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|IEEE-CS Charles Babbage Award

In Recognition of Significant Contributions in the Field of Parallel Computing

Established in memory of Charles Babbage in
recognition of significant contributions in the
field of parallel computation. The candidate
would have made an outstanding, innovative
contribution or contributions to parallel
computation. It is hoped, but not required, that
the winner will have also contributed to the
parallel computation community through
teaching, mentoring, or community service.

Mateo Valero Named Recipient of 2017 IEEE Computer Society Charles Babbage Award
Citation: “contributions to parallel computation through brilliant technical work, mentoring PhD
students, and building on incredibly productive European research environment.”

Barcelona

Buparcompurtiog

Contor

Chertes Maciora!l e Sopesrompaianidn

@



Once upon a time ...

1986 and 1988 , UPC multiprocessor prototypes
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Our Origins...
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Barcelona Supercomputing Center
Centro Nacional de Supercomputacion

BSC-CNS objectives

Y, ¥ 4

Supercomputing services R&D in Computer, PhD programme,
to Spanish and Life, Earth and technology transfer,
EU researchers Engineering Sciences public engagement
\_ o\ /L
Spanish Government 60% [Eras =
BSC-CNS s ) ’
a consortium Catalan Government 30% ([l Bspeamenmesa
that includes - ’
Univ. Politécnica de Catalunya (UPC)  10% @) s
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Mission of BSC Scientific Departments

Earth
Sciences

Computer

Sciences

To influence grammed and
used: conip mming models,
performance ficial Intelligence term air
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The MareNostrum 4 Supercomputer
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Marenostrum 4
3D sketch

“Emergent technologies
computing nodes
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Mare Nostrum 4
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Design of Superscalar Processors

Decoupled from the software stack

Applications

select
Commit

Wakeup+
Data Cache
Register

Fetch
i
Decode
1
Rename
7
Instruction

v
 Register
file
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Latency Has Been a Problem from the
Beginning... ®
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» Feeding the pipeline with the right instructions:
» Software trace cache (ICS’99)
» Prophet/Critic Hybrid Branch Pis
 Locality/reuse
» Cache Me D87). Victim Cache ©
e Dug
e Anovel that boosts software prefetching (ICS’01)
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Kilo Instruction Processors (ISHPCO3,HPCA’06, ISCA’08)
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. and the Power Wall Appeared Later ®®®
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» Better Technologies
» Two-level organization (Locality Exploitatig
 Register file for Superscalar
* Instruction queues
» Load/Store G
e Direct W ction Queue Design (ICCD’04,

ICCD’05)
Content-a Tister file (ISCA'09)

Fuzzy computation (ICS’01, IEEE CAL'02, IEEE-TC’05). Currently known as
Approximate Computing ©
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Fuzzy computation

This image is the Performance
original one @ Low Power

Fuzzy
Computation

Binary
systems

(bmp) [l This one only used

~85% of the time
Accuracy while consuming

Compresion

~75% of the power
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« Simultaneous Multithreading (SMT)
» Benefits of SMT Processors:
* Increase core resource
 Basic pipeline unchg
e SOMes
o [ cd Resource Allocation (MICRO 2004)

» Rurfahead Threads for SMTs (HPCA 2008)
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Time Predictability (in multicore and SMT processors)

. e QoS
Definition: S . space
 Ability to provide a minimum performance to a task Tty

Requires biasing processor resource allocation

Where is it required:
* Increasingly required in handheld/desktop daig

» Also in embedded hard real-time systg N
How to achieve it:

 Controlling how resg

Inistic resource ‘securing’ (ISCA 2009)
Ime-Randomised designs (DAC 2014 best paper award)
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Vector Architectures... Memory Latency
and Power ©©Q©

Out-of-Order Access to Vectors (sca 1992, 1sca 1995)

Command Memory Vector (acr 1998)
* In-memory computation

Decoupling Vector Architectures Hrca 1996)
e Cray SX1

Out-of-order Vector Architectures icro 193
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Vector register-fils
o Vector Migs
o Arcl OI'S (PACT 1997, ICS 1998)
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Statically scheduled VLIW architectures

e Power-efficient FU
e Clustering
o Widening (vicro-98) NPT, \ S

e uSIMD and mvu
(ICPP-OS)
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The MultiCore Era

Moore’s Law + Memory Wall + Power Wall

[ Chip MultiProcessors (CMPs) }
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How Multicores Were Designed at the Beginning?

IBM Power4 (2001) IBM Power7 (2010) IBM Power8 (2014)

e 2cores, ST e 8cores, SMT4 e 12 cores, SMT8

e 0.7 MB/core L2, o 256 KB/core L2 « 512 KB/core L2
16MB/core L3 (off-chip) 16MB/core L3 (on-chip) 8MB/core L3 (on-chip)

e 115WTDP « 170WTDP « 250W TDP

e 10GB/s mem BW e 100GB/s mem BW e 410GB/s mem BW

Vl.:i i
@
o =

—

Centro Naciona! de Supercomputacion



How To Parallelize Future Applications?

e From sequential to parallel codes

o Efficient runs on manycore processors
iImplies handling:

» Massive amount of cores and available

parallelism

Viemory Access (NUMA)
ple address spaces

Stringent energy budget

Load Balancing

A Really Fuzzy Space
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Living In the Programming Revolution

Multicores made the
Interface to leak...

