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“inescid Motivation

« Commodity computers = Heterogeneous systems
— Multi-core General Purpose Processors (CPUSs)
— Graphics Processing Units (GPUSs)

— Special accelerators, co-processors, FPGAs, mobile and wearable
systems

« Significant computing power
— Not yet fully exploited for efficient collaborative computing

« Heterogeneity makes it really difficult!
— Applications, devices, interconnects, systems...
— Performance modeling and load balancing for efficient computing
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What? >> Where? >> How?
Applications Systems and Devices Modeling and Load Balancing
* Multi-module Applications * Node: CPU+GPU platform * Load Balancing
» General (FP) Applications » Device: multicore CPUs * Performance modeling
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What? > Where? > How?
Applications Systems and Devices Modeling and Load Balancing
* Multi-module Applications * Node: CPU+GPU platform * Load Balancing
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application- and hardware-specific

» General (FP) Applications
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» Device: multicore CPUs « Performance modeling
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» General (FP) Applications » Device: multicore CPUs » Performance modeling
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Node: CPU+GPU platform

> Where? >

Systems and Devices

. \[Oode] |[Occe])! |[Ooe]l | [lcee]! — Replication of identical cores
| | | | | « «
i i1 [2che |1 1 [2cche ] 1[12Cache 11 [L2Cache ] — Memory hierarchy: private and shared caches
0 R ——— - e ,
1St ) S —— e — Programming: OpenMP, Pthreads, OpenCL
I|e© i . S
5 E|l=—=< Ring interconnect O
I iks) | 0 o R ——— e D 2
2= L bbb bk i :
g CA B— A - GPUs/Accelerators (distant workers)
|_"| ‘ L3 Cache
o — Large number of “simple” cores
— Complex memory hierarchy: global/local/shared
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DRAM

Node: CPU+GPU platform
> Where? >

Systems and Devices

B ‘[“"H """ ] '{""]"['""]\ - Multi-core CPU (Master)

— Replication of identical cores
e R S — Memory hierarchy: private and shared caches
I Interconnection Buses | .
e T — Programming: OpenMP, PThreads, OpenCL
T I Anginterconneat | ||| 153
‘ d d | I « GPUs/Accelerators (distant workers)
LB Cache

— Large number of “simple” cores
— Complex memory hierarchy: global/local/shared
| Gaphics Prpcesding Auster Graphicg Plocessing Qugte; .
[a; Sﬁaée'rgéwg';'j"'_;ﬁ"l‘::’l'j"'faé&éw&n'a"';w"l‘: g | — Programming: CUDA, OpenCL
{Eam e T A DRI N e B _ Configuration: Maxeler data-flow engines
[ = ]
AAL  Collaborative CPU+GPU execution
=n retve - __
i — Architectural diversity and programmability
[ -~ ] — Code parallelization on a per device basis
B O O — Integration into a single unified environment
“_| :[ Raster Engine ]}' :[ Raster Engine ]}' |_|J g g

= (OpenCL, StarPU, StarSs, CHPS, ...)
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DRAM

Node: CPU+GPU platform
> Where? >

Systems and Devices

G - - - - - - -——__ Y
. '+ GPUvs. CPU performance:
| aREO QCRE1 OORE QCRE3
| v : — GPU usually much faster, but not for all problems
| . . .
e | — Performance might differ by orders of magnitude
I Interconnection Buses |
Y Y S T T Y Y S e YV
— Accurate performance modeling is required!
200
GPU_F (NVIDIA GTX580)
— _mmmmTTTTTT
o 150 | PR
Q -
= J
S ’
\AAJ Y 100 | /
c K GPU_T (NVIDIA GTX285)
GPUO g L bR EE R bl
\A A e 1,7
9 50 Hy
[ GPU1 } v :
I 1 CPU Core (Intel i7 950)
\AA4 [ yaeemmmmmmmmmmm e mmmmeeemmmeeesmmesmsmeeeseemeesssamssaesmssssssssssamans
( | | | | | | | |
[ QU2 ] 0 400 800 1200 1600 2000 2400 2800 3200

Full models with MKL/CUBLAS (column-based 1D dgemm)
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DRAM

Node: CPU+GPU platform
> Where? >

Systems and Devices

\: « GPU vs. CPU performance:
[ S ] [ . ] [ s ] [ . ] : — GPU usually much faster, but not for all problems

ST T T T T T T =) — Performance might differ by orders of magnitude

—

« GPUs are connected via PCIl Express

— Bidirectional lines
— Asymmetric bandwidth (in different directions)

IYVY
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DRAM

Node: CPU+GPU platform
> Where? >

Systems and Devices

[ e —— \: « GPU vs. CPU performance:
:[ L ] [ & s ] [ & o ] [ . ] ! — GPU usually much faster, but not for all problems
R = mm — Performance might differ by orders of magnitude

e e e e e e e o e . o, e . o e —— —— ——

« GPUs are connected via PCIl Express

— Bidirectional lines
— Asymmetric bandwidth (in different directions)

* GPUs are co-processors

— CPU Core/Thread initiates all data-transfers and
[ U0 ] GPU kernel calls

[ ] — Core is usually completely devoted (underused)
GU1

B =n
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DRAM

—

Node: CPU+GPU platform
> Where? >

Systems and Devices

GPU vs. CPU performance:
— GPU usually much faster, but not for all problems
— Performance might differ by orders of magnitude
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GPUs are connected via PCl Express

— Bidirectional lines
— Asymmetric bandwidth (in different directions)

GPUs are co-processors

IYVY

(e \ Y

— CPU Core/Thread initiates all data-transfers and
PUo ] GPU kernel calls

[ ] — Core is usually completely devoted (underused)
GU1

vvyvy

GPUs do not benefit from paging

)
N
——

°

— Limited global memory!
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What? > Where? ) How?
Applications Systems and Devices Modeling and Load Balancing
* Multi-module Applications * Node: CPU+GPU platform « Load Balancing
- Divisible Load Applications
- H.264/AVC Video Encoding
(inter-prediction mode)
* General (FP) Applications * Device: multicore CPUs * Performance modeling
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lﬁwggc y Divisible Load Processing

What? >

Applications

* Discretely Divisible Load (DDL) Applications
— Computations divisible into pieces of arbitrary sizes (integers)
— Fractions independently processed in parallel with no precedence constraints

« Applicable to a wide range of scientific problems

— Linear algebra, digital signal and image processing, database applications ...

