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Microarchitectures are becoming more and more complex
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Á Performance engineering: άŜƴŎƻƳǇŀǎǎŜǎ ǘƘŜ ǎŜǘ ƻŦ ǊƻƭŜǎΣ ǎƪƛƭƭǎΣ ŀŎǘƛǾƛǘƛŜǎΣ ǇǊŀŎǘƛŎŜǎΣ ǘƻƻƭǎΣ ŀƴŘ 
deliverables applied at every phase of the systems development life cycle which ensures that a solution 
will be designed, implemented, and operationally supported to meet the non-functional requirements for 
ǇŜǊŦƻǊƳŀƴŎŜ όǎǳŎƘ ŀǎ ǘƘǊƻǳƎƘǇǳǘΣ ƭŀǘŜƴŎȅΣ ƻǊ ƳŜƳƻǊȅ ǳǎŀƎŜύΦέ

Á Manuallyprofile codes and tune them to the given architecture

ÁRequires highly-skilled performance engineers

ÁNeed familiarity with

NUMA (topology, bandwidths etc.)

Caches (associativity, sizes etc.)

Microarchitecture (number of outstanding loads etc.)

How to optimize codes for these complex architectures?
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¢Ǌǳǎǘ ƳŜΣ LΩƳ ŀƴ 
engineer!
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An engineering example ςTacoma Narrows Bridge
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Scientific PerformanceEngineering

1) Observe
2) Model

3) Understand
4) Build

5



spcl.inf.ethz.ch

@spcl_eth

EDC EDC EDC EDC

EDC EDC EDC EDC

Tile Tile Tile TileTile Tile

Tile Tile Tile Tile

Tile Tile Tile TileTile Tile

IMC Tile Tile IMCTile Tile

Tile Tile Tile TileTile Tile

Tile Tile Tile TileTile Tile

Tile Tile Tile TileTile Tile

Misc

IIO

MCDRAM MCDRAM MCDRAM MCDRAM

MCDRAM MCDRAM MCDRAM MCDRAM

PCIe

DDR DDR

Modeling by example: KNL Architecture (mesh)

Core

CHA

1 MB

L2
Core

2 VPU2 VPU

6S. Ramos and T. Hoefler: Capability Models for Manycore Memory Systems: A Case-Study with Xeon Phi Yb[Σ Lt5t{Ωмт



spcl.inf.ethz.ch

@spcl_eth

KNL Architecture (memory: Flat & Cache)
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KNL Architecture (all to all mode)
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KNL Architecture (Quadrant or Hemisphere)
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KNL Architecture (SNC-4 or SNC-2)
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How much does this all matter? 

What is the real cost of accessing cache?

What is the cost of accessing memory?
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Step 1: Understand core-to-core transfers ςMESIF cache coherence

12

Write back overhead

Location: only 5-15% difference 

That is curious!

Contention effects?

!ƭƭ ǾŀƭǳŜǎ ŀǊŜ ƳŜŘƛŀƴǎ ǿƛǘƘƛƴ мл҈ ƻŦ ǘƘŜ фр҈ ƴƻƴǇŀǊŀƳŜǘǊƛŎ /LΣ ŎŦΦ ¢IΣ w.Υ ά{ŎƛŜƴǘƛŦƛŎ .ŜƴŎƘƳŀǊƪƛƴƎ ƻŦ tŀǊŀƭƭŜƭ /ƻƳǇǳǘƛƴƎ {ȅǎtemǎέΣ {/мс
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Step 2: Understand core-to-memory transfers ςDRAM and MCDRAM

13!ƭƭ ǾŀƭǳŜǎ ŀǊŜ ƳŜŘƛŀƴǎ ǿƛǘƘƛƴ мл҈ ƻŦ ǘƘŜ фр҈ ƴƻƴǇŀǊŀƳŜǘǊƛŎ /LΣ ŎŦΦ ¢IΣ w.Υ ά{ŎƛŜƴǘƛŦƛŎ .ŜƴŎƘƳŀǊƪƛƴƎ ƻŦ tŀǊŀƭƭŜƭ /ƻƳǇǳǘƛƴƎ {ȅǎtemǎέΣ {/мс

MCDRAM 20% slower!

