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HITTING THE ROOF
G o ARCHITECTURES VS. APPLICATIONS

— Multi-core CPUSs, accelerators, diverse compute capabilities, complex
memory hierarchy...

— Complex applications, different compute and memory requirements
— Optimize and characterize applications for specific architectures

MAXIMUM ATTAINABLE PERFORMANCE VS. POWER/ENERGY

CONSUMPTION

— HOW FAR CAN WE GO?

— WHAT ARE THOSE MAXIMUMS FOR PERFORMANCE, POWER, ENERGY,
EFFICIENCY...?
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. . - Improve
— Application characteristics and demands | MODELS
— Architecture capabilities to satisfy them
— Trade-offs, assumptions ... Core2t<- Core- GPUDH K- GPUTL*
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THE CACHE-AWARE ROOFLINE MODEL.:

- PERFORMANCE*

*A. llic, F. Pratas and L. Sousa “Cache-ware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Letters (2013)
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Multi-core CPU

SEVERAL (IDENTICAL) PROCESSING CORES
— PARALLELISM ACROSS THE PROCESSING CORES
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Multi-core Architectures - TECNICO
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— INSTRUCTION LEVEL PARALLELISM (PIPELINING)

5 clocks for 1 instruction (5-stage pipeline)

INST 1| (| || |
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— INSTRUCTION LEVEL PARALLELISM (PIPELINING)

5 clocks for 1 instruction (5-stage pipeline)

INST 1IN (| (] [ —
INST 2| [ [
INST I [ (|
INST 41| [ [
INST S| [ [
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Multi-core CPU

SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— INSTRUCTION LEVEL PARALLELISM (PIPELINING)

5 clocks for 1 instruction (5-stage pipeline)

__—
INSTJIJ- =1L e
INST 2/l | (| [ PR ~2 clocks per instruction
INST 3| I Il ™
INST 4 R B
INST | [ |
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Multi-core CPU

SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— INSTRUCTION LEVEL PARALLELISM (PIPELINING)

5 clocks for 1 instruction (5-stage pipeline)

-
INST (I[N () [ o <
INST 2| (| | ™™ N ~2 clocks per instruction
INST 3| || =
INST 41 (| || " THROUGHPUT: 1 INSTRUCTION PER 1 CLOCK
C i _—
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— INSTRUCTION LEVEL PARALLELISM (PIPELINING)

HANDS-ON: Ivy BRIDGE AT 3.5 GHz (17

3770K)
- Double-precision Floating-point operation (FLOP)
INST j- - - -l - Multiplication(MUL) or addition (ADD)
INST 2- - - - - Thranahniit- 1 inctriictinni/elacle
FLO Performance
INST S| | .|| InsEIEuctio PS (GFLOPSI/s)
n Type per
INST 4- - - - Instr. 1 Core 4 Cores
INST Sl || | _ 3.5
64bits | 1 | (fiopxsserz) | 4
128 bits
(SSE) 2 7 28
256 bits
(AVX) 4 14 56
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— INSTRUCTION LEVEL PARALLELISM (PIPELINING)

HANDS-ON: Ivy BRIDGE AT 3.5 GHz (17

3770K)
- Double-precision Floating-point operation (FLOP)
INST j- - - -l - Multiplication(MUL) or addition (ADD)
INST 2- - - - - Thranahniit- 1 inctriictinni/elacle
FLO Performance
INST S| | .|| InsEIEuctio PS (GFLOPSI/s)
n Type per
INST 4- - - - Instr. 1 Core 4 Cores
INST Hil| (| | _ 35
64bits | 1 | (fiopxsserz) | 4
128 bits
(SSE) 2 7 28
256 bits
(AVX) 4 14 56
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— IN-CORE PARALLELISM (several ports for different

ops)
Port O || || Port 1 || Port 2 H Port 3 m Port 4 || || Port X ||

S~ Independent instructions can

MUL .. [l ADD .. [f| LOAD ||| LOAD STSR - run in parallel
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Multi-core CPU

|
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SEVERAL (IDENTICAL) PROCESSING CORES

Parallelism across the processing cores
Instruction level parallelism (pipelining)

IN-CORE PARALLELISM (several ports for different
ops)

HANDS-ON: Ivy BRIDGE AT 3.5 GHz (17

|| Port 1 ||

Port 2 H Port 3 m Port 4 || || Port X ||

3770K)

LOAD

LOAD

STOR
=

- Double-precision FLOPs

-Throughput: 1 instruction/clock

FLO Performance
Instructio PS (GFLOPS/S)
n Type per
Instr. 1 Core 4 Cores
. 35
64 bits 1 (2flops x 3.5GHz) 14
128 bits
(SSE) 2 7 28
256 bits
(AVX) 4 14 56
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SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)

— IN-CORE PARALLELISM (several ports for different
ops)

Multi-core CPU

HANDS-ON: Ivy BRIDGE AT 3.5 GHz (17
3770K)

Port O || || Port 1 ||

Port 2 H Port 3 m Port 4 || || Port X ||

MUL .

ADD .

LOAD

LOAD

STOR
=

- Double-precision FLOPs

-Throughput: 2 FP instructions/clock

2/23/2016

FLO Performance
Instructio PS (GFLOPS/S)
n Type per
Instr. 1 Core 4 Cores
. 35>7
64 bits 1 (2flops x 3.5GHz) 14 28
128 bits
(SSE) 2 7> 14 28-> 56
256 bits
W (AVX) 4 14> 28 56 > 112
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SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)

Multi-core CPU

IN-CORE PARALLELISM (several ports for different

ops)
v v l i7 3770K | performanc Bandwidth
PortO || [ Portl | Port 2 H Port 3 m Port4 | || PortX | vy e L1>C
STOR Bridge (GFlops/s)* (GB/s)*
MUL ... JA\DID I LOAD |if LOAD - 1 Core 28 ?
4 Cores 112 ?
*256-bit AVX double-precision floating-point instructions

2/23/2016
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SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)

Multi-core CPU

IN-CORE PARALLELISM (several ports for different

ops)
l l Y l i7 3770K | performanc Bandwidth
PortO || [ Portl | Port 2 m Port 3 m Port4 |l |I|l PortX | vy e L1>C
STOR Bridge (GFlops/s)* (GB/s)*
MUL ... JA\DID I LOAD LOAD - 1 Core 28 ?
4 Cores 112 ?
*256-bit AVX double-precision floating-point instructions
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— IN-CORE PARALLELISM (several ports for different

ops)
L1 Data Cache
Y 17 3770K | performanc Bandwidth
PortO || [ Portl | Port 2 H Port 3 m Port4 |l |I|l PortX | vy e L1>C

Bridge (GFlops/s)* (GB/s)*
STOR
OJA\D) - 1 Core 28 ?

4 Cores 112 ?

MUL .. [@l ADD . ‘ LOAD
*256-bit AVX double-precision floating-point instructions

WHAT IS THE PEAK (THEORETICAL) BANDWIDTH OF THE L1->CORE COMMUNICATION
BUS?

2/23/2016 29
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Multi-core CPU

SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— IN-CORE PARALLELISM (several ports for different

ops)
L1 Data Cache
Y 17 3770K | performanc Bandwidth
PortO || [ Portl | Port 2 H Port 3 m Port4 |l |I|l PortX | vy e L1>C

Bridge (GFlops/s)* (GB/s)*
STOR
LOAD - 1 Core 28 168

4 Cores 112 ?

MUL .. [@l ADD . ‘ LOAD
*256-bit AVX double-precision floating-point instructions

WHAT IS THE PEAK (THEORETICAL) BANDWIDTH OF THE L1->CORE COMMUNICATION
BUS?

- 3x128bits = 48 bytes can be transferred at the same time (per core)
- bus operates at the frequency of the processor - 3.5 GHz
— 48 bytes x 3.5 GHz = 168 GB/s (1 Core)

U
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— IN-CORE PARALLELISM (several ports for different

ops)
L1 Data Cache
l l 128I bitS=128l bit3=128I bite—— l .

A 17 3770K | performanc Bandwidth

PortO || [ Portl | Port 2 H Port 3 m Port4 |l |I|l PortX | vy e L1>C
STOR Bridge (GFlops/s)* (GB/s)*

MUL _ [l ADD .. LOAD LOAD - 1 Core 28 e

4 Cores 112 672

*256-bit AVX double-precision floating-point instructions

WHAT IS THE PEAK (THEORETICAL) BANDWIDTH OF THE L1->CORE COMMUNICATION
BUS?

