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We build the world’s fastest
supercomputers to help solve
“Grand Challenges”in science

and engineering
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Energy Manufacturing Life
: Sciences

Financial
Education Services Sciences

Government
and Defense

Anything that can be simulated needs a Cray



Cray Today

* Supercomputers
* Flexible Clusters
* Hybrid Architectures

Government -
Energy

and Defense
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* Integrated Storage
» Data Management

Manufacturing
Sciences

Anything that can be simulated needs a Cray

* Tiered Storage Archive

Education
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» Graph Analytics
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» Hadoop & Spark based
Analytic Solutions

Financial
Services

Earth
Sciences
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Technology Shifts and Responses... —_ Yo

e It has been 40 years since the first
Cray-1 Supercomputer shipped to Los
Alamos

e Optimal design has always been
dependent on underlying technologies

e Processors & Memories
e Storage
e Interconnects

e Shifts in these technologies can (and
will) have large impacts on how e
systems look and how they are \
programmed

This talk will look forward to future technology shifts and their
Impact on system design and use
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Post Dennard Scaling and the Power Wall
(2005 onward)

Voltage no longer drops with feature size
— perf/W/year has slowed dramatically (70% = 20% CAGR)
— Have become power constrained

Communication much more expensive than computation

64-bit DP

256-bit access
8 kB SRAM SWONK,—)  Efficient off-chip

link

CRINK.—> DRAM Rd/Wr

20mm
28nm IC



Architectural Response — Multicore Processors

121,306

Average Number of
Processor Cores per

Supercomputer
(Top 20 of Top 500)

Source: www.top500.0rg
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\
And a New Processor Landscape... AN

_ - idi Many Core \
/MUHICOFG Processors\ ﬂ;PU computing (Nvidia Keplerx / Simpler)clzores with )

Lots and lots of much simpler processors _
Xeon Vector Processing

{ |ntel) inside”

“Xeon Phi’J

[ Large Memory ]

Large
[ e j (Csmalr vem ) Y

Memory ‘ g 3
t Parallel Serial Parallel
Serial Optimized 'ﬁ' Optimized Optimized

\ Optimized / \ / \ / :
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Hemsoth, “Breaking: Detailed Results from Today’s Top 500 Fastest Supercomputers List’. HPCWire, June 23, 2014
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The next commodity disruption?

e ARM is much higher volume than
X86, but is mostly used in consumer
products (phones, tablets,
automobiles)

e ARMG64 is starting to ship its first
real server parts

e ARMG64 is targeting high-perf, high-
volume markets







Memories Through the Decades

Small, Fast
Memories

v
\g
Fy 1

Large, DRAM-
based memory,

Distributed DDR
Memory - caches

local memory

More cores per node-
Some “hybrid” nodes
with fast memories

* Out-of-core .
programming

» Single Core :

* Vectors .

Convert to in- .
core algorithms

Still single-core .
Vectors

Big Disruption!
Convert to MPI
Vectorization not
SO important

Some conversion

to CUDA
Some hybrid
programming
X86 “Vectors”




Application Performance Correlates with Bandwidth A
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Memory Bandwidth "CrayMarks"




...Not FLOPS

High flops without high memory bandwidth....

not so useful.

2 3 4 5

Memory Bandwidth  ® "CrayMarks" ™ Flops
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Looking Forward - Expect a Strong Migration to HBM &SERANyY

\
S \

e Standard DDR memory BW has not Today’s DDR4 vs. Future HBM3 \
kept pace with CPUs 1800 185
e Many processors will be adopting 1600 160
1400 140
stacked, on-package memory 1200 120
e HBM: 1000 100
e 10x higher BW, 10x less energy/bit 800 80
e Much lower latency 000 "
e Costs less than 2x DDR4 per bit 400 20
e JDEC standard with multiple sources 202 — 0
bandwidth (GB/s) pJd/bit
T (HBM) m 4 channels 2.4 GHz DDR4
emory

Silicon die m 4 stacks of gen-3 HBM on package
PKG Substrate o b °

May want more, smaller nodes, with
better BW and capacity per Flop



Exascale Computing Memory Trends

On Node

Off Node

Recent NERSCS8 and Trinity systems will

CPU

|

Memory
(DRAM)

|

Storage
(HDD)

_—

CPU

On Node— Near Memory

=)

Off Node—

contain “Near Memory” Layers

Copyright 2016 Cray Inc.

