarchy SIS

High Level 10 Library

MPHO Layer

Parallel File System
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From Computer Desktop Encyciopediz (0
@ 1999 The Computer Language Co. Inc, | 9

4mm DAT

Magnetic Hard Disk
Drives

>
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Track/
Cylinder

Spindle  Head

Actuator Arm

Actuator Axis

Power Connector

Jumper Block

Heads

8 Heads,
4 Platters

Actuator

IDE Connector
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| N Some defini-

A Capacity (in MB, GB, TB)
I Measured by areal density

I Areal density = track density * linea
density

A Transfer Rate (bandwidti)) MB/sec

I Rate at which a device reads or wri
data

A Access Timenfilli-seconds)
I Delay before the first byte is read

:;é‘v"'\, U.S. DEPARTMENT OF Ofﬁce of rr/‘}l "h|
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AcCcess

A T(access=T(seek +T(latency
I T(seek=time to move head to correct track
I T(latency = time to rotate to correct sector

A T(seek= ~10milli-sec
A T(latency = 4.2milli-sec e

A T(access= 14milli-sec!!
A How does this compare
to clock speed?

Interface Type

Image from
Brenton
o U.S. DEPA

@ENE ~100 Million flops in the time it takes to access “:!\'! e el
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A Hard disk drives operate at about-3300s MB¢
A Areal density getting higher

A Improved magnetic coating on platters

A More accurate control of head position on platte

A Rotational rates slowly increasing
A2 KI G Qa UKS LINRO6f SYK

C Bt SOGNRYAOA& &dzLILI2 NI A
keep up with increases In density
Mccess time always a fixed cost

Office of
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RAI

A Individual disk drives obviously not fast enoug
for supercomputers

A Need parallelism
A Redundant Array of Independent Disks

Sy B s

w Different configurations of RAID offer various
levels of data redundancy and fail over protecti
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File Systems
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A Software layer between the Operating System an

What i1s a File S

Storage Device which creates abstractions for

Files

Directories

Access permissions
File pointers

File descriptors

A Moving data between memory and storage devices
A Coordinating concurrent access to files

A Managing the allocation and deletion of data blocks o
the storage devices

oy
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A Data recovery
EN ERGY Science
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From disk sectot_

A File systems allocate space ir

< Track/
aot 201 agx dzadz Cylinder
RAa]l aaSoOuz2NE
A A file is created by the file =
system on one or more unuse =" sector

blocks

I The file system must keep track
of used and unused blocks

I Attempts to allocated nearby
blocks to the same file

~
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Inodes store Met-

A Data about data

A File systems store information about files
externally to those files.

A Linux uses aimode, which stores information
about files and directories (size In bytes, devic
Id, user id, group Id, mode, timestamps, link infc
LI2ZAYUOSNBR (2 RAAa]l] of 20

Al yeé GAYS I FAESQa | ad
desired (e.qg.lscl) metadata has to be retrieved
from the metadata server
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| N File Syste-

A 2dzNJ f I LXWG2L) KFa | FAES aeadasy
A A networked file system allows multiple clients to access files

I Treats concurrent access to the same file as a rare event
A A parallel file system builds on concept of networked file system

I Efficiently manages hundreds to thousands of processors
accessing the same file concurrently

I Coordinates locking, caching, buffering and file pointer
challenges

I Scalable and high performing % G P FS
panasas
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Generic Par
Archit

Compute
Nodes

Internal
Network

External
Network -

e 1§ T T AT T

manage failover

Storage
Hardware--
Disks
SET, = A\
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Hopper W|th Genlml Network

Hopper
SCRATCH

28

26

26 OSSs store
data on 156 OSTs

13 @ | SCRATCH1/2

Each LSI 7900 has 2 controllers, and 120 1TB Disks, Raid6 (8+2)
In Total Giving 13*120*(8/10)*1TB~=1.1PB

/
Note: SCRATCH1 and SCRATCH2 have identical configurations.

2% U.S. DEPARTMENT OF Office of = \
S ENERGY Science f:ﬁ I"| Lawrence Berkeley
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File Buffering and-
A Buffering

I Used to improve performance
A File system collects full blocks of data before transferring data to dis|
A For large writes, can transfer many blocks at once

A Caching

I File system retrieves an entire block of data, even if all data
was not requested, data remains in the cache

A Can happen in many places, compute node, /O serve
disk

A Not the same on all platforms

ALYLEZNIFYG G2 adGddzré & 2 dzNJ
rather than look at peak numbers
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Logically a file is an
gically

Data Distribu
In Parallel File

checkpoint32.nc Offset in File

extendable sequence
of bytes that can be 4

HOI| HO2

I

03||HO

A

[EO0 [EOI[ E02 JEO3Y  [EOS5] EO6 JEOZ] EO8 [EO9EIO0 [EN

referenced by offset
into the sequence.