- 3x128bits = 48 bytes can be transferred at the same time (per core)
- bus operates at the frequency of the processor - 3.5 GHz

— 48 bytes x 3.5 GHz = 168 GB/s (1 Core)

— 4x168 GB/s =672 GB/s (4 cores)

U
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SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

Multi-core CPU

|

L1 Data Cache

| | |

l

v 17 3770K | Performanc Bandwidth
PortO || [ Portl | Port 2 H Port 3 m Port4 |l |I|l PortX | vy e L1>C
STOR Bridge (GFlops/s)* (GB/s)*
MUL ... JA\D] DI LOAD OJA\D) - 1 Core 28 168
4 Cores 112 672
*256-bit AVX d}&)le-precision floating-point instructions

/

We can’t get higher than this!

What does it tell about the attainable
performance?

2/23/2016
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

In general, real applications mix different number of
flops and bytes:
// matrix multiplication example
for i=1 to M
for j=1 to N
for k=1 to K
C[i,j] += A[i,k]*B[k,]]

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

17 3770K | performanc Bandwidth
vy e L1>C
Bridge (GFlops/s)* (GB/s)*
1 Core 28 168
4 Cores 112 672

*256-bit AVX d}ﬂole-precision floating-point instructions

/

We can’t get higher than this!

What does it tell about the attainable
performance?
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

In general, real applications mix different number of :
flops and bytes: 17 3770K | Performanc Bandwidth
: o : vy e L1>C
éc/)rm:::n:om;ltlpllcatlon example Bridge (GFlops/s)* (GB/s)*
for j=1 to N 1 Core 28 168
for k=1 to K
Cl[i,3] += A[i,k]*B[k,3] 4 Cores 112 672

*256-bit AVX double-precision floating-point instructions

IF memory operations and computations are serially performed:

Memory Operations .
LD+ST Computations (flops)

TS
BUT they are actually executed in parallel (interleaved):

T

U
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

In general, real applications mix different number of :
flops and bytes: 17 3770K | Performanc Bandwidth
: o : vy e L1>C
éc/)rm:::n:om;ltlpllcatlon example Bridge (GFlops/s)* (GB/s)*
for j=1 to N 1 Core 28 168
for k=1 to K
Cl[i,3] += A[i,k]*B[k,3] 4 Cores 112 672

*256-bit AVX double-precision floating-point instructions

IF memory operations and computations are serially performed:

Memory Operations .
LD+ST Computations (flops)

TS
BUT they are actually executed in parallel (interleaved):

..l.. N T=max{T, Ty}

T

2/23/2016 35
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

In general, real applications mix different number of : _
flops and bytes: 173770K | o ¢ By || EURiLASE
// matrix multiplication example I_Vy (GFlops/s)* (C-E:;i)*
for i=1 to M B”dge
for j=1 to N 1 Core 28 168
for k=1 to K /7"
Cli,j] += A[i,k]*B[k,3] 4Cores/ 112 672
*256-bit Awouble-precision floating-point instructions
IF memory operations and computations are serially performed: /

Memory Operations . —
T
BUT they are actually executed in parallel (interleaved):
BREEE -

=> T=max{T¢, Ty J=max{#flops/Fp, T}
INEEEN -
U :
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

In general, real applications mix different number of e ——
flops and bytes: o Perf. [F.] BWIdEg |_]19C
// matrix multiplication example : y (GFlops/s)* D s
for i=1 to M Bridge (GB/s)
for j=1 to N 1 Core 28 168
for k=1 to K /7.’ -
Cli,j] += A[i,k]*B[k,3] 4 Cores | 112 672

*256-bit AYX double-precision fIWint instructions
IF memory operations and computations are serially performed:

T\ = #bytes/Bp
TS
BUT they are actually executed in parallel (interleaved)/
]

=> T=max{T., T, }=max{#flops/Fg, #bytes/B}
InNEEn—
U :
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

In general, real applications mix different number of e ——
flops and bytes: o Perf. [F.] BWIdEg |_]19C
// matrix multiplication example : y (GFlops/s)* D s
for i=1 to M Bridge (GB/s)
for j=1 to N 1 Core 28 168
for k=1 to K
Cli,j] += A[i,k]*B[k,3] 4 Cores 112 672

*256-bit AVX double-precision floating-point instructions

Memory operations and computations are executed in parallel (interleaved):

..l.. S = TEmax{Te, Ty l=max{#flops/Fp, #bytes/Bp)

T
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

In general, real applications mix different number of e ——
flops and bytes: o Perf. [F.] BWIdEg |_]19C
// matrix multiplication example . y (GFlops/s)* B7 *
for i=1 to M Bridge (GB/s)
for j=1 to N 1 Core 28 168
for k=1 to K
Cli,j] += A[i,k]*B[k,3] 4 Cores 112 672

*256-bit AVX double-precision floating-point instructions

Memory operations and computations are executed in parallel (interleaved):

..l.. S = TEmax{Te, Ty l=max{#flops/Fp, #bytes/Bp)

Ty

Attainable Performance (F,) of the architecture:
Fa = #flops/T;

2/23/2016 39
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

— Parallelism across the processing cores
— Instruction level parallelism (pipelining)
— In-core parallelism (several ports for different ops)

In general, real applications mix different number of

- i7 3770K ;
flops and bytes: :Tv 0 Perf. [F.] BWIdEg |_]19C
// matrix multiplication example : y (GFlops/s)* D s
for i=1 to M Bridge (GB/s)
for j=1 to N 1 Core 28 168
for k=1 to K
Cli,j] += A[i, k]*B[k,j] 4 Cores 112 672

*256-bit AVX double-precision floating-point instructions

Memory operations and computations are executed in parallel (interleaved):

..l.. E N T=max{T., T, J=max{#flops/Fp, #bytes/By}
IREREN — _
T Attainable Performance (F,) of the architecturgiii={ele}illa
Fa = #flops/T; e
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CACHE-AWARE ROOFLINE MODEL - insightful performance model of multi-core architectures

relates:

1) Maximum Attainable Performance (F,=#flops/T;)

2) Operationwtensity (I=#flops/#bytes).
32.00

N/
X
/N
/N
./ \
/ \

0.50 : : : : : : : : :
0.00390630.015625 0.0625 0.25 1 4 16 64 256 1024 4096

Operational Intensity [flops/bytes]

Performance [GFlops/s]
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i7 3770K Bwidth L1>C
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1 Core 28 168 T =max{T.T,} =34.29 ns
4 Cores 112 672 Fa = #flops/T; = 960flops/34.29ns = 28 Gflops/s
*256-bit AVX double-precision floating-point instructions
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Performance [GFlops/s]

LISBOA

Building the Cache-aware Roofline Model (% W TECNICO
boa

32.00

16.00

8.00

4.00

2.00

1.00

0.50

, 262144
32768

4096

E 512
/ .
/ 8 —//
0100390630 01'5625 00;25 0'25 { 1'1 1'6 6=4 25;6 1(;24 4(;96
/ . . . . Operational Intensity [flops/bytes]
0.00390630.01:5625 0.0625 0.I25 1 I 1I6 64 25I6 10I24 40I96
erational Intensity [flops/bytes]
I=flops/bytes= 64 = 61440flops/960bytes [7680MAD/(10x(2LD+ST))*]
i7 3770K pert [F] Bwidth L1>C T = #flops/Fp = 7680flops/28 = 2194.29 ns
vy e Lrel [Bp] _ _ _
B (GFlopsl/s) (GBIS)* T = #bytes/B, = 960bytes/168 = 5.71 ns
1 Core 28 168 T =max{T.Ty} =2194.29 ns
4 Cores 112 672 FA = #flops/TT =28 Gflops/s
*256-bit AVX double-precision floating-point instructions
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Performance [GFlops/s]

LISBOA

Building the Cache-aware Roofline Model (% W TECNICO
boa

32.00

16.00

8.00

4.00

2.00

1.00

0.50

/ 262144
32768

4096

pd

Time [ns]

512 /
64

/

/

L e —

/

1 : " " " " " ® " "
0.00390630.015625 0.0625  0.25 1 4 16 64 256 1024
Operational Intensity [flops/bytes]

/

0.00390630.015625 0.0625

0.25 1 16 64 256 1024 4096
erational Intensity [flops/bytes]

I=flops/bytes= 64 = 61440flops/960bytes [7680MAD/(10x(2LD+ST))*]

17 3770K Per. [F.] Bwidth L1>C T = #flops/F, = 7680flops/28 = 2194.29 ns
lvy /ey [Be] _ _ _
Bl (GFlopsl/s) (GB/Ps)* T = #bytes/B, = 960bytes/168 = 5.71 ns
1 Core 28 168 T =max{T.Ty} =2194.29 ns
4 Cores 112 672 F, = #flops/T; = 28 Gflops/s
*256-bit AVX double-precision floating-point instructions
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Performance [GFlops/s]