(HBM/HMC)

Far Memory
(DRAM/NVDIMM)

— I
Near Storage
(SSD)
|

Far Storage
(HDD)

Future




Xeon Phi KNL Node - 2016

« >60 Cores

« >3 Tflops

« Up to 16GB High Bandwidth
Memory (~5X DRAM BW)

* Flexible Memory Modes

L 16 GB MCDRAM
intel) i '
Wl Xeon Phi 5°“tg‘h?r'dge
inside” “KNL ) =
XEON PHI
a8
((o)
|
X
ko
Q
Cray XC Node 8

Single Socket,
Self-Hosted
Node




: : Edﬁ-l FEARS
Multicore vs. Manycore Parallelism
fntel vy Bridge intel Xeon-Phi (Knights Landing)

TLP 24 12 cores; TLP 240+ B0+ cores:
2 hardware 4 hardware
threads each threads each

DLP 4 256 bit wide DLP a 512 bit wide
vector unit vector unit

* TLP: Thread Level Parallelism
* DLP: Data Level Parallelism

3 oammieonrof | Oficg of
@ ENERGY o

\
Manycore Parallelism — Likely more than MPl alone &SR~y
e

\
\

Computers are not

getting faster...
Just wider

\

Programmers will need to
deal with multi-level
parallelism

Slide courtesy of Scott French -NERSC User Services Group

Vectors are
back!




Simplifying Hybrid Conversion with Reveal CRAY
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Q
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s g s e Navigateto relevant loops to parallelize
ScunuLuuuim

SWeepzT=0: Loop@s1

anon 5] Reveal F Call or /0 at line &1 nluwnnpzmn
Elle Edit View Help Call or O at line 97 of sweepz . . . .
e ) ° entl arallelization and scopin
Name  Tvpe  Scope Info
Source -
= e Se 1 anay [ BRIBEBNRE] FAIE Last denning iteration not knawn for variabte that s five on exi .
- afabola 0 _ WARN: LastPrivate of array may be very expensive I S S u es
PARABOLA =a] wendit fat 1 arvay  [URGSBIVEE] FAIL Last defining iteration not known for variable that is live on exit
07166 Loop@e7 —m o WARN: LastPrivate of array may be very expensive
- rlemann 50 o L =1, is%
- RIEMANH 1 53 radius - zxc(i+nypazvisz) 3 aray  [URIESBINEE] FAIL Last defining iteration not known for variable that is live on exit
22982 Loop@e3 54 theta = zyc(jemypeytis) WARN: LastPrivate of array may be very expensive
14100 Loop@ed 55 stheta = sin(theta) T |Unresoived]| i i = i -
" o @ B§  hote - osinithets) . q Array FAIL: Last defining iteration not knawn for variable that is live on exit PY
- SWEEPZ @ s7 WARN: LastPrivate of array may be very expensive
[-Lil 58 I Put state variables into 10| delpl Scalar  Private
Loop ! - -
- trat o wn e P chain (e.g.: shared reductions
- SWEEPY @ = ° ok ‘( e delbc Scalar  Frivate . '
39347 Loop@35 @ n o=k + ks*(m- +
39342 Looh@36 62 Fin) = recv3(l gk, i.m) dtheta Scalar  Private
- Sweeps 150 @ &3 pin) = recva(z,jk,i,n) dvoll  Amay  Private FAIL incompatable with ‘natural’ scope
- SWEEPX1 o4 utn) = recva(s, j,k,i,n) WA LasiPrivate of array may be very expensive
38855 Loop@3! @ 65 Vi) = recy3(a k. i.n) Y N vt AL B
38853 Loop@32 a6 Win) = recv2(4, .k, i.m) x rray rivate incompatable with ‘natural scope
- Sweepe2 B0 [

7 onmii e e e e See vectorization and other compiler
- SWEERX ) anddo o Anay  Private FAIL Incompatable with ‘natural’ scope
39166 Loop@on — a

39164 Loop@32 S WRRI L astPrivate of array may be very expensive

WARN LastPrivate of array may be very expensive.

vhone plloaded vhona_loeps.apz leadsd
————

- YaN-] [ Reveal OpanMP Scoping
Seope Luops | Scoping Results

aco - Operte Drecive - —— | @ Optlonally Insert paraIIeI directives into
I Directive inserted by Cray Reveal. May be Incomplete 1 ot sweepern —_—

