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Overview

AOur community has major challenges in HPC as we move to extreme
scale

I Power, Performance, Resilience, Productivity

I New technologies emerging to address some of these challenges
A Heterogeneous computing
A Nonvolatile memory

I Not just HPC: Most uncertainty in at least two decades

AWe need performance prediction and engineering tools now more than
ever!

AAspen is a tool for structured design and analysis
I Co-design applications and architectures for performance, power, resiliency
I Automatic model generation
I Scalable to distributed scientific workflows
I DVFT anew twist on resiliency modeling OAK RIDGE
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Notional Future Architecture
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Hardware

Special
Purpose

See ISC30 talks

Interconnection
Network
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Slide courtesy of ExMatEx Co-design team.

Workflow within the Exascale Ecosystem
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Prediction Techniques Ranked

Speed

Scalability

Ad-hoc Analytical Models
Structured Analytical Models

Simulation — Functional
Simulation — Cycle Accurate
Hardware Emulation (FPGA)

Similar hardware measurement
Node Prototype

Prototype at Scale

Final System
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Prediction Techniques Ranked

Speed

Scalability

Ad-hoc Analytical Models
Structured Analytical Models
Aspen

Simulation — Functional
Simulation — Cycle Accurate
Hardware Emulation (FPGA)
Similar hardware measurement
Node Prototype

Prototype at Scale
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Aspen:

Source code

void CalcMonotonicQGradientsForElems(Index t p nodelist[T_NUMELEMZ],
Real t p_x[T_NUMNODE], Real t p_y[T_NUMNODE], Real t p_z [T_NUMNODE],
Real t p_xd[T_NUMNODE], Real t p_vd[T_NUMNODE] ,Real_t p_zd[T_NUMNODE],
Real t p_volo[T_NUMELEM], Real t p vnew[T_NUMELEM],
Real_t p_delx zeta[T_NUMELEM], Real_t p_delv_zeta[T_NUMELEM],
Real t p_delx xi[T_NUMELEM], Real_t p delv_xi[T_NUMELEM],

2331 Real_t p_delx eta[T_NUMELEM], Real t p_delv_eta[T_NUMELEM])

2332 B -
—

Index t© i/

Index t numElem = m numElem;

#pragma acc parallel loop independent present (p_vnew, p_nodelist, p_X, p_¥, b_zZ, p_xd, A\
p vd, p_zd, p_volo, p delx xi, p delx eta, p_delx zeta, p delv xi, p_delv eta,\
p_delv_zeta)

for (i = 0 ; i < numElem ; ++i ) {
const Real_t ptiny = 1.=-36 ;
Real t ax,ay,az ;

2341 Real_t dxv,dyv,dzv ;

2
const Index t *elemToNode = &p_nodelist[o#%i];

Index Tt n0 = elemToNode[O]
Index t nl — elemToNode[1] &
Index Tt n2 = elemToNode[2]
Index_t n3 = elemToNode[3]
Index Tt n4 = elemToNode[4]
Index t nS = elemToNode[5] &
Index Tt né = elemToNode[&]
Index t n7 = elemToNode[7] :

Real t x0 = p_x[n0] ;

Creation

A Static analysis via compilers
A Empirical, Historical

A Manual for future applications

Abstract Scalable Performance Engineering

Aspen code

kernel CalcMonotonicQGradients {

execute [numElens]

{
loads [8 * indexWordSize] from nodelist
£/ Load and cache position and velocity.
loads/caching [8 * wordSize] from x
loads/caching [8 * wordSize] from y
loads/caching [B *+ wordSize] from z

loads/caching [8 * wordSize] from xvel
loads/caching [B *+ wordSize] from yvel
loads/caching [8 * wordSize] from zvel

loads [wordSize] from volo

loads [wordSize] from vnew

£/ dx, dy, etc.

flops [92] as dp, simd

/7 delvk delxk

Flops [9 + 8 + 3 + 38 + 5] as dp, simd

stores [wordSize] to delv_xeta

7/ delxi delvi

Flops [9 + 8 + 3 + 38 + 5] as dp, simd
stores [wordSize] to delx_xi

/7 delxi and delv]

Flops [9 + 8 + 3 + 38 + 5] as dp, simd
stores [wordSize] to delv_eta

Representation in Aspen
A Modular

A Sharable

A Composable

A Reflects prog structure

Existing models for MD, UHPC CP 1,
Lulesh, 3D FFT, CoMD, VPFFT, é

Notation
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Use
A Interactive tools for graphs, queries

A Design space optimization
A Drive simulators

A Feedback to runtime systems

Researchers are using Aspen for parallel applications, scientific workflows, capacity planning, quantum computing, etc