—

Applications
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Vision in the Programming Revolution

Need to decouple again

Applications

PM: High-level, clean, abstract interface

Power to the runtime
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History / Strategy

COMPSs COMPSs
COMPSs Servicess ¢ ServiceSs
~2007 010 *|  PyCOMPSs
~2013

CellSs

~2006 \ GPUSs
" 7 \ ~2009
THEEH StarSs

GridSs
~2002
~2008 S ta r S
PERMPAR / S
~1994
SMPSs V1
> | smPssv2
2007 ~2009

DDT @ NANOS \ OmpSS

Parascope | = | _199g >

~1992 ~2008
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OmpsSs
A forerunner for OpenMP

ﬁ
Prototype Task + Taskloop ask reductions i

+ T I Multidependences
of tasking dependences prototyping + Dependences + Commutative
on taskwaits |\ +Dependences
+ Task + OMPT impl.

I on taskloops

priorities & ,

OpenMP
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OmpsSs: data-flow execution of sequential programs

void Cholesky( float *A ) {
int i, j, k;
for (k=0; k<NT; k++) {
spotrt (A[K*NT+k]) ;
for (i=k+1; I<NT; 1++)
strsm (A[K*NT+k], A[K*NT+i]);
// update trailing submatrix
for (i=k+1; iI<NT; 1++) {
for (g=k+1; j<i; j++)
sgemm( A[K*NT+i], A[K*NT+j], A[J*NT+i]);
ssyrk (A[Kk*NT+i], A[i*NT+i]);

1

#pragma omp task

O void spotrf (float *A);

#pragma omp task input ([TS]LTS]A)

@ void ssyrk (float *A, float *C);

#pragma omp task input ([TS]ITS]A,[TS][TS]B)
@ void sgemm (float *A, float *B, float *C);
#pragma omp task input ([TS]LTS]T)

q void strsm (float *T, float *B);

Decouple how we write Clean offloading to

applications form hide architectural
how they are executed complexities

Execute

Barcelona
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OmpSs: ...Taskified...

#pragma css task input(A, B) output(C)
void vadd3 (float A[BS], float B[BS],
float C[BS]);

#pragma css task input(sum, A) i1nout(B)
void scale _add (float sum, float A[BS], '
float B[BS]);

#pragma css task input(A) i1nout(sum)
void accum (float A[BS], float *sum); .

for (i=0; i<N; i+=BS) // C=A+B
vadd3 ( &A[i], &B[i]1. &C[i]):

%6; (i=0; i<N; i+=BS) //sum(C[1])
accum (&C[i1], &sum);

for (1=0; i<N; 1+=BS) // B=sum*A
scale _add (sum, &E[1], &B[i]);

T (i=0; i<N; i+=BS) // A=C+D
vadd3 (&C[i], &D[i]. &A[i]):

for (i=0; i<N; i+=BS) // E=G+F
vadd3 (&G[i], &F[i], &E[iD;

Barcelona

Supercomputing

Canter
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Color/number: order of task instantiation
Some antidependences covered by flow dependences not drawn
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... and Executed in a Data-Flow Model

#pragma css task input(A, B) output(C)
void vadd3 (float A[BS], float B[BS],
float C[BS]);
#pragma css task input(sum, A) inout(B)
void scale _add (float sum, float A[BS],
float B[BS]);
#pragma css task input(A) i1nout(sum)
void accum (float A[BS], float *sum);

Decouple

how we write
form

how it is executed

for (i=0; i<N; i+=BS) // C=A+B
vadd3 ( &A[i], &B[i]1. &C[i]):

%6; (i=0; i<N; i+=BS) //sum(C[i1])
accum (&C[i1], &sum);

for (1=0; i<N; 1+=BS) // B=sum*A
scale_add (sum, &E[1], &B[i]);

T (i=0; i<N; i+=BS) // A=C+D
vadd3 (&C[i], &D[i], &A[ID;

for (i=0; i<N; i+=BS) // E=G+F
vadd3 (&G[i], &F[i], &E[iD;
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Execute

Color/number: a possible order of task execution
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OmpSs: Potential of Data Access Info

* Flat global address space seen by Main Memory
programmer 11T oft-chip Bw
* Flexibility to dynamically traverse ;
dataflow graph “optimizing”
» Concurrency. CI‘.I'[Ica| path “.
 Memory access: data transfers PrOCESSOr

performed by run time

» Opportunities for automatic
e Prefetch —
e Reuse —
« Eliminate antidependences (rename) *"**%»
» Replication management

» Coherency/consistency handled by
the runtime

 Layout changes

Barcelana
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CellSs implementation

PPU

Work
assignment

\ | Synchronization
Task graph N\ Finalization
e e _ s

data _|

Stage in/out

Mermory data

SPE threads

IFU——> DEC—* RE IQ | *ISS

—* REG> FU
Helper thread |

Main thread
e Barcelona « : ; . .
s " P. Bellens, et al, “CellSs: A Programming Model for the Cell BE Architecture” SC’06.
(( Center P. Bellens, et al, “CellSs: Programming the Cell/B.E. made easier” IBM JR&D 2007 RO{V\()%JM
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Stream benchmark reduction in execution time