1$OMP parallel do defaulinone) ] SN ine B o eeehi R

1§OMPE unreseivad (GvaLc 0. e LAiate.par.o.rrad s steta.ave . 8 i Di [close |

1oMPe 1heta. v wxaxa0) Name  Tyoe  Scops o =

SOMPE private (L1 v delp delpt shock femp2.old_flatonermicl. &

1$OMPE SN0 gamfacl gamfacd dineia dolixnacinoliy & ez Scalar  Shared

I$OMP & Shared (gamm.|52I5.ks.myR 8y, Mype 2naeom zlsttznpeznngntz, & ngeams  Scatar  Snared

jsoves eV st iz e e 225 et Seai =hared

ngne Scalar Snared
o3y Shared

e e e Validate scoping correctness on existing

O — . .
Copy Directive | [ 3€ Close :E “; Z:E:Ej d I reCt I VeS
Find Hame:

InsanDuactva] [Snow Diretis clze




Interconnects
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Interconnects Matter More and More... e — V- QN

121,306

Average Number of
Processor Cores per

Supercomputer
(Top 20 of Top 500)

Source: www.top500.0rg

10,073

202 408 722 808 1,245 1,073 1,644 1,847 2,230 2,827 3,093 3,518
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Cray Interconnects Over Time

e Cray T3E
e 3D Torus
e E-Registers
e PVM, Shmem and later MPI
e Copper Cables

e Cray XT3 - SeaStar
e 3D Torus

e Scalability — Connectionless
protocol

e Backplanes & Copper
Cables




Cray Interconnects Over Time (continued...) ==A:Yf '
) e Cray XE6 — Gemini

e Gemini Router

Still a 3D Torus!

Fast Message Rates
Resilience

Backplanes & Copper Cables

e Cray XC30 - Aries
e Dragonfly —5 Hop
e Global Bandwidth

e Backplanes, Copper, Active
Optics — 14 Gpbs signaling




Dragonfly Topology — XC Compute Blade PN

(Y \

Rank 1 — Backplane
Cu Cables x 15 links
14 Gbps

Rank 3 — Optics
' Cables x 10 links
12.5 Gbps

Aries 48-port
Router
4 NICs, 2 router tiles

4 compute
nodes per blade

Rank 2= (COITREl | 16 b'tPC!ce:O GT/
Cables X 15 links ' s at 8.7 3 /s
per direction

14 Gbps

Copyright 2016 Cray Inc.



Dragonfly is placement insensitive

e Example: Sandia miniApp, miniGhost

e Running on 2256 node CSCS system
(Yaglobal bandwidth)

e Runtime in seconds for 100 cycles

Contiguous Blocks of Random blocks of 64 Random layout of
512 nodes nodes nodes

69.0 | 68.8 | 68.9 | 68.9

Perfect Placement M Worst-Case

< 3% variance from best-case Placement
to worst-case placement

69.4 |1 69.4 | 69.4 | 69.5 70.9 |1 71.0 | 70.6 | 70.5

COMPUTE | STORE | ANALYZE @
Copyright 2016 Cray Inc.
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e Topology — 24x24x24 Torus
e Longest Minimal Hop Count — 36
e Global Bandwidth — 21 TB/sec

e Topology — Dragonfly
e Longest Minimal Hop Count—-5
e Global Bandwidth — 218 TB/sec



Predictions for the Future

e Future interconnects will build
on what we have done

e Expectto see these
technologies in an “Exascale”
system

e Higher Radix Routers

e Higher Signaling rates

e Continued mixed use of electrical
and optical signaling

e Lower Diameter Topologies

First 64 port router
Cray X2 (2005)

COMPUTE | STORE
Copyright 2016 Cray Inc.
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Example Dragonfly Network with a 64-port Switch

[ All-to-all amongst groups \

544 global links

17

So

E
.

16

31: all-to- aIIw/|n group

Group 0

‘| Sa

Network Slice

17,408

Group 544

—1 17,439

i)
i

-
o &

Scales to 279K endpoints, with a network diameter of 3 hops!
Only a single hop over a long (optical) link




Aurora — Qur First Shasta Order

e 180 PetaFlop Peak Supercomputer
Performance

e DOE/ANL ALCF (Argonne
Leadership Computing Facility) Win
based on Cray’s:

e Scalable, adaptive
supercomputing architecture
collaboration and development
with Intel

e Targeting both supercomputing
and analytics workloads

Argonne

NATIONAL

LABORATORY







Exascale Computing Memory Trends

CPU
On Node l
Memory
(DRAM)
T
Storage
Off Node (HDD)

=)

On Node—

Off Node—

_—

CPU

Near Memory
(HBM/HMC)

Far Memory
(DRAM/NVDIMM)

— I
Near Storage
(SSD)
|

Far Storage
(HDD)

Future

Recent NERSCS8, Trinity and KAUST orders will

contain both of these “future” technologies

Copyright 2016 Cray Inc.