LISBOA

Building the Cache-aware Roofline Model (% W TECNICO
boa

32.00

16.00

8.00

4.00

2.00

1.00

0.50

262144

32768

4096 /
512

Time [ns]

) e

L e —

0.00390630.015625 0.0625  0.25 1 4 16 64
Operational Intensity [flops/bytes]

/

0.00390630.015625 0.0625

0.25
0

nsity [flops/bytes]

1024 4096

I=flops/bytes= 8192 = 7864320flops/960bytes [983040MAD/(10x(2LD+ST))*]

17 3770K Bwidth L1>C
W | Gropsiy | [
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672

Tc = #flops/Fp = 280868.58 ns
Ty = #bytes/B, =5.71ns

T = max{T¢, Ty} = 280868.58 ns
F, = #flops/T; = 28 Gflops/s

256

1024 4096

*256-bit AVX double-precision floating-point instructions
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Building the Cache-aware Roofline Model

Performance [GFlops/s]

TECNICO
LISBOA

APPLICATION
CHARACTERIZATION

— Memory-bound applications
— Compute-bound applications

32.00
/
16.00 :
/ '
1
8.00 1
1
1
4.00 1
1
1
2.00 I
1
/ '
1.00 |
JIEMORY-BOUND COMPUTE-BOUND
REGION ! REGION
0.50 - - - - . . . ; ; ;
0.00390630.015625 0.0625  0.25 1 4 16 64 256 1024 4096
Operational Intensity [flops/bytes]
i7 3770K '
vy Perf. [F] BW|dEg|ID_]19C
. GFlops/s)*
Bridge | CHoPs®) (GBIs)*
1 Core 28 168
4 Cores 112 672
*256-bit AVX double-precision floating-point instructions
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Building the Cache-aware Roofline Model %
boa

TECNICO
LISBOA

Performance [GFlops/s]

32.00

16.00

8.00

4.00

2.00

1.00

0.50

e

\

N

/

N

/

1
1
|
I
I
I
D COMPUTE-BOUND

EMORY-BOUN
REGION REGION
0.00390630.015625 0.0625 0.25 : 4 16 64 256 1024 40

Operational Intensity [flops/bytes]

17 3770K Bwidth L1>C
W | Gropsiy | [
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672

APPLICATION
CHARACTERIZATION

— Memory-bound applications
— Compute-bound applications

Application is a SINGLE POINT
in the Cache-Aware Roofline
Model!

*256-bit AVX double-precision floating-point instructions

2/23/2016

70



LISBOA

Building the Cache-aware Roofline Model % W TECNICO
boa

32.00

16.00

8.00 /

4.00

2.00 /
/ MODEL FOR 4

1.00

|
|
|
|
|
|
EMORY-BOUND COMPUTE-BOUND CORES?

e

T

MODEL FOR 1 CORE

Performance [GFlops/s]

REGION | REGION
0_50 T T . ! T T T T T T T
0.00390630.015625 0.0625  0.25 1 4 16 64 256 1024 4096

Operational Intensity [flops/bytes]

Multi-core CPU

i7 3770K Bwidth L1>C
W | Gropsiy | [
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672

W *256-bit AVX double-precision floating-point instructions
2/23/2016 71




Performance [GFlops/s]

Building the Cache-aware Roofline Model %
boa

128.00

64.00

32.00

16.00

8.00

4.00

2.00

1.00 -

0.50

TECNICO
LISBOA

MODEL FOR 4 CORES

EMORY-BOUN COMPUTE-BOUND
REGION REGION
0.00390630.015625 0.0625 . 0.25 1 4 16 64 256 1024 4096

Operational Intensity [flops/bytes]

N

T

MODEL FOR 1 CORE

Multi-core CPU

i7 3770K Bwidth L1>C
vy Perf. [Fp] [B,]
: GFlops/s)*
Bridge | CHoPs®) (GBIs)*
1 Core 28 168
4 Cores 112 672
*256-bit AVX double-precision floating-point instructions
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Performance [GFlops/s]

Building the Cache-aware Roofline Model %
boa

128.00

64.00

32.00

16.00

8.00

4.00

2.00

1.00 -

0.50

TECNICO
LISBOA

MODEL FOR 4 CORES

EMORY-BOUN COMPUTE-BOUND
REGION REGION
0.00390630.015625 0.0625 . 0.25 1 4 16 64 256 1024 4096

Operational Intensity [flops/bytes]

N

T

MODEL FOR 1 CORE

Multi-core CPU

i7 3770K Bwidth L1>C
vy Perf. [Fp] [B,]
: GFlops/s)*
Bridge | CHoPs®) (GBIs)*
1 Core 28 168
4 Cores 112 672
*256-bit AVX double-precision floating-point instructions
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Performance [GFlops/s]

LISBOA

Building the Cache-aware Roofline Model % W TECNICO
boa

128.00 S < MODEL FOR 4 CORES
/A
64.00 § I
(§/ |
32.00 Q '
. of <
16.00 é\/ Y, /'r \
! S~ 8 I
. 2 MODEL FOR 1 CORE
S
4.00 c !
/ '\7\7 :
2.00 . i
™ : As for now, we just considered
1.00 EMORY-BOUN| COMPUTE-BOUND .
050 REGION E) | | _ REGION | | | L1 bandwidth!
' 0.00390630.015625 0.0625 ' 0.25 1 4 16 64 256 1024 4096
Operational Intensity [flops/bytes]
Multi-core CPU
17 ?\Z;OK Pelrf. [F/p] Bwidtgl_]l%C
GF *
Bridge | CHoPs®) (GBIs)*
1 Core 28 168
4 Cores 112 672
*256-bit AVX double-precision floating-point instructions
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- Memory Hierarchy -

Multi-core Architectures % W TECNICO
LISBOA
boa

Multi-core CPU

MEMORY HIERARCHY

— Set of on-chip caches: private (L1, L2) or shared (L3)
— Global memory (DRAM)

— Caches hide the latency when accessing DRAM (also
between successive cache levels)

DRAM
17 ?ZZOK ( gg; p[sF/;]) * Bde;Fljl%C
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672
*256-bit AVX double-precision floating-point instructions
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Multi-core Arc_:hltectures TECNICO
- Memory Hierarchy - ines LISBOA

Multi-core CPU MEMORY HIERARCHY

— Set of on-chip caches: private (L1, L2) or shared (L3)
— Global memory (DRAM)

— Caches hide the latency when accessing DRAM (also
between successive cache levels)

CACHE-AWARE ROOFLINE MODEL

— Peak FP performance and L1 bandwidth obtained from
processor’s specifications (bottom table)

DRAM _
— We need bandwidth from all other memory levels to
the Core?

i7 3770K i

vy Perf. [F] BW|dEg|ID_]19C

_ GFlops/s)* .
Bridge ( ps/s) (GB/s)

1 Core 28 168
4 Cores 112 672
W *256-bit AVX double-precision floating-point instructions
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Multi-core Arc_:hltectures TECNICO
- Memory Hierarchy - ines LISBOA

Multi-core CPU MEMORY HIERARCHY

— Set of on-chip caches: private (L1, L2) or shared (L3)
— Global memory (DRAM)

— Caches hide the latency when accessing DRAM (also
between successive cache levels)

CACHE-AWARE ROOFLINE MODEL

— Peak FP performance and L1 bandwidth obtained from

DRAM processor’s specifications (bottom table)
— We need bandwidth from all other memory levels to
the Core?
—  MICRO-BENCHMARKS FOR ARCHITECTURE CHARACTERIZATION
// AVX Assembly code: 2 Loads + 1
i . Store
17 3770K Perf. [Fp] Bwidth L1>C vmovapd 0 (%rax), %ymmO
|_Vy (GFlops/s)* [Be] X vmovapd 32 (%rax), %ymml
Bridge (GBIs) vmovapd $ymm2, 64 (%rax)
d 96(%rax), %ymm3
1 28 168 vinovap
Core vmovapd 128 (%$rax), $%$ymm4
4 Cores 112 672 vmovapd $ymm5, 160 (%rax)
W *256-bit AVX double-precision floating-point instructions
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Multi-core Architectures