« State of the art approaches in Heterogeneous Distributed Computing

— Assume symmetric bandwidth and an one-port model for communication links

— Limited memory: only input load size is considered; exceeding load simply redistributed
— Computation/communication time is not always a linear/affine function of the #chunks
— Single-level load balancing solutions

7/1/201
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l%]?esnd Divisible Load Processing

What? >

Applications

« Single-Module Applications

Input
Data

Output
Data

 Multi-module Applications

| |
Input Out/Input Output
M1 Data M2
M1: load balancing, modeling... T M2: load balancing, modeling...

repartitioning
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\h\s’]:t’\escld Divisible Load Processing

What? >

Applications

« Single-Module Applications

Input Output
Data Data
 Multi-module Applications
Input Output Output Input
M1 M1 M2 M2

— Data-dependencies, multiple input/output buffers, shared access to data buffers

7/1/201
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©inescid Divisible Load Processing

What? >

Applications

« H.264/AVC Video Encoding

MB - 1 R* modules
(::urrent g inira : predicted MB > residual | e max. 6% on GPU (85% CPU)
rame o 2 . . ,
(CF) E Motion Compensation Transform & Quantization DIJ kstra algonthm
= (Mc) (TQ)

motion vectors

Entropy Coding

Sub-pixel Motion
Estimation (SME)

Dequantization & Inverse

Motion Estimation (ME) Transform (TQ-)

* min. 94% on GPU (92% CPU)
* Load balancing and modeling

Reference
Frames
(RFs)

interpolated frame 4>

. Deblocking Filtering
Interpolation (INT) (DBL)
T reference macro-block (MB)

S I 5 o « Adaptive real-time video

7 n—/ Idi | /—ﬂ* Idi encoding for HD sequences:
Multi-module load balancing
. - Simultaneous inter-prediction load

m / 4 balancing
- Communication minimization

(shared data buffers)
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> How? >

Modeling and Load Balancing

* Multi-module Applications * Node: CPU+GPU platform * Load Balancing
- Divisible Load Applications - FEVES -
- H.264/AVC Video Encoding Framework for Efficient parallel Video
(inter-prediction mode) Encoding on heterogeneous Systems
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l5[5151t=_sc id FEVES: General Layout

od
> How? >

Modeling and Load Balancing

UNIFIED ERAMEWORK « FEVES: Unified CPU+GPU encoding framework
"""""""""""" ! — for collaborative inter-loop video encoding (extendable)

Performance : : ,
Characterization — organized in several functional blocks

| |

Load Balancing |+

» Framework control provides the key functionality

FRAMEWORK CONTROL

— interacts with other blocks

Video Coding Manager

» Video Coding Manager orchestrates collaborative execution

A A

A\ 4 A 4

— invokes respective implementations of Parallel Modules
Parallel Modules Data Access — automatic Data Access Management between DRAM and local memories
(CPU, GPU, ..)) Management g
“““ T L 1
Heterogeneous Devices  DRAM » Load Balancing with online Performance Characterization

Multi-core CPUs —  provides multi-module workload distributions for collaborative processing
GPU1L
GPU2
GPU3

* A. llic, S. Momcilovic, N. Roma and L. Sousa., “FEVES: Framework for Efficient Parallel Video Encoding on
Heterogeneous Systems”, in ICPP-2014 19



ir)wescid FEVES: Framework Control

od
> How? >

Modeling and Load Balancing

| .\\""
— - .\l.

UNIEIED ERAMEWORK * Framework Control

Detect available devices (number, type, capabilities)
Instantiate respective Parallel Modules (CPU+GPU)

Configure Video Coding and Data Access Manager
Equidistant partitioning for ME, INT and SME
Execute and record execution/transfer time

Initial Performance characterization for each
device/module speeds and asymmetric bandwidth of
PCle links

@O®@EE

Initialization

for each frame do

(1) Determine load distributions with Load Balancing based
on Performance Characterization

(2) Execute modules with Video Coding Manager, Data
Access Management and Parallel Modules

(3) Record execution and transfer times and update
Performance characterization

Heterogeneous Devices = DRAM

Multi-core CPUs

Iterative phase

20

* A. llic, S. Momcilovic, N. Roma and L. Sousa., “FEVES: Framework for Efficient Parallel Video Encoding on
Heterogeneous Systems”, in ICPP-2014



_ \lﬁi;\ggcid FEVES: Video Coding Manager

> How?

Modeling and Load Balancing

UNIFIED FRAMEWORK

Bl Kernel Time [J Host to Device Transfer Time [ Device to Host Transfer Time e -;
28 I N
53 INT . owe |  sme | !
oo
| | S T S T S
| I
I
= [ cF>ME ME MV—>SME | SF(RF)>SME | MV>SME SME Lo :
s SF(RF)->SME CF >SME ! | SFRR>MC | GF-MC | VoM 3 : vt !
! T
: | L Video Coding Manager :
I I
5 | RF | cF>ME ME MV->SME | A S T O
5 Ml SFRR)>SME | SF(RF-1)>SME | CF >SME | srrR)>sme | mv->swie [EIEII mv=vc | sFeR>sME. : parallel Modules [
! 1 | I
| 1 | | N —— — — — —
! : ' i

1! T2! Ttot |

Heterogeneous Devices

» Video Coding Manager orchestrates collaborative CPU+GPU video encoding

— automatically configured according to detected device capabilities (initialization phase), e.g., the amount of supported
concurrency between computation and communication for GPU devices

— invokes highly optimized CPU and GPU implementations for the Library of Parallel Modules (SSE/AVX, Fermi/Kepler...)
— allows automatic Data Access Management between DRAM and local memories

» Collaborative Video Encoding orchestration
— Module executions and respective data transfers are invoked in a predefined order to ensure correctness of encoding
— Inrespect to inherent data-dependencies in H.264/AVC encoding several synchronization points are defined:
* t, —reflects the dependency of SME module on the outputs of ME and INT modules
* t,— marks the completion of SME module and beginning of R* processing
t,.: — encoding of a current frame is completed (R* modules executed on single fastest device, e.g., GPU1)

* A. llic, S. Momcilovic, N. Roma and L. Sousa., “FEVES: Framework for Efficient Parallel Video Encoding on
Heterogeneous Systems”, in ICPP-2014 21



'*-ltlaesc'd FEVES: Data Access Management
> How? >

Modeling and Load Balancing

LE T21 Ttot; UNIFIED FRAMEWORK
[ [ c-ME ] ME MV >SVE ———=rT======x
*y INT SARD=SME| GF>SME {SHRR1)-SVE']: sr-ve | w-sve  [IIEEE wW-wc | SHR) > SMEFL ] I & 1
| |
Sj [
i Mi.q * ? * ? |
o2 m I I
‘ Si ! ! | I
' HeD | | * f
,,,,,, | |
H>D [-Ps—dm/ | I
D>He | Rl 5 G po ! I i i I
& ey IEEN SN\ ] g Iul ‘,A: o | } Iu 1 | Video Coding Manager :
[ = I 7 rli_ \ i
I l - EEE 22 : * ? v * 1
R ‘ I Data Access ||
H=D | 1
e TR . 3 | L - F *1Manage$;m I
produced N X yAT i i — - — —— [ — [ —
, LT : :
! Si ) ! ! Heterogeneous Devices =~ DRAM
3 Si-1 Sj.1| D>Hw §
MV SME i produced \\\\ i
i 5 5 \\ 3
%D ' i

» Data Access Management for automatic data transfers and device memory management
— functionality strictly depends on the decisions from the Load Balancing block (load distributions)
— simultaneously tracks the state of several input/output buffers:
« current frame (CF), interpolated sub-frame (SF), motion vectors from ME (MV ME) and SME (MV SME), reference frame (RF)
— determines on the size of data transfers, their order, and exact position within the respective buffer
— provides communication minimization when several modules access to the same shared buffer

* A. llic, S. Momcilovic, N. Roma and L. Sousa., “FEVES: Framework for Efficient Parallel Video Encoding on
Heterogeneous Systems”, in ICPP-2014 22



Input: N, nwanclT{‘*,K{”, K;,Kﬂ

FEVES: Load Balancing

How?