Metadata associated
with the file specifies
a mapping of this
sequence of bytes
into a set of objects
on PFS servers.

Extents in the byte sequence
are mapped into objects on
PFS servers.This mapping is
usually determined at file
creation time and is often a
round-robin distribution of a
fixed extent size over the
allocated objects.

\"’"'“’4,,)7 U.S. DEPARTMENT OF Ofﬂce of
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Space is allocated on demand, so
e unwritten "holes" in the logical

file do not consume disk space.

HO02 EOI | EOS | EQ9
L A static mapping from logical file

o T T
T T T
w w w
w w w
2 (] [¢)]
2 2 2
o o o
- - -

to objects allows clients to easily
calculate server(s) to contact for
specific regions, eliminating need
to interact with a metadata

HO3 |EO2 | EO6 [EIO |

server on each I/O operation.
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Locking in Parallel

Most parallel file systems usecksto manage concurrent access
to files

Aciles are broken up into lock units, (also called blocks)
AClients obtain locks on units that they will access before
I/O occurs

AEnables caching on clients as well (as long as client has a lock,
knows its cached data is valid)

A ocks are reclaimed from clients when others desire access

If an access touches any Offset in File

data in a lock unit, the | | | | | | | B | >|
lock for that region must \ —

be obtained before access Lock Lock File A'ccess

OCcCurs. Boundary Unit

U.S. DEPARTMENT OF Office of
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The left diagram shows a row-
block distribution of data for
three processes. On the right
we see how these accesses
map onto locking units in the
file.

In this example a header
(black) has been prepended to
the data. If the header is not
aligned with lock boundaries,
false sharing will occur.

In this example, processes
exhibit a block-block access
pattern (e.g.accessing a
subarray).This results in many
interleaved accesses in the file.

ENERGY Science

Locking and Conc

2D View of Data

|

R us. oeparmuent oF QUBRILQIR-- what would happen if writes were smaller than lock uni

Slide from Rob Ross, Rob Latham at ANL

Offset in File

When accesses are to large contiguous
regions, and aligned with lock boundaries,
locking overhead is minimal.

These two regions exhibit false sharing:

no bytes are accessed by both processes, but
because each block is accessed by more than
one process, there is contention for locks.

When a block distribution is used, sub-rows
cause a higher degree of false sharing,
especially if data is not aligned with lock
boundaries.

wrence Berkeley
htional Labaratory
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Small

How will the parallel file system perform with small
writes (less than the size of a lock unit)?

A

Lock Lock
Boundary Unit

Office of
Science o5




Access P

Contiguous Contiguous in Contiguous in file, not
memory, not in file In memory
Memory Memory Mem;
o il e BN e i
Discontiguous Bursty Outof-Core

Mem¢
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Processors 0

File

“"’"'"",,L U.S. DEPARTMENT OF Ofﬂce of

EN ERGY Science

Serial I/

Jelelo)e

Each processor sends its data to the
master who then writes the data to a file

A Advantages

wSimple

cMay perform ok for very small 10 sizes
ADisadvantages

oot scalable

oot efficient, slow for any large
number of processors or data sizes

wMay not be possible if memory

constrained
28
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Parallel /O M

TYTYYTEYE

File File File File File File

Each processor writes its own data to a separate file
Advantages
oSimple to program
oCan be fast- (up to a point)
ADisadvantages
oCan quickly accumulate many files
oHard to manage
wRequires post processing
oDifficult for storage systems, HPSS, to handle many small files
«Can overwhelm the file system with many writers

\“"""’",,L U.S. DEPARTMENT OF Ofﬂce of

EN ERGY Science
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XA ctrak [ SydsN

w Large 32,000 processor run on LLNL BG/L
Parallel 10 libraries not yet available

w Intensive /O application

¢ checkpoint files .7 TB, dumped every 4 hours, 200 dumps
¢ plotfiles- 20GB each, 70@umps
¢ particle files 1400 particle files 470MB ea

w 154 TB of disk capacity
w 74 million files!
w Unix tool problems

e

Office of
Science

30
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Parallel I/O

Each processor writes its own data to the same file usingl®PI
mapping
AAdvantages
uSingle file
cManageable data
ADisadvantages
wShared files may not perform as well as die-per-processor models

‘7"'\"35\'\»’ U.S. DEPARTMENT OF Ofﬂce Of
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MPHO
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What is MP—II-

AParallel 1/0O interface for MPI programs
AAllows users to write shared files with a simple
Interface

AKey concepts:
I MPI communicators
I File views
A Define which parts of a file are visible to a given
processor