SMPSs

Renaming @ Cell

» Experiments on the CellSs (predecessor of OmpSs)
* Renaming to avoid anti-dependences
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Data Reuse @ Cell

e Experiments on the CellSs

e+06

e+06

e+06

e+06

e+06

e+06

e+06

e+06

main memory accesses (bytes)
- o w o~ o o ~ @ ©

e+06

Data Reuse

Locality arcs in dependence graph

Matrix-matrix multiply

MRLLEY: SLLIYY YTTL LY S

LSS TIY | ERMUSEPTEY, fi

e _

Good locality but high overhead - no time improvement

temporal locality for matmul

" naive ——
locality —x¢—

2 4 6 8 10 12 14 16

cache size (MB)

main memory accesses (bytes)

= o w o~ @ o ~ @
@ © @ © @ © ® ©
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temporal locality for sparselU

" naive ——
locality —x¢—

t

2 4 6 8 10 12 14 16

cache size (MB)

P. Bellens, et al, “CellSs: Scheduling Techniques to Better Exploit Memory Hierarchy” Sci. Prog. 2009
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Reducing Data Movement @ Cell

o Experiments on the CellSs (predecessor of
OmpSs)

» Bypassing / global software cache wait me in matmul
. . . . 30000 - — . :
 Distributed implementation s | breasing
» @each SPE 70000
* Using object descriptors managed atomically with 7 1500
specific hardware support (line level LL-SC) " oo
Maln memory cholesky_16_64 5000
4e+07 T T T T T T T T T
cold \\ i
3.5e+07 :‘r : : : : : : : 1 number of SPEs
) Zet07 L wait time in cholR
Main memory: __} 1400 Resing —
. g SSEruT B S 1200 bypassing —x—
capacity  : (N Sy —
] 2e+07 | L g 1000
LE 1.5e+07 b | — w 800
Global : —____77_7__ ~ 600
software cache = ™' 1 400
Se+06 |- ] 200
ol J
Local % 1 2 4 =) a8 10 12 DMA Reads ’ 1 2 3 4 5 G 7 8
software cache Number of SPUs number of SPEs
Wmum ting P. Belens et al, “Making the Best of Temporal Locality: Just-In-Time Renaming
(C Cont ' and Lazy Write-Back on the Cell/B.E.” JHPC 2010 RO O L
Caitre Maiorsd o Supercputiniiy Project




GPUSs implementation

 Architecture implications
 Large local store O(GB) - large task granularity = €< Good
» Data transfers: Slow, non overlapped < Bad

e Cache management
» Write-through
» Write-back 8] UNIVERSITAT

« Run time implementation JAUME-I
» Powerful main processor and multiple cores

 Dumb accelerator (not able to perform data transfers, implement
software cache,...)

Slave threads

IFU |—»| DEC |— REN —

— |REG|* FU
Helper thread I

Main thread

RET [«

Barcelona
oo haciorl g Scperoamputciy E. Ayguade, et al, “An Extension of the StarSs Programming Model for Platforms with Multiple GPUs” Europar 2009



Prefetching @ multiple GPUs

e Improvements in runtime mechanisms (OmpSs +

CUDA)

» Use of multiple streams

 High asynchrony and overlap (transfers and kernels)

» Overlap kernels

 Take overheads out of the critical path

e Improvement in schedulers
« Late binding of locality aware decisions

» Propagate priorities
Nbody

2500

g

8

Performance [GFlop/s]

g

o

1 2 3 4
#GPUs
Barcwlons
Supercomputing

me OmpSs 256Kbod

wo OmpSs async 256Kbod

OmpSs 512Kbod

s OmpSs async 512Kbod

=-g-CUDA 256Kbod

=3-CUDA 512Kbod

69 9
.‘ & : "‘.‘
void Cholesky( float *A[NT] [NT] ) { t ]
inE 4, 7, ki ‘
for (k=0; k<NT; k++) {
#pragma omp task inout (A[k][k]) -
O spotrf (A[k][k]) ;
for (i=k+1; i<NT; i++) {
#pragma omp task in (A[k][k]) inout (Al[k][i])
@ strsm (A[k] [k], A[kI[i]);
}
for (i=k+1; i<NT; i++) {
for (j=k+1; j<i; j++) {
#pragma omp task in (A[k][i]l, A[kI[J]) inout (A[3]1[i])
@sgemn ( A[k][i], A[k]I[3], A[II[i]);
}
#pragma omp task in (A[k][i]) inout (A[i]l[i])
@ssyrk (A[k][i], A[i][i]);
}
}
s OmpSs 16K
s OmpSs async 16K
OmpSs 32K
s OmpSs async 32K
~3¢=CUDA 16K
== CUDA dgemm 16K
ceiling reference

# GPUs

@

Centrr Mgkt oo Saparesmpelisitn J. Planas et al, “Optimizing Task-based Execution Support on Asynchronous Devices.” Submitted