K. Spaffoo)dand J. S. Vetter, fAAspen:
Computing, Networking, Storage, and Analysis, 2012

A Domain

S p e cSC12i ACM/IEREIgennatigral Cbnéerenc® fer HifghoPerformances
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Manual Example of LULESH

P branch: master~  aspen / models / lulesh / lulesh.aspen =
] ] : 147 kernel CalcMonotonicQGradients {
8 jsmeredith on Sep 20, 2013 adding models
148 execute [numElems]
1 contributor 149 I
158 loads [8 # indexWordSize] from nodelist
336 lines (288 sloc)  9.213 kb Raw Blame History @ S T 151 /f Load and cache position and wvelocity.
o T, 152 loads/caching [8 * wordSize] from x
s lulesh.aspen 153 loads/caching [8 * wordSize] from vy
314 154 loads/caching [8 * wordSize] from z
4 // An ASPEN applicatiocn model for the LULESH 1.81 challenge problem. Based -
5 /# on the CUDA wversion of the scurce code found at: -
& /f https://fcomputation.llnl.gov/casc/ShockHydro/ 156 loads/caching [8 * wordSize] from xwel
7\ 157 loads/caching [8 * wordSize] from ywvel
7 param nTimeSteps = 14895 . .
g 158 loads/caching [8 * wordSize] from zwel
1@/ Information about domain 150
1 dgeElems = 45 .
T | param edge ens 168 loads [wordSize] from volo
12 param edgeNodes = edgeElems + 1
13 161 loads [wordSize] from vnew
14 param numtElems = edgeElems™3 1z l”, dx d}l’ etc
L s ¥ ¥ .
15 param numiodes = edgeNodes”™3 .
163 flops [98] as dp, simd
17 // Double precision 154 ff delvk delxk
18 dsi =8 o .
s | T o 165 flops [9 + 8 + 3 + 3@ + 5] as dp, simd
o8 /f Element data 166 stores [wordsize] to delv_xeta
21 data mNodelist as Array({numElems, wordSize) 17 Jf delwi delvi
22 data mMatElemList as Array(numElems, wordSize) o 1 g 5 3 = 5 d ‘
23 data mNedelist as Array(8 * numElems, wordSize) // B nodes per element Lo ops [9 + + + + 5] as dp, sim
24 data mlxim as Array(numElems, wordSize) 169 stores [HD[‘US]-.ZE] to dElK_Ki
25 data mlxip as Array(numElems, wordSize) R Iy dEl)(]' and L'.|E1'u’:|'
26 data mletam as Array(numElems, wordSize) o .
27  data mletap as Array(numElems, wordSize) 171 flops [9 + B + 3 + 38 + 5] as dp, simd
25 data mzetam as Array(numElems, wordSize) 172 stores [HD[‘E'SZI..ZE] +o delv eta
20 data mzetap as Array(numElems, wordsize)
3 e

&

data melemBC as Array(numElems, wordSize)
data mE as Arrayi(numElems, wordSize)

data mP as Arrayi{numElems, wordSize)

%OAK RIDGE
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Aspen allows Multiresolution Modeling

Scenario Scope
y

Wide-Area Networking,
Distributed Scientific Workflows Files, Many HPC systems,
and Archives

Computation, Memory,

HPC System Communication, 10
o
-
Nodes Computation, Memory,
Threads
@ 4 OAK RIDGE
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Node Scale Modeling with COMPASS

OAK RIDGE
National Laboratory




COMPASS System Overview

ADetailed Workflow of the COMPASS Modeling Framework

Optional feedback for advanced users

Input Program OpenARC IR with

source code :
Analyzer Aspen annotations

Aspen IR Generator

Program
characteristics ASPEN IR
(flops, loads, stores, Aspen application

etc.) Aspen model

Performance Aspen IR

Runtime prediction Prediction Tools Postprocessor
Aspen machine

- model
Other program
analysis

S. Lee, J.S. Meredith, and J.S. Vetter, ACOMPASS: A Fr asomwoR¥ KRIPCEA | ¢
International Conference on Supercomputing (ICS). Newport Beach, California: ACM, 2015, 10.1145/2751205.2751220.