Modeling and Load Balancing

2 )

UNIFIED FRAMEWORK

Tfdh

Input:| K, , i

I(ffna,l(ffna’1(§Ina’}(?fan’l(;nvhd,J{Invdhlgg—l

Load Balancing

Output: m={m; }, 1I={1; }, 5={8: },0=40:},0 ={0,

Objective: minimize T¢ot

. TR

Performance Characterization
(updated at runtime)

v ¢

nyw+nc nw+ne nyw+mnc
ST my=N, > ;=N\, s; =N (1)
=1 1=1 =1

Vie{ny+1, ..., nyw+nec}t:
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T1+sK; <o

v 1 v #

2)
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CPU Core

|
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|
|
|

cfhd m muvudh
TR ) KT iy K] <1

sfdh cfhd
1 1

mq K
+my KTV <oy

cfhd
1

K 4 K
cfhd
1

+AT'K

sfdh

m1 K ENRY SEAETNA +mq KTV <)

ri+alkSIhd A gmvhd o kS <y

ri+al k$fhd A gmukd (v ALy kSR

muvhd

o+ (N—s1) K] +T1R*+NKIfdh

<Ttot

F(N—my ATk A< ry

S A el e e

®) Heterogeneous Devices

©6)

GPU,

)
performs
R* modules

>

®)
©)

Load Balancing based on linear
programming to determine:

Viel2, .. . nwl:
rfhd
@
rfhd
7

cfhd muvdh
5 4

NK +m; K +m; K" +m,; K] <

NK

fhd sfdh

7

cfhd

P cfhd r—1,.sfhd m
NI{i 44niK€ +1; K +o; 'Ki +4; Ki

sfhd
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i
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i
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l sfdh r—1,..sfhd cfhd dh
iR kA or—l g efhd  amgefhd o, gmvdh <o)

+m kR <y

cross-device load distributions for
ME, INT and SME modules

amount of data transfers across different
devices for shared buffers

communication minimization

minimizes total collaborative
CPU+GPU video encoding time

(10)

an

GPU,

1z accelerator/

(13) distant worker
(14)

as)

Vie{l,. . ., ny}t:
A" =MS_BOUNDS (7, s)

l
A;=LS_BOUNDS(I, s)

communication
minimization

(16)

an

* A. llic, S. Momcilovic, N. Roma and L. Sousa.,
Heterogeneous Systems”, in ICPP-2014
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FEVES: Experimental results
> How? >

Modeling and Load Balancing

Real-time video encoding for full HD (1080p) video sequences

600 | 600 [ [ [
T\ ee¥e CPU NE °<¥Ke CPU HE |.\ e <X CPU_NE <X CPU_H=
= A \ ==\ =GPU_FZ =4 =GPU_KE® 2 A =i =GPU_F@ ==a =GPU_K®
%401- > S SysNFEl ~ ==®==SysNFFEZ — Ejmlll—\Tl SysNFE  ==®==SysNFFZ
2 | N === SysHKR 8 | “w =@==SysHKE
S 308 ~N © 308 S
E e N £ e ! \ l |
2 ol l £ sorfre e I'.\'I'< — —
g “T TTeeT, S .... - - : T‘ — -. “
& 'o.o. .?..?0.\ :\\ g (o. .;:I:..'o ‘“‘ - -‘ — -:‘ - -E‘§!
1081 ww, L S Co s Oas e kT ==
...... T mmmar— [ T T A
o |  TTteeeesst _T_T. "'mm'“ P, o I e ey * ....... %
32x3203 64x640E 128x128 256x2560E 1A 20 3@ a7 5@ 6@ Vit el
SearchBreaBizedpixels]? Number®fReferenceFramest
» Scalable over both search area (SA) size and the number of reference frames (RF)
» Highly optimized parallel modules (CPU_H 1.7x faster than CPU_N; GPU_K 2x than GPU_F)
» Real-time encoding on SysHK: for 64x64 SA size (1 RF) and up to 4 RFs for 32x32 SA
» Average speedup on SysNFF: 5x vs. CPU_N and 2.2x vs. GPU_F
Devices Heterogeneous Systems
CPU_N | Intel Nehalem i7 950 SysNF | CPU_N+GPU_F
CPU_H Intel Haswell i7 4770K SysNFF CPU_N + 2xGPU_F
GPU_F | NVIDIA Fermi GTX580 SysHK | CPU_H + GPU_K
GPU_K | NVIDIA Kepler GTX780Ti

* A. llic, S. Momcilovic, N. Roma and L. Sousa., “FEVES: Framework for Efficient Parallel Video Encoding on
Heterogeneous Systems”, in ICPP-2014 24



FEVES: Experimental results
> How? >

Modeling and Load Balancing

600

Timefms]&

-¢-1RF@ -*-2RF& —4-3RF& —»~4RF& ~<5RFE

e e e e e e e e e e e e e e

Ch—h—h—A—A—d—i—i—i—i—A—d—i—A—A—i—h—A—d—A—A—A—A—A—A=A—A—A—A—A—A—A—A—k—A—h—A—h—i—hk—i—h—A—h—d—i—i—i—hk—A—d—A—i—A—A—A—A—A—A—A—A—A—A—A—A—A—i—A—A

(]

L d—d—h—h—h—h—h—h—h—h=h—h=A—A— A= A=Ak =A=h— g — kA~ .‘7‘\‘_ A—h—k— A=A —A— A=A — A= A== A=A A= — A=A —A—A— A=A =A== A A= A=A A=A = A A A=Ak A= A=A A=Ak A=A A= kA=A A=A A=A A=Ak A=A— A=A —h— A=A A=A A=A A=A
.- L .-0-0 .- o-b-a-0

.- P
.-0-0 .-0-0 .-0-0 .-0-0 ~ g -0 B0 -0-0-0-0-0-0-0-0-0-0" F-2-0-0-0-0-0-0-8

/\

V\ Real-timeideo@ncoding@

Y VYV

U

58 100 150 200 250 308 350 408 450 508 550 600 650 708 758 808 850 900 950 1008
Frame@Number®

Real-time video encoding for 1080p “Rolling Tomatoes” sequence (first 100 frames)

Real-time encoding for up to 4 RFs for 32x32 SA on SysHK (Intel i7 4770K + NVIDIA
GTX780Ti)

Load Balancing capable of efficiently coping with increasing problem complexity

Dynamic Performance Characterization allows adaptation to the current state of the
platform

* A. llic, S. Momcilovic, N. Roma and L. Sousa., “FEVES: Framework for Efficient Parallel Video Encoding on
Heterogeneous Systems”, in ICPP-2014 25
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inescid Outline
Od
What? > Where? > How?
Applications Systems and Devices Modeling and Load Balancing

* Multi-module Applications

- Divisible Load Applications

- H.264/AVC Video Encoding
(inter-prediction mode)

* Node: CPU+GPU platform

* Load Balancing

- FEVES -

Framework for Efficient parallel Video
Encoding on heterogeneous Systems

Buljopow aduew.o}iad

» General (FP) Applications

* Device: multicore CPUs

 Cache-aware Roofline Model
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Performance and Total Performance
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A inescid Original Roofline Model

What? >> Where? >> How?