OmpSs Ubiquity

e OmpSs @ Cell
* CellSs [SC 2006, IBM JRD 2007]
» Speculative Distributed Scheduling [IPDPS 2011]

e OmpSs @ Multicores [PPL 2011]

e OmpSs @ Clusters
» Multicores [EuroPAR 2011, IPDPS 2013-1, ICS 2013]
* Multicores+GPU [ICS 2011, IPDPS 2012]

e OmpSs @ Multicore+GPU [IPDPS 2013-2]
e« OmpSs @ Zynq

» Offload computation and Nanos++ runtime acceleration [FPGA 2014]
e OmpSs @ multiple GPUs

 High asynchrony and overlap (transfers and kernels)
* Improved schedulers

34



CellSs, StarSs, OmpsSs,.... papers

P. Bellens,...“Memory — CellSs: a programming model for the Cell BE architecture.” SC 2006

J. M. Pérez, et al. “CellSs: Making it easier to program the Cell Broadband Engine processor.” IBM
Journal of Research and Development 2007

J. M. Pérez, et al: “A dependency-aware task-based programming environment for multi-core
architectures.” CLUSTER 2008

P. Bellens,...“Exploiting Locality on the Cell/B.E. through Bypassing.” SAMOS 2009

E. Ayguadé et al.:A Proposal to Extend the OpenMP Tasking Model for Heterogeneous
Architectures. IWOMP 2009

P. Bellens, et al. “Just-in-Time Renaming and Lazy Write-Back on the Cell/B.E.” ICPP Workshops
2009

E. Ayguade,: “An Extension of the StarSs Programming Model for Platforms with Multiple GPUs.”
Euro-Par 2009

P. Bellens, et al.”CellSs: Scheduling techniques to better exploit memory hierarchy.” Scientific
Programming 2009

A. Duran, et al. “A Proposal to Extend the OpenMP Tasking Model with Dependent Tasks.”
International Journal of Parallel Programming 2009

J.Labarta et al “BSC Vision Towards Exascale.” IJHPCA 2009
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CellSs, StarSs, OmpsSs,.... papers

E. Ayguade ET AL “Extending OpenMP to Survive the Heterogeneous Multi-Core Era.”
International Journal of Parallel Programming 2010

P. Bellens, ...”A Study of Speculative Distributed Scheduling on the Cell/B.E.” IPDPS 2011
J. Labarta, et al. “Hybrid Parallel Programming with MPI/StarSs.” PARCO 2011
J. Bueno, et al. “Programming clusters of GPUs with OMPSs. ICS 2011

A. Duran, et al “Ompss: a Proposal for Programming Heterogeneous Multi-Core Architectures.”
Parallel Processing Letters 2011

J. Dongarra et al, “The International Exascale Software Project roadmap” IJHPCA 2011
V. Krishnan “OmpSs-OpenCL Programming Model for Heterogeneous Systems” LCPC 2012

N. Vujic, “DMA-circular: an enhanced high level programmable DMA controller for optimized
management of on-chip local memories.” Conf. Computing Frontiers 2012

A. Fernandez,’Task-Based Programming with OmpSs and Its Application.” Euro-Par 2014
Many more since 2014...
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Runtime Aware Architectures

The runtime drives the hardware design

- Task based PM
Applications annotated by the user

Data dependencies

PM: High-level, clean, abstract interface detected at runtime

Dynamic scheduling

“Reuse” architectural
ideas under
new constraints

Barcelona

Supercomputing R L
Center O O .
Centro Nacional de Suparcompulacidn PrOJeCt



Superscalar vision at Multicore level

Superscalar World : 1 Multicore World

Out-of-Order, Kilo-Instruction Processor, ~ Task-based, Data-flow Graph, Dynamic
Distant Parallelism Parallelism

Branch Predictor, Speculation Tasks Output Prediction,

Fuzzy Computation Speculation

Dual Data Cache, Sack for VLIW Hybrid Memory Hierarchy, NVM
Register Renaming, Virtual Regs Late Task Memory Allocation

Cache Reuse, Prefetching, Victim Cache Data Reuse, Prefetching
In-memory Computation In-memory FU’s

Resilience Resilience
: : Interconnection Network :
Data Movement

(( mmwwwmmm

Resilience Wall



Architecture Proposals in RoMoL

Runtime Support Unit Cache Hierarchy
- DVFS - LM usage

- Light-weight deps tracking - _Co_herenc_e_
- Task memoization - Eviction p_oI|C|es
- Reduced data motion - Reductions

Vectors
- DB, sorting

- BTrees '
Stacked External
DRAM DRAM




Runtime Management of Local Memories (LM)

LM Management in OmpSs
— Task inputs and outputs mapped to the LMs
— Runtime manages DMA transfers

8.7% speedup In execution time

14% reduction in power

. . = Hybrid Stacked

jacobi kmeans md5 tinyjpeg vec add vec_red DRAM

External
DRAM
Bercelona

Supercomputing LI. Alvarez et al. Transparent Usage of Hybrid on-Chip Memory Hierarchies in Multicores. ISCA 2015.
Contor LI. Alvarez et al Runtime-Guided Management of Scratchpad Memories in Multicore Architectures. PACT 2015




Exploiting the Task Dependency Graph
(TDG) to Reduce Coherence Traffic

e To reduce coherence traffic, the
state-of-the-art applies round-robin
mechanisms at the runtime level.