MCDRAM 4-6x faster!

Need to read andwrite for full bandwidth

Cache mode >20% slower

Bandwidth suffers a bit
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Performance engineers optimize your code!

14

Are you 
kidding me?
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A principled approach to designing cache-to-cache broadcast algorithms

Tree cost

Tree depth

Reached threads

S. Ramos, THΥ άaƻŘŜƭƛƴƎ /ƻƳƳǳƴƛŎŀǘƛƻƴ ƛƴ /ŀŎƘŜ-Coherent SMP Systems - A Case-{ǘǳŘȅ ǿƛǘƘ ·Ŝƻƴ tƘƛ άΣ !/a It5/Ωмо
S. Ramos, TH:ά/ŀŎƘŜ ƭƛƴŜ ŀǿŀǊŜ ƻǇǘƛƳƛȊŀǘƛƻƴǎ ŦƻǊ ccNUMAǎȅǎǘŜƳǎ όL999 ¢t5{ΩмтύΦ
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Multi-ary tree example

3 8

1

depth d = 2

k1 = 2

k2 = 3

Level size
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Model-driven performance engineering for broadcast
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Binary or 
binomial trees?

Oh! But sure I 
can do that.

S. Ramos and T. Hoefler: Capability Models for Manycore Memory Systems: A Case-Study with Xeon Phi Yb[Σ Lt5t{Ωмт
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Model-driven performance engineering for broadcast

17

Binary or 
binomial trees?

Oh! But sure I 
can do that.

13x faster, 
lower 

variance

S. Ramos and T. Hoefler: Capability Models for Manycore Memory Systems: A Case-Study with Xeon Phi Yb[Σ Lt5t{Ωмт



spcl.inf.ethz.ch

@spcl_eth

18

Easy to generalize to similar algorithms

Barrier (7x faster than OpenMP) Reduce (5x faster then OpenMP)
S. Ramos and T. Hoefler: Capability Models for Manycore Memory Systems: A Case-Study with Xeon Phi Yb[Σ Lt5t{Ωмт
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What about real applications?

Image credit: Oliver Fuhrer, MeteoSwiss
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?
Dx = 35 m (1x)

A factor 2x in resolution roughly corresponds to a factor 10xcompute

Image credit: Oliver Fuhrer, MeteoSwiss
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Dx = 70 m (10x)

A factor 2x in resolution roughly corresponds to a factor 10xcompute

Image credit: Oliver Fuhrer, MeteoSwiss
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Dx = 140 m (100x)

A factor 2x in resolution roughly corresponds to a factor 10xcompute

Image credit: Oliver Fuhrer, MeteoSwiss
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Dx = 280 m (1,000x)

A factor 2x in resolution roughly corresponds to a factor 10xcompute

Image credit: Oliver Fuhrer, MeteoSwiss
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Dx = 550 m (10,000x)

A factor 2x in resolution roughly corresponds to a factor 10xcompute

Image credit: Oliver Fuhrer, MeteoSwiss
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Dx = 1100 m (100,000x)

Operational model of MeteoSwisstoday!

A factor 2x in resolution roughly corresponds to a factor 10xcompute

Image credit: Oliver Fuhrer, MeteoSwiss
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Dx = 2200 m (1,000,000x)

Operational model of MeteoSwissbefore 2016!

?

A factor 2x in resolution roughly corresponds to a factor 10xcompute

²ŜΩǊŜ ŀ ŦŀŎǘƻǊ ƻŦ 100,000away!