000 =5 T U0 = LI bD =

int N = 1024;
void matmul(float xa, float b, float %c){ int i, j, k ;
#pragma acc kernels loop gang copyout(a[0:(NxN)]) \
copyin(b[0:(N+N)],c[0:(N*N)])

for (i=0; i<N; i++){
#pragma acc loop worker

for (j=0; j<N; j++) { float sum = 0.0 ;
for (k=0; k<N; k++) {sum+=b[ixN+4+k]xc[kxN+j];}
a[i*N+j] = sum; }

} //end of i loop
} //end of matmul()
int main() {

int i; float *A = (float*) malloc(N*N=*sizeof(float));

float *B = (float*) malloc(N*Nxsizeof(float));

float *C = (float*) malloc(N*N#sizeof(float));

for (i =0;1i < NxNjit+4)

{ A[i] = 0.0F; B[i] = (float) i; C[i] = 1.0F; }
#pragma aspen modelregion label(MM)

matmul(A,B,C);

free(A); free(B); free(C); return 0;
} //end of main()

000 =1 U = W bo

MM example generated from COMPASS

model MM {
param floatS = 4; param N = 1024
data A as Array((N+N), floatS)
data B as Array((N=+N), floatS)
data C as Array((N«N), floatS)
kernel matmul {
execute matmul2_intracommIN
{ intracomm [foatS*(NxN)] to C as copyin
intracomm [floatS*(N*N)] to B as copyin }
map matmul2 [N] {
map matmul3 [N] {
iterate [N] {
execute matmul5
{ loads [floatS] from B as stride(1)
loads [floatS] from C; flops [2] as sp, simd }
} //end of iterate
execute matmul6 { stores [floatS] to A as stride(1) }
} // end of map matmul3
} //end of map matmul2
execute matmul2_intracommOUT
{ intracomm [floatS*(N=xN)] to A as copyout }
} //end of kernel matmul
kernel main { matmul() }

} //end of model MM

OAK RIDGE
National Laboratory




Input MatMul Code Annotated to Use an Alternative
Algorithm

int N = 1024;

#pragma aspen control execute flops(N"2.372, traits(sp)) \
stores(N*N*floatS:to(A):traits(stride(1))) \
loads(N*N*floatS:from(B):traits(stride(1)), ...) €

void matmul(float * A, float * B, float * C) {

... Ilthe original function body is here.

} //lend of matmul()

int main()

{
}

... Ilthe original main code is here.

A The original MatMul code uses a simple algorithm with O(N3) load operations.

A The new Aspen directive overrides the result produced by the analysis framework for the matmul() function
to use the Coppersmith-Winograd algorithm that requires only O(N?372) operations, generating a new
Aspen application model without rewriting the input program.,

OAK RIDGE
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Annotation Overhead

Benchmark Name

JACOBI
MATMUL
SPMUL
LAPLACEZ2D
CG
EP
BACKPROP
BFS
CFD
HOTSPOT
KMEANS
LUD
NW
SRAD
LULESH

Lines of Code Lines of Annotation

Annotation Overhead
(%)

E
National Laboratory



Example: LULESH (10% of 1 kernel)

kernel IntegrateStressForElems

execute [numElem_CalcVolumeForceForElems]

loads [ 1*aspen_param_int)*8l)] from elemNodes as stride(1)
loads [((1*aspen_param_doublé)*8)] from m_x
loads [((1*aspen_param_double)*8)] from m_y
loads [((1*aspen_param_double)*8)] from m_z _
loads [(1*aspen_param “double)] from determ as stride(1)
flops [8] as dp, Simd
flops [8] as dp, simd
flops [8] as dp, simd
flops [8] as dp, simd
flops [3] as dp, simd
flops [3] as dp, simd
Hops % as gp, s!mg
ops [3] as dp, sim - - i
stopres' 1*asBen_param_doubIe)] as stride(0) Input LULESH program: 3700 lines
fI?ps [ 1as dp, simd doubl ride(0 of C codes
stores [(1*aspen_param_double)] as stride :
f|?ps[ ias dB, Swﬁ’d —d N ;} o EO; - Output Aspen model: 2300 lines of
stores [(1*aspen_param_double)] as stride
fops [2] as dp. simd - | Aspen codes
loads [(1*aspen_param_double)] as strlde(Og
stores [(1*aspen_param_doublé)] as st_rldeg )
loads [(1*aspen param “double)| as strlde(g
stores [(1*aspen_param_doublé)] as strldeg))

*aspen_param_double)] as stride(

OAK RIDGE
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Model Validation

e FLOPS LOADS STORES

MATMUL 15% <1% 1%
LAPLACE2D 7% 0% <1%
SRAD 17% 0% 0%
JACOBI 6% <1% <1%
KMEANS 0% 0% 8%
LUD 5% 0% 2%
BFS <1% 11% 0%
HOTSPOT 0% 0% 0%
LULESH 0% 0% 0%

0% means that prediction fell between measurements from optimized
and unoptimized runs of the code.