Applications Systems and Devices Modeling and Load Balancing

« Multi-cores: Powerful cores and memory hierarchy (caches and DRAM)

———————————————————————————————————

| I

| I

| I

I B B B 1 B

| Li-C L2 LLC B DRAM
| CORE % L1 7 LLC | 7 (off-chip)
I I

I I

- e e e e e e e e e e e e e - - —————

« Performance: Computations (flops) and communication (bytes) overlap in

time 128 -~ AVX MAD (Peak Performance Fy)
— 64 L : AVX MUL/ADD
n e e
é’_ 32
= 16 :
. 8 I 5 Original Roofline Model*
[} | '
I 4 (state of the art)
[(v] 2 — :
g 1+ E Intel 3770K
“GcJ 0.5 Time balance (By) : (Ivy Bridge)
a (.25 MEMORY-BOUND COMPUTE-BOUND

0.125 | 1 | |REGIION 1 | 1 I| 1 | 1 | |REQION 1 | 1 | 1 |

2-6 2-4 2-2 20 22 24 26 28 210 212 214
Operational Intensity [flops/DRAMbyte]

* Williams, S., Waterman, A. and Patterson, D., “Roofline: An insightful visual performance model for multicore architec%res”,
Communications of the ACM (2009)



hs E‘&—i‘dd Original Roofline Model: Hands On

What? >> Where? >> How? >

Applications Systems and Devices Modeling and Load Balancing

« Multi-cores: Powerful cores and memory hierarchy (caches and DRAM)

———————————————————————————————————

1 on-chip I
| | [Load Data (bytes)]
f | BLI1->G B, BL!.G | BID DRAM
| |
_ - ! b [StoreData(bytes)]
APP-D (data traffic from DRAM)
1287 .|=16|Z| MADEMaximum@Performance#Fp)a
ean l  ho0vjMun I=(2f)/(Zb,)
328 < / .
e & | Is constant
s
8 ”\)'
az o Intel 3770K
Q~"

%‘"@ (Ivy Bridge)
20 y
1R /

PerformancedGFlops/s]&

0.52 /
0.250// W APP-D
0,125|z T T T T T T T T T T
0.0078125m@.031257 0.1258 0.5 Pl 8 328 1289 5128 20482 81927

Operational@ntensitydFlops/DRAMByte]

* Williams, S., Waterman, A. and Patterson, D., “Roofline: An insightful visual performance model for multicore architec%es”,
Communications of the ACM (2009)



od

\\V‘H\'SEIE-SCid Original Roofline Model: Hands On

What? >>

Where? >> How?

Applications

Systems and Devices Modeling and Load Balancing

« Multi-cores: Powerful cores and memory hierarchy (caches and DRAM)

e e — ]

1 on-chip
: B B [Load Data (bytes)]
|
| L1-~C L2 DRAM
f | CORE 7 L1 (off-chip) [ Execute (flops) ]
|
== = = ) [Store Data (bytes)]
APP-L 3 (datafits in L3)
128 =16 MAD (Maximum Performance Fp)
yd o ADD/MUL l.=f./b
64 - 17 '1"M1
- 3 S
% 16 Qi?s\b
a 2
o ©
= g N /
T . & Intel 3770K
T *1 .
E , a&o (Ivy Bridge)
g, J
ko * APP-13
0.5 //
0.25 ® APP-D
0.125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/DRAM Byte]

* Williams, S., Waterman, A. and Patterson, D., “Roofline: An insightful visual performance model for multicore architec%es”,

Communications of the ACM (2009)
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f\ﬁsigescid Original Roofline Model: Hands On

What? >>

Where? >> How? >

Applications

Systems and Devices Modeling and Load Balancing

« Multi-cores: Powerful cores and memory hierarchy (caches and DRAM)

| g

1 on-chip I
| | [Load Data (bytes)]
| B B |
I L1-C L2 I DRAM
f | CORE 7 L1 | (off-chip) [ Execute (flops) ]
| |
== = = ) Store Data (bytes)
b=0 [ ]
APP-L 3 (datafits in L3)
1=16 MAD (Maximum Performance Fp)
128 .,
" A T 1,=f,/b,
Z 16 y
L) 0
5 s A
T 4 S _ Intel 3770K
é &\&o 1 ANterations (Ivy Bridge)
£ 2 15
g, 4
o * APP-13
= 0.5 /
0.25 ,/ B APP-D
0,125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/DRAM Byte]

* Williams, S., Waterman, A. and Patterson, D., “Roofline: An insightful visual performance model for multicore architec§11res”,

Communications of the ACM (2009)
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What? >> Where? >> How?
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Multi-cores: Powerful

————

cores and memory hierarchy (caches and DRAM)

1 on-chip I
| | [Load Data (bytes)]
| Blic B, | DRAM
| -, |
f i CORE 7 L1 i (off-chip) [ Execute (flops) ]
|
== = = ) [Store Data (bytes)]
b=0
APP-L 3 (datafits in L3)

128 =16 MAD (Maximum Performance Fp)

s A T l,=f,/b,
_ = & I R B e L=(f,+f,)/b,
2 16 = .

8 e | =(Zf)/b
[ 8 ) . — .
s Intel 3770K =(2h)/b,
§ ﬁ*g - Ailterations (Ivy Bridge) : -
E 2 4 | is variable
5 1 / * APP-L3
a

0.5

0.25 ,/ B APP-D
0.125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/DRAM Byte]

* Williams, S., Waterman, A. and Patterson, D., “Roofline: An insightful visual performance model for multicore architecgires”,

Communications of the ACM (2009)
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« Multi-cores: Powerful cores and memory hierarchy (caches and DRAM)

———————————————————————————————————

DRAM

(off-chip)

e e e e e e ——— ERE . o o e e e ———— -

APP-L1 (datafitsin L1)

128 .|=15 MAD (Maximum Performance Fp)
o / ADD/MUL
—_ 32 3 . & * ¢ * & # & # &% # #*
L @\/ +
2 16 *
o e & @& & & & & & & & »
'(_,‘5 8
- Intel 3770K
4 .
E , (Ivy Bridge)
8
G 1 o ® APP-L1
a
0.5 ZZ- + APP-L3
0.25 /e g B APP-D
0,125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/DRAM Byte]

[Load Data (bytes)]

[ Execute (flops) ]

[Store Data (bytes)]

l,=F./b,
1,=(f+f,)/b,
=(Ef )b,

| is variable

* Williams, S., Waterman, A. and Patterson, D., “Roofline: An insightful visual performance model for multicore architecgges”,
Communications of the ACM (2009)
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« Multi-cores: Powerful cores and memory hierarchy (caches and DRAM)