 Exploiting the information
contained at the TDG level is
effective to

 improve performance

» dramatically reduce coherence
traffic (2.26x reduction with respect
to the state-of-the-art).

State-of-the-art Partition (DEP)
[EEm coNTROL  mEE DATA | Gauss-Seidel TDG

250 4.6 TB

600 28 TB

S 5 DEP requires ~200GB of
g - data transfer across a 288
O T 0 L e e AT cores system
(a) Gauss-Seidel (b) Integral histogram

Barcelons
epercomputing Rol  \oL
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Exploiting the Task Dependency Graph
(TDG) to Reduce Coherence Traffic

» To reduce coherence traffic, the state-
of-the-art applies round-robin
mechanisms at the runtime level.

 Exploiting the information contained at
the TDG level is effective to

 improve performance

» dramatically reduce coherence traffic

(2.26x reduction with respect to the
state-of-the-art).

Graph Algorithms-Driven Partition (RIP-DEP)

|- CONTROL  [NEE I)ATAI

Gauss-Seidel TDG
600 28 TB 250 4.6 TB
= 500 200 .
S 100 50 RIP-DEP requires ~90GB of
“ 20 100 — (lata transfer across a 18-
0 DFIFO SA DEP RIP-DEP RIP-MW 0 DFIFO SA DEP RIP-DEP RIP-MW SOCketS (288 CO reS) SyStem

(a) Gauss-Seidel (b) Integral histogram

Barcelona
Supercomputing I. Sanchez et al, Reducing Data Movements on Shared Memory R O L
O e e Sopnconmputeniin Architectures (submitted to SC'17) o Project



Runtime Managed Data Locality

 Leveraging runtime knowledge of the
HW (NUMA topology) and the SW
(task input data)

e Runtime manages co-location of data
and computation (PACT’16):

 NUMA Oblivious (DFT)

 NUMA Aware Data Allocation only (DI)

* NUMA Aware Data Allocation and Task

N
o1 w

N

- O

L
ol

Normalised Coherence Traffic
=
(62}

o
L

Cholesky
Barcelona
Suparmum

Scheduling (NAFT)

Reduced Data
%' Movement
7

# Control

11 -

=
o
']

Speedup

O P, N W H 01 O N 0 ©
| I I N EE—

| N Data To Cache

Performance m DFT
Benefit = DI
NAFT

4.

Cholesky Jacobi IntHist

~» NAFT provides best

performance (6.7x

7 m Data Writeback |-
§ average speedup) and
"""""""""""" § lowest data movement
------------------- ,;,g,;;ﬁg (4.0x average reduction)
N in a real 288 core ccNUMA
SMP (16 sockets x 18
cores)
SMI Jacobi IntHist
P. Caheny et al., “Reducing cache coherence traffic with hierarchical RO OL

Comi oo o Scpcompotacs directory Cache and NUMA-aware runtime scheduling.” PACT 2016 Project



Runtime-Assisted Cache Insertion Policies

« Motivation: Improve LLC hit ratio to reduce costly
requests to memory (EuroPAR’17)

» Use information about application semantics
provided by the runtime:

» Task types

» Task data-dependency types (inputs, outputs, non-
dependencies)

* Insertion policies based on Re-Reference Intervals
» TTIP: uses probabilities per task-type to decide
Insertion position

 Best probability is determined by training at the
beginning of the execution

» DTIP: gives output-dependencies a higher priority in
the cache
« Qutputs will be reused by the successor task
* Input- and non-dependencies lower priority

Average MPKI improvement over LRU: 11.2% (TTIP) and 16.8% (DTIP)

V. Dimic¢ et al.: Runtime-Assisted Shared Cache Insertion Policies RO‘V\O
e Based on Re-Reference Intervals. EuroPAR 2017. Project
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OmpSs in Heterogeneous Systems

Heterogeneous systems
e Big-little processors

e Accelerators ©
e Hard to program

Task-based programming models can adapt to these scenarios
» Detect tasks in the critical path and run them in fast cores
* Non-critical tasks can run in slower cores
 Assign tasks to the most energy-efficient HW component
* Runtime takes core of balancing the load
« Same performance with less power consumption

( S RofV\OP -




Criticality-Aware Task Scheduler

e CATS on a big.LITTLE processor (ICS’15)
e 4 Cortex A15 @ 2GHz
e 4 Cortex AT @ 1.4GHz

m Original m CATS

Cholesky Int. Hist QR Heat AVG

o Effectively solves the problem of blind assignment of tasks
 Higher speedups for double precision-intensive benchmarks
 But still suffers from priority inversion and static assignment

Barcelons
Contar 0" K. Chronaki et al. Criticality-Aware Dynamic Task Scheduling for Ro OL.
Gt S Heterogeneous Architectures. ICS 2015. rroleet
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HARDWARE

Criticality-Aware Task Acceleration

» CATA: accelerating critical tasks (IPDPS’16)

* Runtime reconfigures per-core DVFS meeting a global power budget

 Architectural Support for DVFS: Runtime Support Unit (RSU)