OAK RIDGE

National Laboratory



Model Scaling Validation (LULESH)

Bytes Stored

1.E+11
1.E+10 =
O
O

1.E+09

O
1.E+08
1.E+07 . . .

10 20 30 40

Edge Elements

m Measured
(Unoptimized)

——ASpen
Prediction

¢ Measured
(Optimized)
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Example Queries

Benchmark Runtime Order
BACKPROP HxO+H=xI
BFS nodes + edges
CFD nelr * ndim
CcG nrow -+ ncol
HOTSPOT simime * rows * cols
JACOBI m_size ¥ m_size
KMEANS nAttr * nC'lusters
LAPLACE2D n?

LUD matriz_dim®
MATMUL N« Mx* P
NW max_cols®
SPMUL size + nonzero
SRAD niter * rows * cols

Table 2: Order analysis, showing Big O runtime for each
benchmark in terms of its key parameters.

Method Name FLOPS/byte
InitStress TermsForElems 0.03
CalcElemShapeFunctionDerivatives 0.44
SumElemFaceNormal 0.50
CalcElemNodeNormals 0.15
SumElemStressesToNodeForces 0.06
IntegrateStressForElems 0.15
CollectDomainNodesToElemNodes 0.00
VoluDer 1.50
CalcElemVolumeDerivative 0.33
CalcElemFBHourglassForce 0.15
CalcFBHourglassForceForElems 0.17
CalcHourglassControlForElems 0.19
CalcVolumeForceForElems 0.18
CalcForceForNodes 0.18
CalcAccelerationForNodes 0.04
ApplyAccelerationBoundaryCond 0.00
CalcVelocityForNodes 0.13
CalcPositionForNodes 0.13
LagrangeNodal 0.18
AreaFace 10.25
CalcElemCharacteristicl.ength 0.44
CalcElemVelocity Grandient 0.13
CalcKinematicsForElems 0.24
CalcLagrangeElements 0.24

Runtime (sec)

_

CalcHourglassControlForElems

W Measured

CalcFBHourglassForceForElems

IntegrateStressForElems ——H

CalcKinematicsForElems
CalcMonotonicQGradientsForElems

Other Functions

O Predicted

0%

1E+02

[ary
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edgeElems

50

10% 20%
Percentage of Total Runtime

w==Measured CPU
=—=Measured GPU
« «Aspen CPU
== sAspen GPU

© Runtime Using
Aspen Prediction

Fig. 7: Measured and predicted runtime of the entire LULESH
program on CPU and GPU. including measured runtimes using
the automatically predicted optimal target device at each size.
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Fig. 8 GPU Memory Usage of each Function in LULESH,
where the memory usage of a function is inclusive; value for
a parent function includes data accessed by its child functions
in the call graph.
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Figure 1: A plot of idealized concurrency by chronological
phase in the digital spotlighting application model.




Performance Modeling
for Distributed
Scientific Workflows

OAK RIDGE
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Aspen allows Multiresolution Modeling

Scenario Scope
y

Wide-Area Networking,
Distributed Scientific Workflows Files, Many HPC systems,
and Archives

Computation, Memory,

HPC System Communication, 10
o
-
Nodes Computation, Memory,
Threads
@ 4 OAK RIDGE
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PANORAMA Overview

—>.(Simulation)<

A

\4

Workpow Execution

OAK RIDGE
E.Deelman, C. Carotherset al ., APANORAMA: An Approach to Perfor maMrkilewsModiehi egnanido Da k g&h'odid-2wers £ x t
High Performance Computing Applications, (to appear), 2015,



Workflow:
ACME
Climate

DOE Accelerated Climate Modeling
for Energy (ACME) Testbed

S Archive to
Modeling Storage
Run Model
Configure
ESM Case e Run ESM OD":::‘
or Ensemble
- Retrieve required
‘ Datasets - Store
- Configuration Manually Model - Store manually history files
Information Provided Source provided files - ESM
(Store and/or Retrieve) File(s) (svnigit) run status -
- Store diagnosti¢
N Ay P \i 'vm'!
mmm L= Rapid, reliable, data transport and synchronization: Globus Oniine
Dataset Dataflow ESGF - e 32U g \d M)
ACME Database
Ui Drioars isbiciciion Il Enables Search/Discovery, Automated Reproducibility, Workflow Status,
e Monitoring Dashboard, Data Archive and Sharing

Automated Workflow Simulation Manager & Provenance Data Archive

Process Control AKUNA + ProvEn ESGF

Process level Dataflow Single sign on and group management: Globus Nexus

Figure 3: The complete Accelerated Climate Modeling for Energy (ACME) includes many interacting components distributed
across DOE labs.