Cray DataWarp /O Acceleration for Cray XC40 ==A:Yf '

S \

e Pure performance y
e 70 thousand to 40 million IOPS per system
e Quality of Service to applications CRANY ‘
e Breakthrough efficiencies DATAVWARE

e 5x the bandwidth of disk at the same cost

e Flexible Usage Models
e Local and Shared I/O models
e No application changes required

DataWarp overcomes the performance gap .‘ v
between compute and disk storage




Use Case: Local Storage on Demand cRac

Per Node Scratch RN,

« Each compute node in a job is assigned
a private part of the allocated SSD space

» Much faster than “faking it” with a parallel
file system

‘A UAW WAA'AT § ¥ s NJ U/

« Compute node swap space
 Protects from accidental memory —ERLOS

overflow
DATAVWARP
(z)

Copyright 2016 Cray Inc.



Use

\

Case: Shared Fast /ssd

Shared Fast Scratch

« High Bandwidth access to
shared files

* Files can be striped across
multiple DataWarp Nodes

« Space can be temporary for the
job, or be marked as persistent
to work between jobs

Copyright 2016 Cray Inc.

C=RANY"
DAaTAVWARP




Use Case: Burst & Trickle

Burst & Trickle

\J

« User asks for enough SSD to cover
the number of concurrently resident
checkpoints

« High Bandwidth checkpoints are
written to SSDs

« DataWarp library calls allow the user
program to trigger asynchronous data
motion at appropriate times

Copyright 2016 Cray Inc. @



Use Case: File System Caching

Implicit File System

. Caching

» Global file system caching

* Both on-demand and
transparent to the
application

* Phase 2 Feature

Copyright 2016 Cray Inc.



DataWarp Notion — Minimize Compute Residence Time —mgm.as~ .

Timestep Writes «
A ) \
\
Node Initial Final Data
Count Data Load Writes \
Time (Lustre Only) Key
Timestep Writes (DW
A P (DW) B Compute Nodes
[_] Compute Nodes - Idle
Node .
Count DW Preload |I:D>W [ ] I/O Time Lustre
ost B /O Time DW
Dump
] DW Nodes

Time (DataWarp)



Workload Manager Integration is Key:
Job With and Without DataWarp

#!/bin/ksh
#SBATCH -n 3200 -t 2000

export TMPDIR=/lustre/my_dir

srun —n 3200 a.out

#!/bin/ksh
#SBATCH -n 3200 -t 2000

#DW jobdw type=scratch \
access_mode=striped \
capacity=1TiB

#DW stage_in type=directory
source=/lustre/my_dir
destination=$DW_JOB_STRIPED

#DW stage_out type=directory \
destination=/lustre/my_dir\
source=$DW_JOB_STRIPED

export TMPDIR=$DW_JOB_STRIPED

srun —n 3200 a.out

workload manager
¢
Adaptive



World Record IOR Bandwidth - KAUST — Py

Data Warp Performance

3000 %’ i "'
l | '»\{
2500 m5 \ # )
”u" - \

-1*“ o

2000

Rate
GB/sec 1500

1000 1.5 TB/sec Write

500 1.8 TB/sec Read
0 L

0O 10 20 30 40 50 60 70 80 90 100 110

: "This has been a learning experience as well as
Time (sec) showing the new capabilities of our Cray XC40
= \Nrite Rate (GB/sec) - Read Rate (GB/sec) g P ” : y
system. Now we have all the ingredients to make

scientific discoveries faster.”
Test run with 4000 compute nodes against 264 DataWarp nodes

-Saber Feki, Computational Scientist




140 DataWarp Nodes
4k random writes and reads
4480 1GiB Files




Looking Forward...

e DataWarp, or Burst
Buffer will become more
robust

e Cheaper, object storage
will replace parallel file
systems

e Clever software will
automatically move data
between layers with
minimal user
Intervention

What are all these storage layers?
Burst Buffers? Campaign Storage?