Image credit: Oliver Fuhrer, MeteoSwiss
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Basic Atmospheric Equations

Wind

Pressure

Temperature

Water

Density

1 ς10 km

20 ς600 m

k

i
j

u( i,j,k ),

v( i,j,k ), w( i,j,k ), 

p( i,j,k ), t ( i,j,k ), 

qv ( i,j,k ), qc ( i,j,k ), 

qi ( i,j,k ), rho ( i,j,k )

Discretized on a compute grid

COSMO-7 
6.6 km Grid

3 x per day 

72 h prediction 

COSMO-1
1.1 km Grid

7 x pro day 33 h prediction

1 x pro day 45 h prediction 

ECMWF-Model 
16 km Grid

2 x per day 

10 days prediction

Slide adopted from T. Schulthess
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The COSMO CodeThe COSMO Code ς300k SLOC Fortran

k

i

j

k

i

j

Two main algorithmic motifs in dynamical core

Finite Difference Stencils Tridiagonal Solvers
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Motivation:

Á Important algorithmic motif  (e.g., finite difference method)

Definition:

Á Element-wise computation on a regular grid using a fixed neighborhood

Á Typically working on multiple input fields and writing a single output field

29

Stencil computations (oh no, another stencil talk)

in lap

lap( i,j ) = - 4.0 * in( i,j ) + in(i - 1,j) + in(i+1,j) + in(i,j - 1) + in(i,j+1)

i

j

due to the typically low arithmetic 
intensity stencil computations are often 

memory bandwidth limited!
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Á LOTS of related work!

ÁCompiler-based (e.g., Polyhedral such as PLUTO [1])

ÁAuto-tuning (e.g., PATUS [2])

ÁManual model-based tuning (e.g., Dattaet al. [3])

ÁΧ ŜǎǎŜƴǘƛŀƭƭȅ ŜǾŜǊȅ ƳƛŎǊƻ-benchmark or tutorial, e.g.:

Á Common features

ÁVectorization tricks (data layout)

ÁAdvanced communication (e.g., MPI neighbor colls)

ÁTiling in time, space (diamond etc.)

ÁPipelining

Á Much of that work DOES NOT compose 
well with complex stencil programsin weather/climate

30

How to tune such stencils (most other stencil talks)

[1]: UdayBondhugula, A. Hartono, J. Ramanujan, P. Sadayappan. A Practical Automatic Polyhedral Parallelizerand Locality Optimizer , t[5LΩлу
[2]: Matthias Christen, et al.: PATUS: A Code Generation and AutotuningCǊŀƳŜǿƻǊƪ ŦƻǊ tŀǊŀƭƭŜƭ LǘŜǊŀǘƛǾŜ {ǘŜƴŎƛƭ /ƻƳǇǳǘŀǘƛƻƴǎ ΧΣ Lt5t{Ωмм
[3]: KaushikDatta, et al., Optimization and Performance Modeling of Stencil Computations on Modern Microprocessors,SIAM review
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E.g., the COSMO weather code

Á is a regional climate model used by 7 national weather services

Á contains hundreds of different complex stencils

Modeling stencils formally:

Á Represent stencils as DAGs

ÁModel stencil as nodes, data dependencies as edges

31

²Ƙŀǘ ƛǎ ŀ άŎƻƳǇƭŜȄ ǎǘŜƴŎƛƭ ǇǊƻƎǊŀƳέΚ όǘƘƛǎ ǎǘŜƴŎƛƭ ǘŀƭƪύ

simplified horizontal diffusion example

in lap

out

fli

flj

ṥ

ṥ

ṥ

ṥ

ṥ

ṥ

ὥἅὦ ὥ ὦὥᶰὥȟὦᶰὦ
T. Gysi, T. Grosser, TH: MODESTO: Data-centric Analytic Optimization of Complex Stencil Programs on Heterogeneous Architectures, ACM IC{Ωмр
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Horizontal Diffusion Stencil Program tuned to Xeon Phi KNL

3.7x improvement

Work performed at the Intel Parallel Computing Center at ETH Zurich
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Vertical Advection Stencil Program tunedto XeonPhi KNL
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Vertical stencil-like operations, derived from 
Iterations of tridiagonal solvers (Thomas algorithm) 

4.2x improvement

Work performed at the Intel Parallel Computing Center at ETH Zurich
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Scientific performance engineering for complex memory systems

Questions/Discussions?