Workflow: SNS

Parameter

Wide Anguiar-Range 3
Nanoscale-Ordered Materials Chopper Spectrometer Fine-Resolution Fermi Chopper valm
Backscattering Diftractometer INOMAD) - BL-18 (ARCS) - BL-18 Spectrometer (SEQUOIA) - BL-17
Spectrometer (BASIS) -

Ligubde. sohitions. glasses. polymers. Dynamics of comples fuids. quanturs fubds. magnetism.
condenres manes

8t-2 portaty crdered compes matensn
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mclecutar yatems, potymers. BOGGY.
ater
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sl?s:ueunq:nsl.mmom BL-168 Equl'brate
o U L Stage

materian scince

Neutron Spin Echo Spectrometer Hybrid Polarized Beam
INSE) - BL-15 Spectrometer
(HYSPEC) - BL-148

Spallation Neutrons and Pressure
Bittractometer (SNAP) - BL-3

Production
Stage

fundamental Neutron
Physics Beam Line - BL-13

N Macromelecular Single-Crystal Difiractometer
Cold Neutron Chopper J » 1 Neutron (TOPAZ) - BL-12
Spectrometer (CNCS) - BL-5 . | Dittractometer
(MaNDi -
BL-11B (2013

Elastic Diftuse Scattering Imaging
Extended Q-Range Small-Angle Neutron Sovectrometer (CORELLI - Instrument at SNS
Scattering Difiractometer (EQ-SANS) - BL-6 BL-820M (VENUS) - BL-10
Ui scoonce. pofymer and (ofordel syslems =aterials scence ey Skt - e

o) e e beemeres semnces

Powder Ditiractometer (POWGEN) -

* Scheduled commissioning date Aborele-iowel irwctores n chomisiey. materiols scionce, e

Engineering Materials Difiractometer
(VULCAN) - BL-7

assena

‘ : ‘Sassena

Coherent Incoherent

S ol

Reduced || Analysis &

Raw Data: || Acquisiti Translated : : . ~

g cquisition Reduction : is: H
up to 10712 q Data: Data: e.g. || Simulation | Analysus. PDF. m g nTI D

; »  Powder MD simulation,
events per Gigabytes T
Diffraction etc.
second to Terabytes Pattern
= Figure 2: The SNS refinement workflow executes a parameter

sweep of molecular dynamics and neutron scattering simulations
to optmize the value for a target parameter to fit experimental
data.

Feedback guiding changes to the experiment setup




Automatically Generate Aspen from Pegasus DAX,
Use Aspen Predictions to Inform/Monitor Decisions

1 kernel main

2 |

3 par {

4 seq {

5 call namd.eq.200()
6 call namd_prod.200()
7 }

8 seq {

9 call namd.eq.290()
10 call namd-prod-290()
11 }

12 }

13 par {

14 call unpack.database()
15 call ptraj.200()

16 call ptraj-290()

17 }

18 par {

19 call sassena-incoh-200()
20 call sassena.coh.200()
21 call sassena_incoh_290()
22 call sassena.coh-290()
23 }

24 }

Listing 1: Automatically generated Aspen model for
cample SNS workflow.

Dashboard
<web Ul>

Anomalies
|

- Correlation an-d -
Workflow DB Anomaly Detection Monitoring DB
<RDBMS> <Persistent Query <InfluxDB>
Agent=
Adaptation
Performance Workflow
Estimates  Monitoring
Workflow
System
<Pegasus> Real Time Infrastructure
Performance_ Monitoring
| Task Monitor
<Kickstart> -
Performance L Task m
Estimates /A\PPlication  Execution 4
Parameters . v
Application
Task IW
Analytical
Modeling
<Aspen> Infrastructure
S ————————————

Simulation
<ROSS/CODES>

Workflow, Task and
Machine Models




Workflow Monitoring Dashboard i

pegasus-dashboard

| Gantt Chart

Workflow Execution Gantt Chart

stage_worker_local_montage_0_local
create_dir_montage_0_CCGData
stage_in_local_CCCData 5 0
stage_in_local_CCCData 8 1
stage_in_local_CCGData_8_0
stage_in_local_CCGData_2_0
stage_in_local_CCGData_0_1
stage_in_local_CCGData_0_0
stage_in_local_CCGData_3_0
stage_in_local_CCGData_6_0
merge_mProjectPP-3.3_PID1_ID1
merge_mProjectPP-3.3_PID1_ID2
merge_mDiffFit-3.3_PID2_ID1
merge_mDiffFit-3.3_PID2_ID4
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