[Load Data (bytes)]

DRAM
(off-chip) [

Fixed | - unexpected
performance for

Execute (flops) ]

different $ levels [Store Data (bytes)]
128 MAD (Maximum Performance Fp)
]y . moomu 1,=f,/b,
32 B T S S T T T S o I 2:(f 1+f 2) / b 1
) e & & © & ® ©® & ° I_: Zf /b
qus not ach_levbeI Intel 3770K i ( |) 1
maximum attainable (Ivy Bridge) : -
performance | is variable

| varies with the problem
size. Memory bound

025 /@1 becomes compute bound.
0.125 T T T T T
0.0078125 0.03125 0.125 0.5 2 8 3 1Z38 51Z PAVL: .3 BI9Z

Operational Intensity [Flops/DRAM Byte]

* Williams, S., Waterman, A. and Patterson, D., “Roofline: An insightful visual performance model for multicore architecgi(es”,
Communications of the ACM (2009)
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Cache-aware Roofline Model

What?

)2

Where?

02

How?

Applications

Systems and Devices

Modeling and Load Balancing

« Multi-cores: Powerful cores and memory hierarchy (caches and DRAM)

———————————————————————————————————

o a————

'f,D DRAM
(off-chip)

« Performance: Computations (flops) and communication (bytes) overlap in

1024 _ 128 MAD (Peak performance)
4 Cores L1-C B (B) [approx] -=------
|- \ e f— B(B) [measured]
512 B 64 ADD/MUL
5 | =T e s e s s =
= 256 |- a
= 1 Core L2-C Intel 3770K S 32 MAD
W .
S 128 v (Ivy Bridge) o}
E 16 / _ 1Core ADD/MUL
3 64 S
2 E 4
2 3L DRAM-LLC 8 o
9 filling the
4 ineli i
16 | N\ N_DRAM-C 7 pipeline E(©) [approx] ---m-
F(®) [measured]
8 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L I 2 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L I}
210 212 214 216 218 220 222 224 226 228 230 22 24 26 28 210 212 214 216 218 220 222 224 226
Data Traffic [bytes] Double Precision FP operations [flops]
7/1/201

Ui I

35
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Cache-aware Roofline Model

What?
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Where?

02

How?

Applications

Systems and Devices

Memory bandwidth variation

Modeling and Load Balancing

Performance variation

10240 e Lioc e peacured 128 4 Cores —MAD (Peak Performance)
= 1 (AN | Theoretical F
@ 512 B(5-) 7 (¢)
o - 2 641 - - 2 Cores - - ADB/MUL
L B B : &7 /
S [
B 1280 g AN S
c 3 1-Core
T | SO IS > N ]
2 £
U, W DRAM_LLC :
= 16" SO DRAM—C . — Measured
‘ ‘ ‘ ‘ | e : - ‘ ‘ ‘ | Theoretical
0.125 1 8 64 512 4096 32768 262144 16 128 1024 8192 65536 524288
Data Traffic [KBytes] Double FP operations [Flops]
128
64
. 32
)
2 16
9
E. 8
g 4
c
(1]
£ 2
S
S 1
a
0.5
0.25
0.125 T T T T T T T T T
0.0078125 0.03125 0.125 0.5 8 32 128 512 2048 8192
7/1/201 Operational Intensity [Flops/Byte] 36
4
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Cache-aware Roofline Model

What?

)2

Where?

How?

02

U

Applications

1024

Systems and Devices

Memory bandwidth

512

256

128

64

32

Memory Bandwidth [GB/s]

16

0.125 1

7/1/201
4

Performance [GFlops/s]

LooN B perrree— 128 4 Cores FMAD (Peak Performance)
=  DR(ARA N | Theoretical
B(B-) - (¢)
2 641 o 2-Cores ~-ADB/MUL
: : e o /
™
S
3 1-Core
c
(]
£
o
@
o
= Measured
‘ ‘ ‘ L ; : - ‘ ‘ ‘ ) Theoretical
8 64 512 4096 32768 262144 16 128 1024 8192 65536 524288
Data Traffic [KBytes] Double FP operations [Flops]
N MAD (Maximum Performance Fp)
128 z\,\
& ADD/MUL
64 ‘\‘ ——————————————————————————
&
\$\
32 S
s/
LW
16 >
3/
5
g R
v/
q
2
1
0.5
0.25
0.125 T T T T T T T T T
0.0078125 0.03125 0.125 0.5 8 32 128 512 2048 8192
Operational Intensity [Flops/Byte] 37

Modeling and Load Balancing

Performance variation
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Memory bandwidth Performance variation
102474C0res V L1—-C - V — Measured 128 4 Cores - MAD (Peak Performance)
— | ) 1 p(A N | Theoretical F
@ 512 B(8+) ! 7 (¢)
O — : 2 64 o 2 Cores - ADD/MUL
£ 256 liaoc ) ' e | :
5 . i &
£ 128 ] %
c : 3 1 Core
® 64 &
g E
o (=]
E 32 8
g &
= 16 T o ] DRAM—C = Measured
| \ . . L e : - ‘ ‘ ‘ - Theoret‘ical
0.125 1 8 64 f51 2 4096 32768 262144 16 128 1024 8192 65536 524288
Data Traffic [KBytes] Double FP operations [Flops]
N MAD (Maximum Performance Fp)
128 z\,\
N ADD/MUL
64 .\8;'(\‘ R e . e = e e e e e e e e S S e e S S S G G G S— — -
- 32 0‘\/8: /
T 16 \,';O d_}o
2 A
g s °}°/ v
3 4 /
c
@
£ 2
5 .
5 1
a
0.5
0.25
0.125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192
7/1/201 Operational Intensity [Flops/Byte] 38
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Memory bandwidth
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Modeling and Load Balancing

Performance variation

024 : e : - MA
.4 Cores L1-C — Measured 128 4 Cores - MAD (Peak Performance)
— | 1 p(A N | Theoretical F
@ 512 B(8+) 7 (¢)
O - 2 64 o 2-Cores ~-ADD/MUL
= 2561 : g7 /
= T
5 128 S
c 3 1-Core
o 4 =
> ! E
Q : o
g 32- S ' N T E
= 161 = Measured
) ) ) ) L N —— Theoretical
0.125 1 8 64 51 2 4096 16 128 1024 8192 65536 524288
Data Traffic [KBytes] Double FP operations [Flops]
MAD (Maximum Performance Fp)
ADD/MUL
=
(7]
Q.
L)
[
9
[J]
(%]
c
(5]
€
S
Lo
] /
a
0.5 /
0.25 /
0.125 " 4 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192
7/1/201 Operational Intensity [Flops/Byte] 39
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02
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Memory bandwidth
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Modeling and Load Balancing