» Reduces reconfiguration overheads of software solution
 Serialization in DVFS reconfigurations

User-kernel mode switches

« Runtime system notifies to the RSU task criticality and running core
 Similar hardware cost to TurboBoost

RSU

Power Budget :

7]

SOFTWARE

Status

NA Power State
Acc Power State

AT ATNATNA
Critical € [ € [ NC[ NC]
=
([

HPRQ

LPRQ

H_A

RUNTIME

Task Request
And Execution

Core 0
Fast

Corel Core 2
Fast Slow

h
DVFS
Cntrl

ju

0

v
Core 3
Slow
t

CC Maﬂiﬁmwmmwm

150%
140%
130%
120%
110%
100%

90%

80%

m Original m CATS mCATA = CATA+RSU
1] 32-core system with
N 16 fast cores [

Performance imprv

E. Castillo et al., CATA: Criticality Aware Task Acceleration for
Multicore Processors. IPDPS 2016.

EDP imprv

RO{V\O Project



Approximate Task Memoization (ATM)

o ATM aims to eliminate redundant tasks (IPDPS’17)
o ATM detects correlations between task inputs and outputs to

memoize similar tasks

— Static ATM achieves 1.4x
average speedup when only
applying memoization
techniques

— With task approximation,
Dynamic ATM achieves 2.5x
average speedup with an
average 0.7% accuracy loss,
competitive with an off-line
Oracle approach

16.0

0.5

@@=

R —— Runtime System”. IPDPS 2017.

l. Brumar et al, “ATM: Approximate Task Memoization in the

[ 1 Static ATM B Oracle B Dynamic ATM

B/acks Gs



Dealing with Manufacturing Varlablllty In CPUs

 Manufacturing Variability of CPUs and 200 L
Power becomes performance 1807 50 watts
heterogeneity in power-constrained S0 watts

environments (ICS’16)

160 —
140 -
120 |~
100
80

70 watts O 7
unbound 4

« Typical load-balancing may not be
sufficient

execution time (sec)

60 |- | | . Jp———
30 40 50 60 70 80 90 100

 Redistributing power and number of
active cores among sockets can improve
performance

power consumption (watts)

o Statically trying all possible configurations
static HEl  exhaustive Il scoped [ for each node imposes huge overhead
(static).

» Runtime can try different configurations
for a segment of the execution and
choose a good one for the remaining time.

— —
= N b
\ \

Performance Speedup
o O
(o2 0 o]

 Carefully limiting the configuration space
e ! to meaningful c_ho_ices can greatly improve
e \«scho\ao\ef";\ﬁeg; earm i ““5 Oﬁ\ﬁ‘ piofver®” performance within a single run

(exhaustive vs scoped).
( Comter e D. Chasapis et al, “Runtime-Guided Mitigation of Manufacturing RO{V\OP
Variability in Power-Constrained Multi-Socket NUMA Nodes”. ICS’16 ot
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TaskSuperscalar (TaskSs) Pipeline
TaskSs pipeline
« Hardware design for a distributed task
superscalar pipeline frontend (MICRO’10)
« Can be embedded into any manycore fabric
 Drive hundreds of threads
» Work windows of thousands of tasks
 Fine grain task parallelism

 TaskSs components:

» Gateway (GW): Allocate resources for task meta-data
» Object Renaming Table (ORT) eady Queue

* Map memory objects to producer tasks
» Object Versioning Table (OVT)

» Maintain multiple object versions
 Task Reservation Stations (TRS)

» Store and track task in-flght meta-data

* Implementing TaskSs @ Xilinx Zyng (IPDPS’17)

Multicore Fabric

Y. Etsion et al, “Task Superscalar: An Out-of-Order Task Pipeline” MICRO-43, 2010

Bercelona

Supercompuoting

Contor e o X. Tan et al, “General Purpose Task-Dependence Management Hardware for Task- RO O !)_. t
‘ ' based Dataflow Programming Models”, IPDPS 2017 rojec
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Hash Join, Sorting, Aggregation, DBMS

« Goal: Vector acceleration of data bases . grr?gvt\)lsi% Srlttr)xg{i%%groach (VSR) for vectorizing radix sort with
» “Real vector” extensions to x86 «  Similarity with AVX512-CD instructions

«  Pipeline osperands to the functional unit (like Cray machines, g?ggﬁ?ﬁr?]%gﬁeir@ggﬂ%?gﬁgﬁ'ﬁ& because the

not like SSE/AVX) . Small CAM

) Scatter/gather., maskl.ng, vector Igngth register + 34x sgeedup over next-best vectorised algorithm with the

* Implemented in PTLSim + DRAMSIim2 same hardware configuration due to:
« Hash join work published in MICRO 2012 » Transformingstrided accesses to unit-stride

» 1.94x (large data sets) and 4.56x (cache resident data sets) » Elminating replicated data structures

of speedup for TPC-H
*  Memory bandwidth is the bottleneck q fval | | |
. . . * Reduction to a group of values, not a single scalar value
» Sorting paper published in HPCA 2015 ISCA 2016 Jroup ’