. TECNICO
- Memory Hierarchy - LISBOA
Multi-core CPU Memory bandwidth variation for AVX, SSE, and DP scalars
1024
— 512 — - - ---c---—c-oo-oo
S~
[=4]
S 256
=
T
S 128
2
2 64
by
g 32
[}
Z 16
DRAM 8 ' ' ' ' '
0.063 1.008 16.128 258.048 4128.768 66060.288
Data Traffic [KBytes]
— -DP scalars — = SSE ——AVX
// AVX Assembly code: 2 Loads + 1
. ) Store
17 3770K Perf. [Fp] Bwidth L1>C vmovapd 0 ($rax), %ymmO
I_Vy (GFlops/s)* [Be] X vmovapd 32 (%rax), %ymml
Bridge (GBIs) vmovapd $ymm2, 64 (%rax)
vmovapd 96 (%rax), %ymm3
1 Core 28 168 vmovapd 128 (%$rax), $%$ymm4
4 Cores 112 672 vmovapd $ymm5, 160 (%$rax)
W *256-bit AVX double-precision floating-point instructions
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Multi-core Architectures

. TECNICO
- Memory Hierarchy - LISBOA
Multi-core CPU Memory bandwidth variation for AVX, SSE, and DP scalars
1024 B.=672
— 512 e
S~
[=4]
O 256
=
T
S 128
2
2 64
by
g 32
[}
Z 16
DRAM 8 ' ' ' ' '
0.063 1.008 16.128 258.048 4128.768 66060.288
Data Traffic [KBytes]
— -DP scalars — = SSE ——AVX
// AVX Assembly code: 2 Loads + 1
. ) Store
17 3770K Perf. [Fp] Bwidth L1>C vmovapd 0 ($rax), %ymmO
|_Vy (GFlops/s)* [Be] X vmovapd 32 (%rax), %ymml
Bridge (GBIs) vmovapd $ymm2, 64 (%rax)
vmovapd 96 (%rax), %ymm3
1 Core 28 168 vmovapd 128 (%$rax), $%$ymm4
4 Cores 112 672 vmovapd $ymm5, 160 (%$rax)
W *256-bit AVX double-precision floating-point instructions
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Multi-core Architectures
- Memory Hierarchy -

TECNICO
LISBOA

Multi-core CPU Memory bandwidth variation for AVX, SSE, and DP scalars

1024

512

256 p—

128

64

32

Memory Bandwidth [GB/s]

16

0.063

/

How to measure?

e

// Configured Performance Counters
CPU_CLK_UNHALTED.CORE/REF
MEM UOP_RETIRED.ALL LOADS
MEM_UOP_RETIRED.ALL STORES

1.008 16.128 258.048 4128.768 66060.288
Data Traffic [KBytes]

— -DPscalars — = SSE —— AVX

// AVX Assembly code: 2 Loads + 1
Store

vmovapd 0 (%rax), %ymmO

vmovapd 32 (%rax), %$ymml

vmovapd $ymm2, 64 (%rax)
vmovapd 96 (%rax), %ymm3

vmovapd 128 (%$rax), $%$ymm4

vmovapd gymm5, 160 (%rax)

2/23/2016

81



Multi-core Ar(_:hltectures TECNICO
- Memory Hierarchy - LISBOA

Multi-core CPU Memory bandwidth variation for AVX, SSE, and DP scalars

1024

— 512 ————— —

N

o

256+ ———— — — — — —

<

$ 128

S L1->C

S 64

&

g 32

(]

2 16

DRAM 8 ' ' ' ' '

0.063 1.008 16.128 258.048 4128.768 66060.288
Data Traffic [KBytes]

[ | [ 1 _ _
S [ serial Init hread parallel Init RD RAPL i End Timer RD RAPL End Timer Terminate END RAPL
§ [Loadbriver 1> P > —Gontgure > RD Perf.Cnirs | >JNMAIL-> D Perf.Cnirs 1>\ >[ RD Perf Cntrs RD Perf. Cntrs | >  [>{ Pert- Counters > Pthread Lyl oad Driver
£ | INITRAPL Perf. Counters Start Timer RD RAPL Start Timer RD RAPL Parallel Clean join() Report MEDIAN
- Parallel Init B RD RAPL End Timer B RD RAPL End Timer B Terminate B
B > Configure > A [>| R Perf. Cntrs RD Perf. Cnirs | > o | RD Perf. Cntrs RD Perf. Cnrs | >| p |»| Perf: Counters | | >
= Perf. Counters R Start Timer RD RAPL R Start Timer RD RAPL R Parallel Clean R
L R N L R R
| 1 N [ I
E— > E P> > E P> > E > > E >
R R R R
= Parallel Init RD RAPL End Timer RD RAPL End Timer Terminate
3 > Configre > [>|RD Perf. Cntrs RD Perf. Cntrs [> > RD Perf. Cntrs RD Perf. Cntrs >/ L (e >
E Perf. Counters Start Timer RD RAPL Start Timer RD RAPL Parallel Clean
T T 0T _
W A repeated 8192 times __ .-~ ‘\\repeated 8192 times__ P
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Multi-core Architectures
- Memory Hierarchy -

Multi-core CPU

Performance variation for AVX

TECNICO
LISBOA

128

N

[=2]
H

X

(o]

H

Performance [GFlops/s]

N

4 16

/

How to measure?

e

// Configured Performance Counters
CPU_CLK_UNHALTED.CORE/REF
FP_OPS_EXE SSE_SCALAR DBL
FP_OPS_EXE SSE_FP_PACKED DBL

SIMD FP_256_ PACKED DBL

64 256

1024

4096

Double Floating-point Operations [Flops]

—ADD —MUL —MAD

// AVX Assembly

Store

vmulpd
vaddpd
vmulpd
vaddpd
vmulpd
vaddpd

%ymmO ,
$ymml,
Symm2 ,
%ymm3,
Fymm4 ,
Symm5,

code:

%ymmO ,
%ymml,
Symm2 ,
gymm3,
Fymm4 ,
Symm5,

%ymmO
$ymml
% ymm2
$ymm3
Symmé
Symm5

16384 65536 262144 1048576

2 lLoads + 1

2/23/2016
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Multi-core Architectures
- Memory Hierarchy -

Multi-core CPU

TECNICO
LISBOA

Performance variation for AVX

2/23/2016

128
/\/ Fp=112
64 /
Q
a8 32 / :
9 /
o 2L
‘o /
£
g 8 filling the
_E 4 pipeline
&
2
1 T T T T T T T T T
DRAM 4 16 64 256 1024 4096 16384 65536 2621441048576
Double Floating-point Operations [Flops]
—ADD —MUL —MAD
// AVX Assembly code: 2 Loads + 1
. Store
17 3770K '
| Perf. [Fp] BW'dEg L]léC vmulpd $ymmO, %ymmO, %ymmO
_Vy (GFlops/s)* o vaddpd ymml, %ymml, %ymml
Bridge (GB/s) vmulpd  $ymm2, %$ymm2, %ymm2
ddpd gymm3, %ymm3, $ymm3
1 Cor 28 1 va
Core 68 vmulpd $ymm4, %ymm4, %$ymmé
4 Cores 112 672 vaddpd  %$ymm5, %ymm5, %$ymm5
W *256-bit AVX double-precision floating-point instructions
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Cache-Aware Roofline Model

- Putting it all together - LISBOA
F
128 < - 3
N / ,
64 A v
S S
32 Q) é\l ;\-Q l’;\?
Q of S A8
a Oo Q?lb Y Qb /(\b
S 16 [~ 2,7 R}
o ~ S/ 7
S 3 ; /‘Or ,/QC@ . JQ,
p) ,
8 A \()// o] S
© // AV >
£ ’ /
s 2 / / Q
= )/ %
[} 4
o /
1 v
I,,
0.5 /
,I
0,25 2 1 1 1 1 1 1 1 1 1 1
0.0078125 0.0625 0.5 4 32 256 2048 16384 131072 1048576 8388608
Operational Intensity [Flops/Byte]
1024
E L e e e ————————
o
17 3770K Bwidth L1>C e e e e
vy Perf. [Fp] B.] g 128 ==
, (GFlops/s)* 3 L15¢C =
GB/s)* S .
Bridge (GBIs) g o L2>C
1C 28 168 : B34
ore g . \_ DRAM->C
X
4 Cores 112 672 . .
*256-bit AVX double-precision floating-point instructions 0.063 1.008 16.128 258.048 4128.768  66060.288

2/23/2016
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Cache-aware Roofline Model: Hands On (% W IFS%\IOI(AZ\O
boa

MAD (Peak performance)

Insightful single plot model
- Shows performance limits of multicores

AL i e -

B - Redefined Ol: flops and bytes as seen by core
g - Constructed once per architecture
©)
g Cache-aware Roofline Model*
E [proposed] _ _
5 » Considers complete memory hierarchy
w -
o ntel 3770K Influence of caches and DRAM to performance
2 (Ivy Bridge)
2_6 | ! | ! | ! | ! | ! | ! | ! | ! |
28 276 24 22 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