Performance variation

10287 : e — - MA
,,,,4,,C0res L1-C — Measured 128 4 Cores MAD (Peak Performance)
— | 1 p(A N | Theoretical F
@ 512 B(8+) 7 (¢)
o - 2 641 - - 2 Cores - ~-ADB/MUL
= 256 : : - - ,
5 i
2 128 S
c 8 1 Core
@ 64 8
z E
<) o
g 32 E
= 16 = Measured
) ) ) ) L : - S Theoretical
0.125 1 8 64 512 4096 32768 262144 16 128 1024 8192 65536 524288
Data Traffic [KBytes] Double FP operations [Flops]
1287 MADEMaximum®PerformancedFp)&
ADD/MULZ
647 _______________/__-
= 328
d
7 160
9
G 80
=
g a4
c
©
g 27
€
c ?
o
0.52
0.2581 </
7/
0.125 T T T T T T T T T T
0.0078125@.03125@ 0.125( 0.5% 20 8 320 1280 5120 2048a 81927
7/1/201 OperationalAntensitydFlops/Byte]a 40
4
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What? >> Where? >> How? >

Applications Systems and Devices Modeling and Load Balancing

MAD (Peak performance)
o ADD/MUL

Insightful single plot model
- Shows performance limits of multicores

) - Redefined OI: flops and bytes as seen by core
g - Constructed once per architecture
O]
P Cache-aware Roofline Model*
é [proposed] ] ]
kS « Considers complete memory hierarchy
[0
& ntel 3770K - Influence of caches and DRAM to performance
(Ilvy Bridge)
2_6 | ! | ! | ! | ! | ! | ! | ! | ! |
2—8 2—6 2—4 2—2 20 22 24 26 28

Applicable to other types of operations
- not only floating-point

Operational Intensity [flops/byte]

Useful for:
- Application characterization and optimization
- Architecture development and understanding

* Ilic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Letﬁelrs, 2013
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U

_inescid Cache-aware Roofline Model
What? >> Where? >> How? >
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MAD (Peak performance)

4 Cores

(AVX MAD)
Intel 3770K
(Ivy Bridge)
2_6 1 L 1 L 1 L 1 L 1 L 1 L 1 1 L |
28 26 24 272 20 22 24 26 28

Operational Intensity [flops/byte]

 Total Cache-aware Roofline Model

- Includes all transitional states (traversing the
memory hierarchy and filling the pipeline)

- Single-plot modeling for different types of
compute and memory operations

7/1/201
4

Insightful single plot model

- Shows performance limits of multicores

- Redefined OI: flops and bytes as seen by core
- Constructed once per architecture

Considers complete memory hierarchy
- Influence of caches and DRAM to performance

Applicable to other types of operations
- not only floating-point

Useful for:
- Application characterization and optimization
- Architecture development and understanding

42
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Performance [Gflops/s]

U

Cache-aware Roofline Model
What? >> Where? >> How? >
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MAD (Peak performance)
ADD/MUL

4 Cores
(AVX ADD/MUL)

Intel 3770K
(Ivy Bridge)
| ! |

| ! | ! | ! | ! | ! | ! |
2-8 26 24 22 20 22 24 26 28
Operational Intensity [flops/byte]

» Total Cache-aware Roofline Model

- Includes all transitional states (traversing the
memory hierarchy and filling the pipeline)

- Single-plot modeling for different types of
compute and memory operations

7/1/201
4

Insightful single plot model

- Shows performance limits of multicores

- Redefined OI: flops and bytes as seen by core
- Constructed once per architecture

Considers complete memory hierarchy
- Influence of caches and DRAM to performance

Applicable to other types of operations
- not only floating-point

Useful for:
- Application characterization and optimization
- Architecture development and understanding
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AVX MAD o : ;
<<t MAD Insightful single plo'g model '
_______________ SSE MUL/ADD - Shows performance limits of multicores
) - Redefined OI: flops and bytes as seen by core
2 ntel 3770K - Constructed once per architecture
o Ivy Bridge
é 4 Cores _ _
k5 (SSE) « Considers complete memory hierarchy
& - Influence of caches and DRAM to performance
2_6 | ! | ! | ! | ! | ! | ! | ! | ! |
28 26 24 22 20 22 24 26 28

» Applicable to other types of operations
- not only floating-point

Operational Intensity [flops/byte]

» Total Cache-aware Roofline Model

U

- Includes all transitional states (traversing the .

memory hierarchy and filling the pipeline)
- Single-plot modeling for different types of
compute and memory operations

7/1/201
4

Useful for:
- Application characterization and optimization
- Architecture development and understanding
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Cache-aware Roofline Model

U

Operational Intensity [flops/byte]

» Total Cache-aware Roofline Model

- Includes all transitional states (traversing the
memory hierarchy and filling the pipeline)

- Single-plot modeling for different types of
compute and memory operations

7/1/201
4

|. 03
What? >> Where? >> How? >
Applications Systems and Devices Modeling and Load Balancing
AVX MAD H H
v Insightful single plot_ model '
DBL MAD - Shows performance limits of multicores
Tt A ] DBL MUL/ADD - Redefined Ol: flops and bytes as seen by core
2 ntel 3770K - Constructed once per architecture
o Ivy Bridge
é 4 Cores _ _
k5 (DBL) Considers complete memory hierarchy
& - Influence of caches and DRAM to performance
2_6 | ! | ! | ! | ! | ! | ! | ! | ! |
28 26 24 22 20 22 24 26 28

Applicable to other types of operations
- not only floating-point

Useful for:
- Application characterization and optimization
- Architecture development and understanding

45
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Cache-aware Roofline Model: Hands On

What? >> Where? >>

How? >

Operational Intensity [Flops/Byte]

Applications Systems and Devices Modeling and Load Balancing
= aximum@Performancel H
e ™ APP-D (data traffic from DRAM)
:: oa*"&v Foﬁfcﬁif,_____________________________“, [LoadData(bytes)]
- d’y | |
tJ | |
a2 q:v‘“\/ | B i.c B, B, ¢ 1 Bp DRAM [ Execute (flops) ]
= % | CORE 7 L1 7 LLC | (off-chip)
osa | ! P [Store Data (bytes)]
o.‘m/ ‘IAPP-D% NN ——— |
0.1258 T T T T T T T T T T
0.0078125.031258 0.125@ 0.5@ 2@ 8@ 328 128@ 512@ 20482 8192@ f b
OperationalAntensitydFlops/DRAMByte]2
128 N 1=16 MAD (Maximum Performance Fp)
A —8 —
M P % ADD/MUL |_(Zf )/(Zb )
64 K — s — === — = | |
— 32 (\o ’ i / .
SN L | IS constant
o NS e 4
2 3 QQQ/ Pl 7
& /7 L ; Intel 3770K
4 l"l . -
g e v (Ivy Bridge)
£ 2 7 :1 P '/
$ 7
g ! 7
0.5 /
0.25 7 ) B APP-D (Original/Cache-aware)
/
0-125 - T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

*llic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Letﬁ%rs, 2013
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Cache-aware Roofline Model: Hands On