« Compare existing vectorized C}uicksort, bitonic mergesort, «  Building from VSR work
radix sort on a consistent platform

» Ongoing work on aggregations

mllane O2lanes M4 lanes

v 5
élg
o1
c 14
5 10
(4]
R
3
5 3
3 i

0_
g_ o0} © AN < 00} © AN < o0} © AN < (o0} © AN <
2 | =l/Z2| g/ =z 2|2l s |22 =22 2
s ElElElz|Elelelz BlelzlE|BlElE ¢
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quicksort bitonic radix vsr
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Overlap Communication and Computation

» Hybrid MPI/OmpSs: Linpack example P,

« Extend asynchronous data-flow
execution to outer level

 Taskify MPI communication primitives
e Automatic lookahead
 Improved performance
» Tolerance to network bandwidth
» Tolerance to OS noise

128 processors

900

800
Sensitivity to low bandwidth - 512 processors

700 2600

600 2400 —&—pure MP
2200 hybrid MPI/SMPSs
500
/ —t— MPI/SMPSs(4x8) 2000

Gflop/s

400 1800
1600
1400
1200
100 1000

0 800

MPI(8x16)

300 —a— MPI/OpenMP{4x8)

Execution time(s)

200

0 20000 40000 60000 80000 100000 120000 140000 0.1 0.3 0.5 0.7 0.9 1.1
Normalized effective bandwidth

Matrix size

( Supercomputing V. Marjanovic et al, “Overlapping Communication and Computation by using a RO O L
mwd& . Hybrid MPI/SMPSs Approach”ICS 2010

Project



Effects on Bandwidth

flattening
communication pattern

Transfer

T flattened

burst
transfer pattern
R thus
s v B _,*- —
speedup of 1.6 for /'08 I
the same network bandwidth :\. ’ i
8 og F | i -
| reducing
* aaf yaan o bandwidth requirements
®0 100 1000 \u!ooc
”'\” P *simulation on application with
for the same execution time ring communication pattern

20times lower needed bandwidth

V. Subotic et al. “Overlapping communicationand computation by RO O L
mﬂ._, Hiscional de SuperOmpacin enforcing speculative data-flow”, January 2008, HiPEAC Project
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OmpSs Runtime-based Resilience

o Suitability of OmpSs for resilience
» Asynchrony — Oo0O execution, Input/output annotations

* Checkpoint — restart techniques (PDP’15)

» Per-task inputs checkpointing, task replication to check outputs,
asynchronous recovery tasks

 Algorithmic Recovery Routines (SC’15)

» Conjugate Gradient (CG)

=
[e))}

No faults *
I 14 -
e Detection i f\gii-'-
« Memory Page Retirement gl R

e Correction

* Algorithmic

« Computation/Recovery
overlap plus checkpointless

techniques - low overhead 64 128 256 512 1024
C

1 error per run

Barcelana

Supercomputing

LConter

Celrs Neamorad! o Saidsroatnpi it

speedup w.r.t. No faults on 64 cores

o N B~ O

O. Subasi et al, "NanoCheckpoints: A Task-Based Asynchronous Dataflow
Framework for Efficient and Scalable Checkpoint/Restart.” PDP 2015.

L. Jaulmes et al, “Exploiting Asynchrony from Exact Forward Recovery for DUE in
Iterative Solvers”. SC’15. Nominated to the Best Paper award.

64 128 256 512 1024
ores

2 errors per run

Rol  \oL

Project



Related Work

 Rigel Architecture (ISCA 2009)

* No L1D, non-coherent L2, read-only, private and cluster-shared data
» Global accesses bypass the L2 and go directly to L3

e SARC Architecture (IEEE MICRO 2010)

» Throughput-aware architecture
» TLBs used to access remote LMs and migrate data accross LMs

 Runnemede Architecture (HPCA 2013)

» Coherence islands (SW managed) + Hierarchy of LMs
» Dataflow execution (codelets)

e Carbon (ISCA 2007)

» Hardware scheduling for task-based programs
 Holistic run-time parallelism management (ICS 2013)
e Runtime-guided coherence protocols (IPDPS 2014)

@

Barcelona
Canlrs Macons! o Sugmrampulenin Project



RoMoLl ... papers

V. Marjanovic et al., “Effective communication and computation overlap with
hybrid MPI/SMPSs.” PPoPP 2010

* Y. Etsion et al., “Task Superscalar: An Out-of-Order Task Pipeline.” MICRO 2010

* N. Vujic et al., “Automatic Prefetch and Modulo Scheduling Transformations for
the Cell BE Architecture.” IEEE TPDS 2010

V. Marjanovic et al., “Overlapping communication and computation by using a
hybrid MPI/SMPSs approach.” ICS 2010

 T. Hayes et al., “Vector Extensions for Decision Support DBMS Acceleration”.
MICRO 2012

» L. Alvarez,et al., “Hardware-software coherence protocol for the coexistence of
caches and local memories.” SC 2012

« M. Valero et al., “Runtime-Aware Architectures: A First Approach”. SuperFRl
2014

e L. Alvarez.et al., “Hardware-Software Coherence Protocol for the Coexistence of
Caches and Local Memories.” IEEE TC 2015