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



Cache-aware Roofline Model: Hands On %
boa

Performance [Gflops/s]

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 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

TECNICO
LISBOA

J

Insightful single plot model

- Shows performance limits of multicores

- Redefined Ol: 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

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



Cache-aware Roofline Model: Hands On % W IFS%\IO"A:\O
boa

MAD (Peak performance)
ADD/MUL

Insightful single plot model
- Shows performance limits of multicores

¥ - Redefined Ol: flops and bytes as seen by core
S - Constructed once per architecture
O
s
é 4 Cores _ _
5 (AVX ADD/MUL) » Considers complete memory hierarchy
()
S intel 3770K - Influence of caches and DRAM to performance
g (Ivy Bridge)
2_6 | ! | ! | ! | ! | ! | ! | | ! |
28 276 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

- Includes all transitional states (traversing the  * Useful for:
memory hierarchy and filling the pipeline) - Application characterization and optimization
- Single-plot modeling for different types of - Architecture development and understanding

compute and memory operations

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



Cache-aware Roofline Model: Hands On % W IFS%\IO"A:\O
boa

e * Insightful single plot model
_______________ SSE MUL/ADD - Shows performance limits of multicores

¥ - Redefined Ol: flops and bytes as seen by core
S ntel 3770K - Constructed once per architecture
% Ivy Bridge
§ 4 Cores _ _
s (SSE) » Considers complete memory hierarchy
& - Influence of caches and DRAM to performance

2-6 1 L 1 L 1 L 1 L 1 1 1 1 1 1 1 1 |

28 276 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

- Includes all transitional states (traversing the  * Useful for:
memory hierarchy and filling the pipeline) - Application characterization and optimization
- Single-plot modeling for different types of - Architecture development and understanding

compute and memory operations

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



Cache-aware Roofline Model: Hands On % W IFS%\IO"A:\O
boa

i * Insightful single plot model
DBL MAD - Shows performance limits of multicores
Woslk el ] DBL MUL/ADD - Redefined OI: flops and bytes as seen by core
S ntel 3770K - Constructed once per architecture
% Ivy Bridge
§ 4 Cores _ _
s (DBL) » Considers complete memory hierarchy
& - Influence of caches and DRAM to performance
2-6 1 L 1 L 1 L 1 1 1 1 1 1 1 1 1 1 |
28 276 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

- Includes all transitional states (traversing the  * Useful for:
memory hierarchy and filling the pipeline) - Application characterization and optimization
- Single-plot modeling for different types of - Architecture development and understanding

compute and memory operations

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



vS. State-of-the-Art LISBOA

Cache-Aware Roofline Model é% W TECNICO
.

isboa

WHAT IS HOT (WHAT IS NOT)?

- APPLICATION CHARACTERIZATION -
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The Original Roofline Model* TECNICO
ines LISBOA

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

By DRAM
1 (off-chip)

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

time 128 AVX MAD (Peak Performance Fp)
7 64
g 32F
2 16 |
% 8 | Original Roofline Model*
o 4 (state of the art)
© 2
E 1 : Intel 3770K
E 0.5 Time balance (By) : (Ivy Bridge)
2 0.25 MEMORY-BOUND 5 COMPUTE-BOUND
0.125 | | 1 REQION 1 | 1 M| 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 architectures”,
Communications of the ACM (2009)



The Original Roofline Model: Hands On TECNICO
ines LISBOA

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

——————————————————————————————————

|
| Load Data (bytes)]
By Bug LLC | @M DRAM
7 : 7 (off-chip) Execute (flops) ]
|
e e b Store Data(bytes)]
APP-D (data traffic from DRAM)
1287 'I=16IEI MADGEMaximum@PerformanceFp)
- //__________20/1”@ I=(2f,)/(ZD,)
=] 32 S .
. & | Is constant
§ S
5 8@ P
- .s“ Intel 3770K
g : @y (lvy Bridge)
£ 20 y
(=]
“5 1R /
a
0.53
0.250 ,/ B APP-DE
0.125 T T T T T T T T T T
0.0078125@.031252 0.1258  0.5@ 2 8@ 328 1283 5123 20487 8192

OperationaldntensitydFlops/DRAMByte]l

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



The Original Roofline Model: Hands On TECNICO
ines LISBOA

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

Load Data (bytes)]

DRAM
(off-chip) Execute (flops) ]

Store Data (bytes)]

1=16 MAD (Maximum Performance Fp)

128 J/ bt ADD/MUL l.=f./b
4 +—— —————— e 17'"1'M1
E 32 x‘i\s\y
g j =8 Intel 370K
g &dy e (Ivy Bridge)
50 v
g ! / *+ APP-L3

0.5
/ B APP-D

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

Operational Intensity [Flops/DRAM Byte]

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



The Original Roofline Model: Hands On (%
boa

TECNICO
LISBOA

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

DRAM
(off-chip)

APP-L 3 (data fits in L3)

128 .|=16 MAD (Maximum Performance Fp)
/ ADD/MUL
64 e ————
32 N
z 5%
g 16 y
o 0
5 8 >
& 4 Intel 3770K
4 \y *1 - .
E , &\ed‘/ ANilterations (Ivy Bridge)
= )
g, J
& / * APP-13
0.5
0.25 r/ 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,
l,=(f+f,)/b,

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

Communications of the ACM (2009)



The Original Roofline Model: Hands On TECNICO
ines LISBOA

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

Load Data (bytes)]

DRAM
(off-chip) Execute (flops) ]

Store Data (bytes)]

APP-L 3 (data fits in L3)

128 1=16 MAD (Maximum Performance Fp)

64 o l,=f,/b,
T 32 4&\8“‘ L s+ e & & * ¢ & ¢ |2:(f1+f2)/b1
4 16 y .
8 o e |.=(Zf.)/b
g ° N/ Intel 370K =)/,
e ! /7 TT Aerstions (Ivy Bridge) . .
E 2 ) | is variable
5 1 + APP-L3
* 0.5 /

0.25 r/ ® APP-D
0.125 w w 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 architectures”,
Communications of the ACM (2009)



The Original Roofline Model: Hands On TECNICO
ines LISBOA

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

—————————————————————————————————

Load Data (bytes)]

Bic DRAM

(off-chip) Execute (flops) ]

LLC

e e e e e e - SEENE . o o e e - ———— -

APP-L1 (datafitsin L1)

Store Data (bytes)]

128 1=16 MAD (Maximum Performance Fp)
64 yd ot ADD/MUL |1:f1/b 1
/-—————————————
T AN U ) L
_8' g‘&y . e © & @ ©® 8 & @& & o 8 »® —_ Zf /b
& 8 2 e i=(Zf;)/b,
2 . & g8 L Intel 3770K
é &o 4 Nilterations (Ivy Bridge) : :
5 e | is variable
;5_ 1 / o ® APP-L1
0.5 / * + APP-L3
0.25 /= 15t 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 architectures”,
Communications of the ACM (2009)



The Original Roofline Model: Hands On %
boa

TECNICO
LISBOA

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

128
64
32

performance for

Fixed | - unexpected w Bic LLC EB, DRAM
different $ levels |

(off-chip)

I\|=15 MAD (Maximum Performance Fp)

ADD/MUL

Does not achieve

maximum attainable

performance Y/ e
gl'
0.25

Intel 3770K

(Ivy Bridge)

| varies with the problem

size. Memory bound

0.125

T

becomes compute bound.

0.0078125 0.03125 0.125

0.5

2 8 3 IZ8 51Z Z
Operational Intensity [Flops/DRAM Byte]

Load Data (bytes)]

Execute (flops) ]

Store Data (bytes)]

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

| is variable

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




Cache-aware Roofline Model

TECNICO
LISBOA

e U

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

'f,D DRAM
(off-chip)

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

time

1024

512

Bandwidth [GB/s]

= N

= w o N ul
o N IS ] o

o

_ 4 Cores L1-C B (B) [approx] --------

| . ST B(B) [measured]

1 L2oC Intel 3770K

v .