What? >> Where? >> How? >
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=16 MAD (Maximum Performance Fp) H H
122 /___________BDMJL_ APP-LS (fItS In L3)
i: s‘\&v [Load Data (bytes)]
8 3 5
~
: Qw*ov B, DRAM [ Execute (flops) ]
. 4 (off-chip)
e * APP-L3 Store Data (bytes)
0.25 / H APP-D
0.125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192
Operational Intensity [Flops/DRAM Byte]
N =16 MAD (Maximum Performance Fp)
128 X — —
o 7. P ADD/MUL |I=(Zf)/(ZDb))
64 ay———,e»’————.h —————————————————— ! !
T R o % 4 .
T WL | is constant
=3 - P .
2 3 Qz’b/ , :." 4
2 /S % Intel 3770K
8 4 , 1"1 ,. “ :
& . 1 (Ivy Bridge)
E 2 7 :/ P 'I
g /
E 1+ v @ APP-L3 (Cache-aware)
0.5 4
0.25 / B APP-D (Original/Cache-aware)
' 7/
0.125 — T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/Byte]

*llic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Letﬁe/s, 2013
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Cache-aware Roofline Model: Hands On
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1=16 MAD (M: Performance Fp) 1 H
s S —— Ty APP-L3 (fitsin L3)
32 D
16 Q@*‘& [Load Data (bytes)]
8 > &/‘
4 L erations B [ Execute (flops) ]
: o et Ml DRAM
! + APP-L3 (off-chip)
05 / ) Store Data (bytes)
0.25 / H APP-D
0.125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192
Operational Intensity [Flops/DRAM Byte]
N =16 MAD (Maximum Performance Fp)
128 X = —
O L " ADD/MUL |:(Zf )/(Zb )
64 ay———,e»’————.h —————————————————— ! !
T R o % 4 .
T WL | is constant
=3 - P .
2 3 Qz’b/ , :." 4
) 7L ®, Intel 3770K
8 4 , 1"1 ,- o -
& . 1 (Ivy Bridge)
E 2 7 :/ P 'I
8 7
5 1+ / @ APP-L3 (Cache-aware)
a .
0.5 4
0.25 v B APP-D (Original/Cache-aware)
' 7/
0.125 = T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/Byte]

*llic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Letﬁ%(s, 2013
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Cache-aware Roofline Model: Hands On

)

What? >> Where? >> How?
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p e — APP-L 3 (fitsin L3)

. o et [Load Data (bytes)]

. ,/v’% C

4 e AMiiterations B, DRAM [ Execute (flops) ]

SR 4 f-chi

S * APPL3 (oft-chip) [Store Data (bytes)]
0.2.5 r/ H APP-D
0.125 T T T T T T T T T T

0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/DRAM Byte]

128 S - I=16 MAD (Maximum Performance Fp)
2 7 —_
ADD/MUL |—(Zfl)/(2b I)

z | Is constant
s
'S
2 Intel 3770K
< (Ivy Bridge)
E
Nl .
5 1+ / @ APP-L3 (Cache-aware)
a .

0.5 /7

0.25 : B APP-D (Original/Cache-aware)
7/
0.125 = T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/Byte]

*llic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Leqﬁ{s, 2013
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Cache-aware Roofline Model: Hands On

What?

)2

Where?

02

How?

)

Modeling and Load Balancing

(off-chip)

[Load Data (bytes)]

[ Execute (flops) ]

[Store Data (bytes)]

I=(Zf )/(Zb)

| Is constant

Applications Systems and Devices
= MAD (Maximum Performance F| 1 1
- TS APP-L]_ (fits in L1)
32 QY e ® $ & & & € % + * @
M L ronchin 1~
8 C&y & e ® ® & @ & & & & & o o o |
ﬁ}‘:’ziﬂ; ¢ : B | B
47 Q : AMlterations LLC | D
2 | core =i T S DRAM
1 / L) © APP-L1 | |
05 / . oapp3| ! !
025 /ey mawro| oo VNSRS —
0.125 T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192 f
Operational Intensity [Flops/DRAM Byte]
128 O 1=16 MAD (Maximum Performance Fp)
A S - ADD/MUL
64 N - “
S 2
4
32— ‘
w o2 g’
2 16 ‘}' oo
Qo 7
2 z’b 7z 7’ ' / °
G 8 T , :I’ ' .
- Rl d Intel 3770K
g 4 g Pt vy Brid
s, B y (Ivy Bridge)
5 . a
ug 1 ,/_. % @ APP-L1 (Cache-aware)
o v
051 @ @ APP-L3 (Cache-aware)
0.25 *—/.fst B APP-D (Original/Cache-aware)
0.125 + T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/Byte]

*llic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Leté?{s, 2013
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Cache-aware Roofline Model: Hands On

)

What? >> Where? >>
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p . — APP-L1 (iitsin L1)

y v/*“ ot 77777777 :”oﬁfcﬁif,‘""""""""“"“"“"“. Load Data(bvtes)]

8 “"L + o . o | :

4 ‘_0 :Iﬂ_- AMilterations : BLLG : BD [ Exec"‘Ite (ﬂops) ]

2 yﬁ . .| CORe 7— LLC [ il

Lt Shreay | (off-chip) [Store Data (bytes)]
o o | | e —

Achieves maximum
attainable performance is
always memory bound.

Performance [GFlops/s]

512 2048

8192

1=16

MAD (Maximum Performance Fp)

‘I does not vary. The

I=(Zf )/(Zb)

| Is constant

16 T 7l b+ performance tends to the
() Ve g
8 - Y Pad cache level ceiling.
s 7
4 ./:r" )ist
R )
1 7 @ APP-L1 (Cache-aware)
e
0.5 e @ APP-L3 (Cache-aware)
0.25 /.{st B APP-D (Original/Cache-aware)
0.125 — T T T T T T T T T T
0.0078125 0.03125 0.125 0.5 2 8 32 128 512 2048 8192

Operational Intensity [Flops/Byte]

* Ilic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Letéelrs, 2013




: inescid Practical Example: Dense Matrix Multiplication

What? >> Where? >> How? >

Applications Systems and Devices Modeling and Load Balancing

1) Basic implementation: All matrices stored in row-major order.

Cache-aware Roofline Model Original Roofline Model
12873 B
640 / ,3 4 ,,"' 642 /
g 32 / ,;I/ ya g 31 4
E- 160 / ,',/ /" E- 162 // l
é- 8a // /l// ,D'i vg 8 / 1
8 ,// "I §
2 ey
.g 23 7/ g 2@
2 12 ,/ & 12 //
0.51 0.5
0.253 g T T T T T T T T T 0.253 T T T T T T T T T T
0.0078125R 0.06252 0.5@ am 32m 2560 20487 163843 1310727 10485767 83886082 0.0078125[ 0.06252 0.58 4 32m 2560 20487 16384 131072 1048576 83886082
Operational@ntensitydFlops/Byte]d Operational@ntensitydFlops/DRAMByte]?
application is in the compute bound region application is in the memory bound region
mainly limited by DRAM mainly limited by DRAM
can be optimized to hit higher cache levels can be optimized up to the slanted part of the
model
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inescid Practical Example: Dense Matrix Multiplication

What?

Applications

)2

1) Basic implementation: All matrices stored in row-major order.

Where?