A Can be shared by all processors, distinct or partially
overlapped

I Collective I/O for optimizations

~
L wd, U.S. DEPARTMENT OF f ' A
ENERGY Office of ’\ 0
N G Science awrence Berkeley
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Independent an

Wim il | (R
Hmemme.
0 0ee] B8

Independent I/O Collective I/O

]

A Independent I/O operations specify only what a single proces:
will do
I obscuregelationships between I/O on other processes

A Collectivel/O is coordinated access to storage by a group of
processes
I Functionsare called by all processes participating in 1/0O

I Allows I/O layers to know more about access as a whole, more
opportunities for optimization in lower software layers, better
performance

2%, U.S. DEPARTMENT OF Office of

\ ENERGY science

wrence Berkeley
htional Laboztory
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MPLIO Optimiza-

ACoIIectlve Buffering

' Consolidates 1/O requests from plocs

Only a subset gbrocs(called aggregators) write to
the file

Key point is to limit writers so that tasks are not
competing for same 1/O block of data

Various algorithms exist for aligning data to block
boundaries

Collective buffering is controlled by M) hints:
romio_cb readromio_cb_ write cb_buffer size
cb_nodescb_ config_list

Office of
Science

35



vwvhen 1o use Co
buffering

AWhen to use collective buffering
I The smaller the write, the more likely it is to benefit from
collective buffering

I Large contiguous I/O will not benefit from collective
buffering. (If write size is larger than I/O block then there
will not be contention from multipleprocsfor that block.)

I Non-contiguous writes of any size will not see a benefit
from collective buffering

2D View of Data Offset in File

— ] | s 1

When accesses are to large contiguous
| regions, and aligned with lock boundaries,
| : locking overhead is minimal.

.| Office of

“ U.S. DEPARTMENT OF 3 , "
@& ENERGY sconcs - I

BERKELEY LAB ational Labos

A




IO Test using IOR benchmark on 576 cores on
Hopper withLustrefile system

IOR Write Performance MPI-I0 vs Posix File IOR Read Performance MPI-10 vs Posix File

Per Processor Per Processor
40 40 “ MPI-IO
H File Per Processor 10
8 3
~§. 20 ‘g 20
10 10
0 - o -
1MB 10k 1MB
/  —"Transfer Size Transfer Size
Hard sell _
{0 USers MPHO performance depends on the file system,

MPHO layer and data access pattern

‘fi""'f’\f\x{‘ U.S. DEPARTMENT OF Offlce Of
ENERGY Science 37
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MPHO Sumn-

AMPLIO is in the middle of the I/O stack

AProvides optimizations typically low
performing I/O patterns (notwontiguous 1/O
and small block I/O)

APerformance highly depends on the vendor
Implementation of MPIO

AYou could use MRO directly, but better to
use a high level I/O library

£ "‘4{; EEEEEEEEEEEEEE
© ENERGY scence
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(HDF5)
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A ASCII:
I Slow
I Takes more space!

Many NERSC usersjat

this level. We woulo
like to encourage

tsers to transition tc

a higher 10 library

Not future proof
arallel I/O using MRO

A SeltDescribi :
NetCDF/HDF4, HDF5, PardNetCDF
Example in HDF5: APl implements Object DB model in portable file
Parallel I/O using: pHDF5/pNetCDF (hides-IdR|

'r
:
,

A Community File Formats
I
I

FITS, HDEOS, SAF, PDB, Plot3D
Modern Implementations built on top of HOW¥etCDFor other sel
describing objectmodel API

~
£ wd U.S. DEPARTMENT OF f ' A
ENERGY Office of ’\ 0
N G Science Lawrence Berkeley

40 FLGRA@Y: B National Laboratory




What Is a High Leve-
Library?

A An API which helps to express scientific simulation data in
more natural way

I Multi-dimensional data, labels and tags, roontiguous
data, typed data

A Sits on top of MPIO

A Simplicity for visualization and analysis

A Portable formattake input/output files to different machine
A Examples:

I HDF5http://www.hdfgroup.org/HDF5/
I ParalleINetCDHattp://trac.mcs.anl.gov/projects/parallehetcdf

>
_v¢~‘ "4{_; EEEEEEEEEEEEEE V .
@ ENERGY i 22
'% Y Science awrence Berkeley
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http://www.hdfgroup.org/HDF5/
http://trac.mcs.anl.gov/projects/parallel-netcdf
http://trac.mcs.anl.gov/projects/parallel-netcdf
http://trac.mcs.anl.gov/projects/parallel-netcdf

AGroups @

I Arranged in directory hieratas

n/ o ﬁauthoro

i NP 230 3INPRdzLI AQEED - —

A Datasets (i

I Dataspace
| Datatype 4

A Attributes o -

Aval i di

I Bind to Group & Dataset

2t 0

Office of
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Example 1Writing dat-
|