L L " L3-C (Ilvy Bridge)

IS i\ DRAMSLLC
L DRAM-C

1 1 1 L 1 1 1
210 212 214 216 218 220 222 224 226 228 230

Data Traffic [bytes]

Performance [Gflops/s]

128

[e)]
»

w
N

Jury
o)}

©

N

N

MAD (Peak performance)
_________________ ADD/MUL
MAD
________________________ ADD/MUL
filling the
Vi .
7 pipeline E(®) [approx] «------
F(®) [measured]
L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L I}
22 24 26 28 210 212 214 216 218 220 222 224 226

Double Precision FP operations [flops]
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PerformancedGFlops/s]@

Cache-aware Roofline Model: Hands On -
u(ﬁgsboa

= aximum®erformancel H
e e ——— APP-D (data traffic from DRAM)
328 &S
& e e e
160 S |
8 &y I
e Q:st"/ B B :
A L2 LLC D DRAM
= )2 a LLC [ .
m : (off-chip)
0.58 / |
o"M,/ [lAPP-D# | T sy —/— /0
o.ll')z.zltu)78125m.0;125m 0.]‘.25!2 DiSE] ém z;m S‘ZE] 12‘8I1‘J sizm 20‘48[& 81‘92[&
128 '|=15 MAD (Maximum Performance Fp)
ADD/MUL
[ e I o 7 e ——
_ 32
)
Z 16
o
"w'- 8
= Intel 3770K
3 4 .
£ (Ivy Bridge)
£ 2
$
S 1
[-%
0.5
0.25 B APP-D (Original/Cache-aware)
0.125 T 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]

TECNICO
LISBOA

Load Data (bytes)

Execute (flops)

Store Data (bytes)

I=(Zf )/(Eb)

| is constant

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




Performance [GFlops/s]

Cache-aware Roofline Model: Hands On -
u(ﬁgsboa

APP-L3 (fitsin L3)

DRAM

(off-chip)

128 -I=16 MAD d Performance Fp)
6 / ADD/MUL
32 &

16 x“y
'b°
o
8 N
&)
4 o
&S et
O
A
2 y
1
+ APP-L3

05 /

0.25 ,/ B APP-D
0.125 ! ! ! - - - : : : :
0.0078125 0.03125  0.125 05 2 8 32 128 512 2048 8192

Operational Intensity [Flops/DRAM Byte]

128 1=16 MAD (Maximum Performance Fp)
ADD/MUL
[ I A < —————
_ 32
d
2 16
o
6 @ Intel 3770
- . ntel 3770K
= (lvy Bridge)
g 2
<)
s 1 @ APP-L3 (Cache-aware)
a

0.5

B APP-D (Original/Cache-aware)

0.25

0.125 - w T

0.0078125 0.03125 0.125 0.

5 2 8 32 128 512 2048 8192
Operational Intensity [Flops/Byte]

TECNICO
LISBOA

Load Data (bytes)

Execute (flops)

Store Data (bytes)

I=(Zf )/(Eb)

| is constant

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




Performance [GFlops/s]

Cache-aware Roofline Model: Hands On -
u(ﬁgsboa

=, MAD (Maximum Performance F A P P L 3 (f- . )
128 -
64 / ADD/MUL ItS In L3
32 O
16 g:“y
<
8 F) +
4 OQES\ . APMilterations
p DRAM
! J/ + APP-L3 (off-chip)
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]

128 1=16 MAD (Maximum Performance Fp)
ADD/MUL
[ I A < —————
32
v
2 16
o
(“5 8
S 4 Intel 3770K
(%) .
£ (Ivy Bridge)
£ 2
8
£ 1 @ APP-L3 (Cache-aware)
a
0.5
0.25 B APP-D (Original/Cache-aware)
0.125 T 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]

TECNICO
LISBOA

Load Data (bytes)

Execute (flops)

Store Data (bytes)

I=(Zf )/(Eb)

| is constant

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




Performance [GFlops/s]

Cache-aware Roofline Model: Hands On -
u(ﬁgsboa

APP-L3 (fitsin L3)

DRAM

(off-chip)

128 .|=16 MAD (Maximum Performance Fp)
ADD/MUL
64 ) YT
32 W * & & & % & & & & »
16 & o *°
&
o
8 » -
4 S /. ;
*ov ¥1 AMiiterations
2 &
! / / © APP-L3
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]

128 1=16 MAD (Maximum Performance Fp)
ADD/MUL
[ I A < —————
_ 32
d
2 16
o
6 @ Intel 3770
- . ntel 3770K
= (lvy Bridge)
g 2
<)
s 1 @ APP-L3 (Cache-aware)
a

0.5

B APP-D (Original/Cache-aware)

0.25
0.125 - w T

0.0078125 0.03125 0.125 0.

5 2 8 32 128 512 2048 8192
Operational Intensity [Flops/Byte]

TECNICO
LISBOA

Load Data (bytes)

Execute (flops)

Store Data (bytes)

I=(Zf )/(Eb)

| is constant

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




Performance [GFlops/s]

LISBOA

Cache-aware Roofline Model: Hands On 2@3‘ TECNICO
u(ﬁgsboa

= MAD (Maximum Performance Fi H 1
i TS APP-L1 (fitsin L1)
:: AR R -t L Ty 2 Load Data (bytes)
c"by ® - e 8 ® 8 8 & o o o o o o o :
; P |
: QW*O‘&" ;1 ANilterations BL!.G LLc : ?ID DRAM Execute (ﬂops)
7 - ~
Y/ <4 * AppeL | ERchin) Store Data (bytes)
0.5 0 + APP-L3 | y )
025 Ve 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]
128 1=16 MAD (Maximum Performance Fp)
o ADD/MUL |:(Zfl)/ (Zb I)
— 32 -
T | Is constant
o
o
5 8
S 4 Intel 3770K
(%) .
£ (Ivy Bridge)
E 2
»2 1 @ APP-L1 (Cache-aware)
()]
a
0.5 9 APP-L3 (Cache-aware)
0.25 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]

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



Performance [GFlops/s]

Cache-aware Roofline Model: Hands On IFS%\IOI(AZ\O

P APP-L1 (ftsin L)

. & e vttt TR il EREEEEEEEE Load Data (bytes)

8 Cy & e ® ® 8% 8 & & 0 & 0 o o o :

a —oy“‘zv‘. - Aviterations B, ¢ : D DRAM Execute (flops)

2 < 7#— LLC [ - <
0.: s PN . aligehin) Store Data (bytes)
0.25 ,/-1“ B APP-D Lo ——_--Jma .. _———!

\ 51‘2 2(';43 s£9z
Achieves maximum
attainable performance iS 1=16 MAD (Maximum Performance Fp)
always memory bound. |=(Zf )/(Zb))

- ‘I" does not vary. The .

g 1 performance tends to the |Is constant
& 8 cache level ceiling.

FE

E 2 tvyorred€)

"E 1 @ APP-L1 (Cache-aware)

(]

a

0.5

@ APP-L3 (Cache-aware)
0.25

B APP-D (Original/Cache-aware)

0.125 T T T T T T T T T T
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Operational Intensity [Flops/Byte]

*llic, A., Pratas, F. and Sousa, L., “Cache-aware Roofline Model: Upgrading the Loft”, IEEE Computer Architecture Letters, 2013
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Practical Examp_le: [_)ense Matrix TECNICO
Multiplication ines LISBOA

Cache-aware Roofline Model Original Roofline Model

1283 1283

o~ /
64m / 1 2 /

’ 7 642
/ ,/A ,”
= -
% 320 ,’ ’,’ — 328
=z / ’ / ! 3
3 . / 2 16m@
2 16m@ / 8 |
w / ‘/ a/s = / L
& Y ‘ 2 s
w83 7/ .=
R A g
5 ar 7/ ," © 4z
£ ’ / £
R 4 / S 2m
T ey, / 7 b -
& L7 4 a
1 2

7 1B
S/ /
0.53 ',’, 0.58 /
J
0.258 ‘ T T T ;

T T T T T T 0.253 T T T T T T T
0.0078125( 0.06252 0.5@ a7 32@ 2560 20487 163843 1310727 10485767 83886081 0.0078125R 0.0625R 0.5 4R 32@ 2560 20482 163842 1310727 1048576 8388608
OperationalAntensitydFlops/Byte]d OperationalAntensitydFlops/DRAMByte]a

// matrix multiplication example
for i=1 to M
for j=1 to N M A X |k B = v C
for k=1 to K
C[i,j] += A[i,k]*B[k,]]

W 1) Basic implementation: All matrices stored in row-major order.
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Practical Examp_le: [_)ense Matrix TECNICO
Multiplication ines LISBOA

Cache-aware Roofline Model Original Roofline Model

1283 1283

o~ /
64m / 1 2 /

’ 7 642
/ ,/A ,”
= -
% 320 ,’ ’,’ — 328
=z / ’ / ! 3
3 . / 2 16m@
2 16m@ / 8 |
w / ‘/ a/s = / L
& Y ‘ 2 s
w83 7/ .=
R A g
5 ar 7/ ," © 4z
£ ’ / £
R 4 / S 2m
T ey, / 7 b -
& L7 4 a
1 2