@
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RoMoLl ... papers

M. Casas et al., “Runtime-Aware Architectures”. Euro-Par 2015.

T. Hayes et al., “VSR sort: A novel vectorised sorting algorithm & architecture
extensions for future microprocessors”. HPCA 2015

» K. Chronaki et al., “Criticality-Aware Dynamic Task Schedulling for
Heterogeneous Architectures”. ICS 2015

» L. Alvarez et al., “Coherence Protocol for Transparent Management of
Scratchpad Memories in Shared Memory Manycore Architectures”. ISCA 2015

o L. Alvarez et al., “Run-Time Guided Management of Scratchpad Memories in
Multicore Architectures”. PACT 2015

L. Jaulmes et al., “Exploiting Asycnhrony from Exact Forward Recoveries for DUE
in Iterative Solvers”. SC 2015

* D. Chasapis et al., “PARSECSs: Evaluating the Impact of Task Parallelism in the
PARSEC Benchmark Suite.” ACM TACO 2016.

» E. Castillo etal., “CATA: Criticality Aware Task Acceleration for Multicore
Processors.” IPDPS 2016

Barcelona
Ciades Mol de Supersoenpuianitn Project
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RoMoLl ... papers

T. Hayes et al “Future Vector Microprocessor Extensions for Data Aggregations.
ISCA 2016.

« D. Chasapis et al., “Runtime-Guided Mitigation of Manufacturing Variability in
Power-Constrained Multi-Socket NUMA Nodes.” ICS 2016

« P.Caheny et al., “Reducing cache coherence traffic with hierarchical directory
cache and NUMA-aware runtime scheduling.” PACT 2016

o T. Grass et al., “MUSA: A multi-level simulation approach for next-generation
HPC machines.” SC 2016

 |. Brumar et al., “ATM: Approximate Task Memoization in the Runtime System.”
IPDPS 2017

» K. Chronaki et al., “Task Scheduling Techniques for Asymmetric Multi-Core
Systems.” IEEE TPDS 2017

o C.Ortega et al., “libPRISM: An Intelligent Adaptation of Prefetch and SMT
Levels.” ICS 2017

e V. Dimic et al., “Runtime-Assisted Shared Cache Insertion Policies Based on Re-
Reference Intervals.” EuroPAR 2017

Barcelons
Do Maciongd ge Supsroampuizoiia Project
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RoMoL Team

* Riding on Moore’s Law (RoMoL, http://www.bsc. es/romol)
» ERC Advanced Grant: 5-year project 2013 — 2018.

. Ou r team: ........
g CS Department @ BSC Eurgpean R-es;e;r;:h Cognf:il
Project Coordinators: o

e Students: s

« Open for collaborations!

( Gmﬁm Mol s Supeeroonyaiclin

L

Project
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Roadmaps to Exaflop

with domestic
technology.
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HPC iIs a global competition

“The country with the strongest computing capability
will host the world’s next scientific breakthroughs™.

US House Science, Space and Technology Committee Chairman
Lamar Smith (R-TX)

—),

= o “Our goalis for Europe to become one of the top 3
’"’A world leaders in high-performance computing by 2020
pe—

European Commission President
Jean-Claude Juncker (27 October 2015)

SC15 | Es

“Europe can develop an exascale machine with _
ARM technology. Maybe we need an & AIRBUS ; U';ﬁm)ggﬁg
consortium for HPC and Big Data”. -
Seymour Cray Award Ceremony Nov. 2015 :
Mateo Valero

C( f}m:. Ml e Supeiguiinedin



HPC: a disruptive technology for Industry

“The transformational impact of
excellent science in research and
innovation”

Final plenary panel at ICT - Innovate, Connect,
Transform conference, 22 Oct 2015, Lisbon.

“...Europe has a unique opportunity to act and
Invest in the development and deployment of High
Performance Computing (HPC) technology, Big
Data and applications to ensure the
competitiveness of its research and its industries.”

Gunther Oettinger, Digital Economy & Society
Commissioner

Barcelors

Supercomputing

Canter
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BSC and the EC

Final plenary panel at ICT - Innovate,
Connect, Transfor”m conference, 22
October 2015 Lisbon, Portugal.

the transformational impact of excellent science in
research and innovation

Director of Barcelona Supercomputing
Center, Mateo Valero, makes a pledge for
developing a strong HPC ecosystem.

“Europe needs to develop an entire
domestic exascale stack from the
processor all the way to the system
and application software*

Mateo Valero, Director of Barcelona
Supercomputing Center

Barceiona
Supercompuoting
Centor
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Mont-Blanc HPC Stack for ARM

]‘. =l Industrial applications

Pharmacelera /{t‘maxh ?

Terme Fluids

4\ DASSAULT AVL 3 Cenaerd
Applications
iEa CINECA % University of
SR GENCI w HUR[s#E BFEBRISTOL
System software
ARM ETH:iirich L
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Hardware
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BSC Accelerator

Vector Unit
e - 2048b vector
- 512b alu (4clk/op)
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HPC European strategy & Innovation

Barcelona

Supercomputiog
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http://ec.europa.eu/commission/2014-2019/oettinger/blog/mateo-valero-
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