Systems and Devices

02

How? >

Modeling and Load Balancing

2) Transposition: One matrix is transposed into column-major

Cache-aware Roofline Model

Original Roofline Model

1287 1287
/ I/ V4 /
648 / ’\lﬁ 5 642
’ & / a)
2 39 Aty . 320 '4
2 7 / =
@ ’/ ’ 8
2 16m , 7 2 162
o / Y/ D’i E .1
2 8 o/ = 82 1
T /[ 2
3 / 2
e /7 c am
H 47 v/ g /
g Y4 S
e vy € :
2 5 /
a 17 / 12 /
0.58 0.5
0.258 4 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.250 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.007812500.06258  0.58 4 328 2568 20487 163848 1310721 10485760 83886081 0.0078125(0.06258  0.58 4 328 2568 2048 163848 131072 1048576[ 83886082

Operational@ntensitydFlops/Byte]d

application is in the compute bound region
almost hits L3
can be further optimized to hit higher cache levels

7/1/201
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Operational@ntensitydFlops/DRAM@Byte]&

application is in the memory bound region
performance hits the roof of the model
the model suggests that the optimization
process is finished

53
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inescid Practical Example: Dense Matrix Multiplication

What? >> Where? >> How? >

Applications Systems and Devices Modeling and Load Balancing

1) Basic implementation: All matrices stored in row-major order
2) Transposition: One matrix is transposed into column-major

3) Blocking for L3: All matrices are blocked to efficiently exploit L3
4) Blocking for L2: Second level of blocking to efficiently exploit L2
5) Blocking for L1: Data is further blocked to exploit L1

_ Cache-aware Roofline Model Original Roofline Model
?
641 // . ,%,/3’ 4;,,5' 641 ﬁ{
328 ,;/ 2 7 g 328 / 2
16@ / ,"’ ',"' ‘_:1 160
81 / ,'// l,:l"l & g / .1
‘oot /
47 7/ © 47
21 ’/I/ ..g 21 /
1R / a 1@ //
osm 0.58
0.25R3 T T T T T T T T T T 0.257 T T T T T T T T T T
0.0078125[ 0.06250 0.58 4z 320 2560 20482 16384F 1310727 10485767 83886083 0.0078125[ 0.062582 0.58 el 320 2568 20482 16384E 131072@ 10485761 83886082
Operational@ntensitydFlops/Byte]& Operational@ntensityfFlops/DRAMByte]&
performance is further improved breaking the cache optimization process finished

level ceilings towards the roof
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inescid Practical Example: Dense Matrix Multiplication

What? >> Where? >> How? >

Applications Systems and Devices Modeling and Load Balancing

1) Basic implementation: All matrices stored in row-major order
2) Transposition: One matrix is transposed into column-major

3) Blocking for L3: All matrices are blocked to efficiently exploit L3
4) Blocking for L2: Second level of blocking to efficiently exploit L2
5) Blocking for L1: Data is further blocked to exploit L1

6) Intel MKL: Highly optimized implementation

_ Cache-aware Roofline Model Original Roofline Model
1287 »
VA S / © pu

6402 o’ 4., 6403

328 / ,}I//E 2 ,'} 328 /ﬁ) SF’ 4’1‘5

160 // ,}I’ 5 ,/ g- 168

8a / ,I;Il ) 1 % 8

e sy 7 g 4z

28 ,}/ g 28-

10 G v & 10

osmf 0.5
0.2503 ’ T T T T T T T T T 0.2503 T T T T T T T T T T
0.007812580.06258 0.5 a3 320 2568 20487 16384E 1310723 1048576E 83886080 0.007812500.06258 0.5 a1 328 256 20482 16384@ 131072@ 10485760 83886080

Operational@ntensitydFlops/Byte]® Operational@ntensitydFlops/DRAMByte]?
6 is able to achieve near theoretical performance moves to the compute bound region

(shift in operational intensity)

llic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Leté%rs, 2013
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Cache-aware Roofline Models: Use Cases

What?

)2

Where?

02

How?

Applications

Systems and Devices

Modeling and Load Balancing

| Application Characterization |

AVX MAD 5 AVX MAD
24 b DBL SSE AVX A?/]; MUL/SSE,MI&D 26 | DBL SSE AVX -;'_*. AVX MUL/SSE,MAD
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Operational Intensity [flops/byte] Operational Intensity [flops/byte]
single core quad-core
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=) =) =)
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$ $ = 0 $
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(58 Vi . .
o tonto -~ LU factorization
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* [li¢, A., Pratas, F. and Sousa, L.,

Operational Intensity [flops/byte]

Operational Intensity [flops/byte]

Operational Intensity [flops/byte]

“‘Beyond the Roofline: Power, Energy and Efficiency Modeling for Multicores” (submitted)

* Antdo, D., Tani¢a, L., llic, A., Pratas, F., Tomas, P., and Sousa, L., “Monitoring Performance and Power for Applicatiaty,
Characterization with Cache-aware Roofline Model”, PPAM’13
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Roundup and Conclusions

What?

>> Where?

>> How?

)

* Multi-module Applications

» General (FP) Applications

U

Applications

- Divisible Load Applications
- H.264/AVC Video Encoding

(inter-prediction mode)

7/1/201
4

Systems and Devices

* Node: CPU+GPU platform

e Device: multicore CPUs

Modeling and Load Balancing

* Load Balancing
- FEVES -

Framework for Efficient parallel Video
Encoding on heterogeneous Systems

 Cache-aware Roofline Model

- Performance and Total Performance

57
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- escid On-going and Further Work

« Porting and extending load balancing algorithms

— Highly heterogeneous systems (CPU+GPU+FPGA), embedded systems ...
— Power- and energy-efficient computing (DVFS)

« Cache-aware Roofline modeling: Future
— Power, energy, efficiency ...
— Extending for other device architectures (mainly GPUSs)
— Scheduling and load balancing for general applications

* Introduce all these techniques and algorithms in the OS
— Automatic approach: by identifying the characteristics of the applications

— To have support for the different approaches and user provides additional information

* Multiple performance modeling and load balance strategies for different architectures, and solutions for all
applications

7/1/201
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icaccid Additional readings

— A llic, F. Pratas and L. Sousa, “Cache-aware Roofline Model: Upgrading the loft”, IEEE Computer Architecture Letters, 2013

— A llic, S. Momcilovic, N. Roma and L. Sousa, “FEVES: Framework for Efficient Parallel Video Encoding on Heterogeneous
Systems”, ICPP’14

— S. Momcilovic, A. llic, N. Roma and L. Sousa, “Dynamic load balancing for real-time video encoding on heterogeneous
systems”, IEEE Transactions on Multimedia, 2014

— S. Momcilovic, A. llic, N. Roma and L. Sousa, “Collaborative Inter-Prediction on CPU+GPU Systems”, ICIP’14

— D. Antéo, L. Tanica, A. llic, F. Pratas, P. Tomas and L. Sousa, “Monitoring performance and power for application
characterization with Cache-aware Roofline Model”, PPAM’13

7/1/201
o .



l![Sl_rju-"_sc id

W 7/1/2014

Thank you for your
attention!

Questions?
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