7 1B
S/ /
0.53 ',’, 0.58 /
J
0.258 ‘ T T T ;

T T T T T T 0.253 T T T T T T T
0.0078125( 0.06252 0.5@ a7 32@ 2560 20487 163843 1310727 10485767 83886081 0.0078125R 0.0625R 0.5 4R 32@ 2560 20482 163842 1310727 1048576 8388608
OperationalAntensitydFlops/Byte]d OperationalAntensitydFlops/DRAMByte]a

// matrix multiplication example
for i=1 to M
for j=1 to N M A X |k B = v C
for k=1 to K
C[i,j] += A[i,k]*B[k,]]

W 1) Basic implementation: All matrices stored in row-major order.
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Practical Examp_le: [_)ense Matrix TECNICO
Multiplication ines LISBOA

Cache-aware Roofline Model Original Roofline Model

1283 1283

«~ g
ca A 2 /

S / 64¢
/S A
= -
B 32m = / B 321
> / ’ / 52 3
P . / 2 16m@
2 16n 7 b5 |
™ / ‘/ (P4 ™ / L]
& ‘Y, ‘ 2 s
w83 7/ =
s (L g
5 ar 7/ ," © 4z
£ ’ S £
S Py / ’ o 20
£ 2877, /7 =
g U g
1@ 2

: ”
¢ /
osa 4 0.52 /
’I
0.258+ ‘ : : :

T - - - - - 0.253 T T T T T T T
0.0078125( 0.06252 0.58 a7 328 2560 20480 16384 131072@ 1048576 83886087 0.0078125( 0.0625( 0.5 47 320 2560 20482 163847 131072R 10485761 83886081
OperationalAntensitydFlops/Byte]d Operational@ntensityfdFlops/DRAMByte]a
K N —
// matrix multiplication example
for i=1 to M l/ —>
for j=1 to N M A X K B = M C
for k=1 to K
C[i,j] += A[i,k]*B[k,]]

W 1) Basic implementation: All matrices stored in row-major order.
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Practical Examp_le: [_)ense Matrix TECNICO
Multiplication ines LISBOA

Cache-aware Roofline Model Original Roofline Model
1280 Bl
64a / ,:‘/ ,.'/ 64a /
sx L]/ T—
2 16w ’ 4 & |
= /7 of = ya
= / 2 CAE 1
A .
g 251 I,/,/ o'/ ‘g 28 /
£ v o @ ]
& - // & 1@ //
0.52 /'/ 0.52 /
ozsp—&— ‘ ‘ , , : : : : : 0.258 , , , : : : :
0.007812570.06258  0.50 4ap 320 2562 20487 16384@ 131072 1048576 83886087 0.0078125(0.06258 0.5 4a 328 2568 20487 16384@ 1310723 1048576 83886083
OperationalAntensitydFlops/Byte]d Operational@ntensityfdFlops/DRAMByte]a
- app in the compute bound region - app 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
K N N
// matrix multiplication example
// VER 1: Row major matrices
for i=1 to M M /\ X K EB = M (:
for j=1 to N
for k=1 to K
C[i,j] += A[i,k]*B[k,]]
W 1) Basic implementation: All matrices stored in row-major order.
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Practical Examp_le: [_)ense Matrix TECNICO
Multiplication LISBOA

_ Cache-aware Roofline Model Original Roofline Model
642 / 5 4 ,'/ 648 /
B 3m / ,//ﬁz ,/' B 32m /gz
7 168 / 92 ,// e /
§, 87 / ,i'// ',11 & / "1
% an 4 ,;,/ ,'/ g am /
.g 2 ,},/ // g 28 /
a 1w/ // a 13 /
0.50 ,'/ 0.5a /
0.250 - ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.25 ! ' ' ' ' ' ' ' ' '
0.00781252 0.0625( 0.58 an 328 256@ 20487 163847 131072 10485760 8388608E 0.0078125[ 0.06258 0.53 el 320 2560 20482 16384F 1310721 1048576 8388608
OperationaldntensitydFlops/Byte]d Operational@ntensitydFlops/DRAM@Byte]&
- app in the compute bound region - app in the memory bound region
- almost hits L3 - performance hits the roof of the model
- can be further optimized to hit higher cache levels - suggests that the optimization is finished
K N N
// matrix multiplication example
// VER 1: Row major matrices
// OPT 2: Transpose B matrix M /\ X K E3 = M (:
for i=1 to M
for j=1 to N
for k=1 to K
Cl[i,j] += A[i, k]*B[k,]]
W 2) Transposition: One matrix is transposed into column-major
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Practical Example: Dense Matrix
Multiplication

Cache-aware Roofline Model

TECNICO
LISBOA

U

OperationalAntensitydFlops/Byte]d

1280 1280
YA ’,
642 / "“/3 ," 643
/55 /%
2 3m Z Z 2 327 £
3 YA 3 /
S 16m e/ + g 16m
- ’ -
i / )7 04 o / [l
[C) 8@ p ) 87 1
g x4 ’ = -
] / 4 ’ 3
S @ s/ ; 5 a2
£ , / £ /
5 4 ’ 5
£ 208, / /7 £ 20
[ '/ P g
R i 1 /
7’
0.5 ," 0.58 /
’
0.25@ £ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.258 ‘ ‘ ‘ ‘ ‘ : :
0.007812500.06258 0.5 an 321 2562 20482 163840 1310721 1048576( 83886081 0.007812500.06252  0.5E a1 320 2568 20488 16384F 1310721 1048576( 8388608

Operational@ntensitydFlops/DRAMByte]2

- performance is further improved
- breaking the cache level ceilings towards the roof

- optimization process finished

U

// matrix multiplication example
// OPT 3: Blocking for L3
for i=1 to M
for j=1 to N
for k=1 to K

Cl[i,j] += A[i,k]*B[k,]]

3) Blocking for L3: All matrices are blocked to efficiently exploit L3
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PerformancefGFlops/s]@

Practical Example: Dense Matrix
Multiplication

Cache-aware Roofline Model

U

TECNICO
LISBOA

1283 1287
a7 oa
642 /
/ Ry
] 25
32@ / , ,} Z /' E 320 / £
/ ! 8
160 ‘ 7 2 160
/o g a
/ [C) 1
8a / 7/ , %- 8 i
,l/ /t g
4 7/ 7 c 4z
’ / £
l/ s ‘6 s
208, / /7 £ 20
/A g
1@ v 1@
7’
’
0.5 v 0.58 /
’
’
0.250 ‘ ; ; ; ; ; ; ; ; 0.250 T T T T ; ; :
0.007812520.06258  0.58 Lile] 328 2562 20482 163842 1310722 10485760 83886081 0.0078125[ 0.06252  0.52 42 32e 2560 20487 163842 1310723 1048576 83886087

OperationalAntensitydFlops/Byte]d Operational@ntensitydFlops/DRAMByte]2

- performance is further improved
- breaking the cache level ceilings towards the roof

- optimization process finished

N T HEE H N
. . . . 1
// matrix multiplication example B iiriu i st ol Ak b —-:——:—:- 1- --:--:-l---:--:-il-
1 1 1 1
// VER 1: Row major matrices L G- q-r- -:—-:--Ir- L deaak - AR I
1 —
// OPT 2: Transpose B matrix _I\ﬁ:_.i._l:. _:_JI_J:._ _|§:__i_,'_ - Ml
// OPT 3: Blocking for L3 ol P Lo : I R
ol B el bl B B ol a- TR RN [y s
// OPT 4: Blocking for L2 s Pt | o ! Pl Do
-+ A N [ .l L
// OPT 5: Blocking for L1 P! ! ol ! HE R
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Practical Example: Dense Matrix
Multiplication

Cache-aware Roofline Model

TECNICO
LISBOA

J

Original Roofline Model

1288 /_B'U 1280 / 5
l"l/f\ A IL' n
642 3, 4.0 648 R
B 390 / /,/,E') o" & 209 ) iz,%
E 3‘\;! / // 4 ,'l Z 3‘I_I /
£ 16m /'/’ A £ 16m -
5 o /o B g / - optimizations
=) / /}' /s = 4 M al
£ ’ ’ £ i
5 4 ,/,, 7 g 4z
‘°' 28 / 2 o 28 1 (| [
5 ,/'/ . 5 caclrie-avwale ITouci
& 1 v & am
0.58 ,’/ 0.58
0.250 /’ T T T T T T T T 0.258 / T T T T T T T
0.0078125R 0.06258 0.50 43 32m 2560 20487 163847 1310727 1048576 8388608E 0.0078125[ 0.06252 0.53 a3 320 2560 2048 16384F 1310727 1048576 83886081
Operational@ntensitydFlops/Byte]d OperationalAntensitydFlops/DRAMByte]a
- OPT 6 achieves near theoretical performance - moves to the compute bound region
(shift in operational intensity)
RN T TN
. . . . J 1 | | 1 ! 1 N 1 [
// matrix multiplication example Biriuiriut el shat ahe el i kil i e
I I I I
// VER 1: Row major matrices L G- q-r- -:—-:--Ir- L deaak - AR I
. . M 1! [ 1 | - 1
// OPT 2: Transpose B matrix [t e X _|§:__:_}_ 1o _M'_JI__L ;_:__:_J'_
// OPT 3: Blocking for L3 IS R . ' N
// OPT 4: Blocking for L2 o ;! | b P F
M . .l - |
// OPT 5: Blocking for L1 Lol I I 5 HE R

// OPT 6: Highly optimized (MKL) ' ' ' !