PO N
N

A 2 RN AR R
m&ma\\\\\\\ﬁﬁ§§

P1 : ;?f;;?fa? : 7 _
. File
P2 NX
P3
NY count[l ]=4
offsetf 1]=0
A

Each task must calculate an o 1
coun =
offset and count of data to store  offsetf 0j=

R

Office of
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w Writing by Chu
- h5du

HDF50gr i d _r oWs. hb5
GROUP "/" {

DATASET oDataset 1" {
DATATYPE H5T IEEE_F64LE
DATASPACE SIMPLE{(8,4)/(8,4)}
DATA {

3.2,4.3,5.6, 7.9,
5.2,2.1,4.5, 8.9,
5.7,7.0,3.4, 2.3,
2.1,1.9,5.4, 4.2,
3.3,6.4,4.7, 3.5,
3.5, 2.9, 2.3, 6.8,
4.8,2.4,8.1, 4.0,
7.3,8.1,48,5.1

}

/.;:rf—'—'fi;,,.: U.S. DEPARTMENT OF Office of

4@ ENERGY science
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PO

%\

7

Office of
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P1

_
NN

P2

P3

File

\

NX

\

count[0 ]=4
offsetf 0]=4

45

NY

count[1

offset

[
N

—r—

3
7
.a‘!}

0

=

\

N
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writing oy Chu
h5du

HDF5 owrite chunks. h5" {
GROUP "/"{

DATASET oDataset 1" {
DATATYPE H5T IEEE F64LE
DATASPACE SIMPLE{(8,4)/(8,4)}
DATA {

32,43 , 56,79 ,
52,21 , 45,89 |,
57,70 , 34,23 ,
21,19 , 54,42
3.3,6.4 , 4.7,3.5,
3.5, 2.9, 2.3, 6.8,
48,24, 8.1, 4.0,
7.3, 8.1, 4.8,5.1

}

/.;:59*'4'1‘\:\,.: U.S. DEPARTMENT OF Ofﬂce Of

) ENERGY science
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Basic Functio

H5Fcreate (H5Fopen) create (open) File

H5Screate simple/H5Screate create dataSpace
H5Dcreate (H5Dopen) create (open) Dataset

H5Sselect_hyperslab select subsections of data

H5Dread, H5Dwrite access Dataset
H5Dclose close Dataset
H5Sclose close dataSpace
H5Fclose close File

OB, U.S. DEPARTMENT OF Offic

ENERGY SciefC%IOTE: Order not strictly specified.
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ELGEE  But what about perforrm
A Hand tgned /O forAa particular architAec, €\
f A1 Ste LISNFZ2ZNY 0O0SuUuUSN
A Purpose of 1/O libraries is portability, longevity,
simplicity, and productivity
A High level libraries follow performance of
A When code is ported to a new machine user is

required to make changes to improve 10
performance

A Let other people do the work

I HDF5 can be optimized for given platforms and file

i systems by library developers
i‘ ENERG Science y y 48 p




I ne Solid State S-

A More reliable than hard disk drives
I No moving parts
I Withstand shock and vibration

Aab232f I GAfSé NBUIFAY R
A Slower than DRAM memory, faster than hard
disk drives

A Relatively cheap

Office of

~
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New Technolog-

A In HPC we like to move data around
I Fast interconnects
I Parallel file systems
I Diskless nodes

A How does this contrast to other organizations
with large data problems? (Google, Yahoo,

Facebook @'h
i Slow interconnects ‘ i "-2020 a/o

I Local disk on compute nodes
I Move the computation to the data

Not all HPC problems can be setup in ama
reduce structure, but with more datasets coming
ofic  from sensors, detectors and telescopes, wh |,:j>|‘.n|
> can HPC learn from théadoopmodel? senciey Lag it




| ne Recommend-

A Think about the big picture

I Run timevsPost Processing trade off

| Decide how much 10 overhead you can afford
| Data Analysis

I Portability
|

|

" Longevity

| Storability

A Write and read large blocks of I/O where ever
possible

Office of

, U.S. DEPARTMENT OF
ENERGY science
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~recent Lover ot
NERSC Rest

JUNE 2010 VOLIE ) NABER
TiiE L Structure
sk MSST R
PHYSICS msms
..... - e
ATOM-EY-ATOM ANALYSIS
2010 e

O pwtoyn mnd agming
CRONARY.

. —
PHYRIGS OF
PLASHAS
W. Dorland g E.Bylask > P. Li

2(?I0an _ CLIMATECHANGE U'L;gfy an ngg - 20 201I(;J

‘o J 1

Tn

0 NiSo-Bien condiions n O sarty

NERSC is enabling new high quality science across
disciplines, with over 1,600 refereed publications last year
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