HPC After Trinit
1 2 PBJr
Memory hours
en — continuous
4-6 Tstec
Burst Buffer dence - hours
en — hours

HPC Before Trinit
DRAM
Lustre 1 2Tstec
i Parallel File System EETE|| CINSIERSVE o Bl Residence — daysiweeks
System Flushed - weeke
HESS 100 300 GBisec

Campaign Storage e —months y

Parallel Archive | hed onirs

Tape

105(53;r (p rall | tape
T

Archive

= Why do we need all those layers?

= Economics and maturity

@ Alamos

SSSSSSSSSSSS

OpemtedbyLnsAlamo National Security, LLC for NNSA

NS4
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Power &
Cooling
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Power Management & Control a{ — POV

MIHIU"
aeEEEs

Power Monitoring System Le\;el Power

- Power Database Management
» Accounting plug-ins to record - System Level Power Capping ~ + Node power capping
energy use by job « Time of day system power - P-State Control
* System Level power, water flow adjustment « Workload Manager integration
and temperature monitoring « Node Power Off / On policy . Application power profiling
» Power charging policies

,/’f"/ Power Mar




\
Example - WRF CRANT,
)
WREF - 512 MPI Ranks \
e 3 power levels tested 120000 20
e High: No Capping .
e Medium: 350 Watts per 110000 e 30
Node
. 100000 280
o Low: 320 Watts per Node & o
e Results 3 so00o 260 8
e Low power run required £, .
17.4% less energy than the
default settings 20000 220
e Runtime increased by just
200 60000 200
No Capping 350 Watts 320 Watts
=== Energy to Solution (Joules) e Run Time (Seconds)
R | Copyrih-il—Z(()?éFircEy Inc. | B



Looking Forward

e The first Exascale system will likely
exceed 20MW of total power

e Direct liquid cooling will likely be
required

e High voltage internal distribution may
be needed to Increase conversion
efficiency

e 45 degree water with high flow rates
will enable “free” cooling anywhere

e Power management features for ramp
up and down will be required







Sustained Performance on Real World Applications -
Running the largest jobs, Most Nodes, at High Utilization

Machine Vitals

Edison

Peak TFlop/s:
Jobs running:

Jobs queued:

Cores in use:

Backlog:

Cray XC30
Peak TFlop/s: 2,570 (2013)

2570
153
275
128,784 (96%)

0.9 days

Top Jobs

Center for Edge Physics Simulation: SciDAC-3 Center
Office: Fusion Energy Sciences
Investlgator Choong-Seock Chang

Computational studies in plasma physics and fusion energy
Office: Fusion Energy Sciences
Investlgator Abhay K. Ram

Quantum Chromodynamics with four flavors of dynamical quarks
Office: High Energy Physics
Investigator: Doug Toussaint
1ence Area: Lattice TO8
Cores: 18,432 (Ed|son)



Fusion of Supercomputing and Big (Fast) Data <=I=A:Yf '

\
Modeling The World
Feeding scientific, sensor, and
Math Models internet data into simulations Data Models

Simulation and D I : Analysis of large
modeling of the ata-Intensive datasets for

natural world via Processing knowledge discovery,

mathematical insight, and
equations. Analytic processing of simulation prediction.
output
\ Y,
( Compute , ( Store ) ( Analyze ,




Combining Analytics and Simulation on a Single

Machine - ICM
300 r XC
CS ——o
250
200
&
E 150
U]
100 ¢
50 F
D 1 | | 1
50 100 150 200
Nodes

Graph500 Results — Aries (XC)

compared with FDR (CS)

The Interdisciplinary Centre for
Mathematical and Computational
Modelling (ICM) will run simulation
and analytics workloads on their new
Cray XC40



HPC can learn from the Cloud ='=AY5' '

Improving portability and ease of use YO

Build with Certified Software
Stacks




Future Converged Architecture cRas

Converged Compute & Analysis System

V- \ /7
. Machine Other
Massively mgle/nghtI Batch & Container Learning & Distributed Memory &
Threaded Pre- hosted
Parallel Interactive . Complex In-Memory Compute-
/Post- analysis )
Simulations Visualization Network , Databases Intensive
Processing workflows . A
.. Analysis \ 4 Tasks
ric B
Flexible 10 Acceleration L Services

(" Parallel Storage
\_ AGINEE
Data

( = Wi Archival Storage

Cache, Metadata &
Data Movement

Bulk Storage




uture Is

seldom the
same as
the past”

Seymour Cray
dine 4, 1995

THE SUFERCOMPUTEN COMPANY
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