U
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Practical Examp_le: [_)ense Matrix TECNICO
Multiplication LISBOA

Cache-aware Roofline Model Original Roofline Model

1288 /'60" 1280 / 5
642 .
i . 3%,%
E £ 16m /
& - > optimizations
z = - -' “
13 '/ 13
S5 gl 2 S S 27 1 1Al
€ Wy / € / cache-aware modadel
& VA s &
18 Fd 13 /
0.58 ," 0.58 /
0.250 a T T T T T T T T T T 0.25@ T T T T T T T
0.0078125 0.06252 0.58 ap 32@ 2560 20487 163847 1310727 1048576 8388608E 0.0078125[ 0.06252 0.53 a3 320 2560 2048 16384F 1310727 1048576 83886081
Operational@ntensitydFlops/Byte]d OperationalAntensitydFlops/DRAMByte]a
- OPT 6 achieves near theoretical performance - moves to the compute bound region

(shift in operational intensity)

N foo M H AN B

i i 513 ; IR N I Py ! cr N

// matrix multiplication example A i Sl 1- Bt it i
1 1 1

// VER 1: Row major matrices L G- q-r- -:—-:--Ir- L deaak .- AR I

, —

// OPT 2: Transpose B matrix _I\ﬂ:_.i._l:. _:_JI_J:._ X _|§:__i_,'_ - Ml

// OPT 3: Blocking for L3 ol P Lo : I R

ol B el bl B B ol a- TR RN [y s

// OPT 4: Blocking for L2 s Pt | o ! Pl Do

-+ A N [ .l - |

// OPT 5: Blocking for L1 to ! I T 5 HEHE R

// OPT 6: Highly optimized (MKL) ' ' ' ' !

U
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Cache-aware Roofline Model: Use Cases 2@3‘
u(ﬁgsboa

Performance [Gflops/s]

23

Application Characterization

TECNICO
LISBOA

AVX MAD AVX MAD
I — .7 . . -
24 b DBL SSE AVX ,A%(/ MUL/SSE.MAD 26 - DBL SSE AVX . ,-.-'.-a'AVX MUUS§E MAD
P P . <
. SSEM BL MAD
I SSE MUT/DBL MAD I — LD
@ Z=T D L i 1 4 7 _ __ DBLMUL
Q Q P
k) 2 o luch [ bickschols A
[G] | | | ] [G] water_nsqrd () facesim 7
; o H ; 22 vdot ] barnes &
o O calculix A O vmmul ) oceancb +
% ] 2dfftc J % streamcluster 4 radiosity X
3 [ 3dfftc O £ 0 water_sptl radix
5 : spmmu: é 5 2 fluidanimate W dgemm =
£ o vvmul © swaptions @ lu
O o [V O zeusmp O o] fmm A 2dfite 3
e 22 spwmul O cactusADM 52 raytrace W 3dftc O
milc A lesliesd X volrend 4  spmmul A
» soplex 7 Ibm ¥ . spvdot [] vwmul 7
2_4 /‘*""z‘\/ 1 1 1 1 1 GemsFDTD © 1 1 2_4 /"/\ 1 1 1 1 Spwmkwjl o 1 1
277 26 25 24 23 22 21 20 21 28 27 26 23 22 21 20 21 22
Operational Intensity [flops/byte] Operational Intensity [flops/byte]
single core quad-core
r DBL MAD SSE MUL 20 o
DBL SSE AVX
AVX MAD
a a 7
o o K4
& &
‘s ‘s
g g
c c
© ©
£ £
2 2 )
& g e
. , . .
milc -~ LU factorization
L | 6 . L |
24 23 22 2 22 21 20

Operational Intensity [flops/byte]

Operational Intensity [flops/byte]

Operational Intensity [flops/byte]

* Antdo, D., Tanica, L., llic, A., Pratas, F., Tomas, P., and Sousa, L., “Monitoring Performance and Power for Application
Characterization with Cache-aware Roofline Model”, PPAM’13
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THE CACHE-AWARE ROOFLINE MODEL.:

- POWER*

« llic, A., Pratas, F. and Sousa, L., “Beyond the Roofline: Power, Energy and Efficiency Modeling for Multicores” (submitted)

U
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Power Roofline Model TECNICO
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(CPU(package)

CORE CORE
1 K

A W W W W W W

™

POWER MODELING FOR 3 DIFFERENT DOMAINS

(RAPI -BASED):

"W WER OF CORES (P)

--------------------------------- ents within the cores

2. UNCORE POWER (P)
— consumed by all other (non-processing) parts of the
chip, €.9., ofi-CiTi ory controller

3. PACKAGE POWER (Pp)

— the power of the complete processor chip
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Power Roofline Model

TECNICO
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1. POWER OF CORE%\ (P‘E)Z. UNCORE POWER (\FUI{ 3. PACKAGE POWER ]{PP)

(CPU(package)

CORE
1

™

CORE
K

A W W W W W W

-

"CORE DOMAIN

-

POWER ROOFLINE MODEL RELATES
POWER CONSUMPTION WITH OPERATIONAL
INTENSITY (I=f/b)

— Average Power Consumption must be considered

— during the time interval, T(l), in which the (Roofline)
performance is obtained!

— Power Contributions of both memory operations
and FP operations vary with two factors:
1. The number of executed operations
2. The contribution of each during the time interval T(l)
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1. POWER OF CORE%\ (Po)
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1. POWER OF CORE%\ (Po)
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Power Roofline Model

1. POWER OF CORE%\ (Po)
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Power Roofline Model
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Power Roofline Model
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1. POWER OF COREﬁ\ (Po)
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Power Roofline Model
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Power Roofline Model
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Power Roofline Model
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- Different power domains: Cores + Uncore

Power [W]

Power Cache-aware Roofline Model

48
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Data Traffic [bytes]

Power [W]
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16
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TECNICO
LISBOA
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filling the pipeline Intel 3770K
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Double Precision FP operations [flops]
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Power Cache-aware Roofline Model
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e U

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

time

L1=C (MAD) "
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Power cores [W]
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| |
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Operational Intensity [flops/byte]
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- Performance: Computations (flops) and communication (bytes) overlap in
time
- Power consumption: Superposed contributions of flops and bytes

- Total Power Cache-aware Roofling model

Intel 3770K
56 L Ivy Bridge L23C

4 Cores
L3~C (AVX MAD)

Total Power Roofline
52

48

44 |-

Power Package [W]

DRAM~-C
40
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Operational Intensity [flops/byte]
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- Performance: Computations (flops) and communication (bytes) overlap in
time
- Power consumption: Superposed contributions of flops and bytes

« Total Power Cache-aware Roofline model
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56 | Ivy Bridge

4 Cores
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- Performance: Computations (flops) and communication (bytes) overlap in
time
- Power consumption: Superposed contributions of flops and bytes

« Total Power Cache-aware Roofline model
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- Performance: Computations (flops) and communication (bytes) overlap in
time
- Power consumption: Superposed contributions of flops and bytes

« Total Power Cache-aware Roofline model
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THE CACHE-AWARE ROOFLINE MODEL.:

- EFFICIENCY*

* Jlic, A., Pratas, F. and Sousa, L., “Beyond the Roofline: Power, Energy and Efficiency Modeling for Multicores”
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Conclusions TECNICO
ines LISBOA

BUNCH OF CACHE-AWARE ROOFLINE MODELS (EXPERIMENTALLY

VERIFIED)

— (Total) Performance

— (Total) Power Roofline Models: for several domains, i.e., power of cores, uncore
power and complete package power

— Energy Roofline Model: Time + Power Domains
— Energy-Efficiency Roofline Model: Performance + Power Domains
— EDP-based Roofline Model: Performance + Energy Domains

ALL MODELS OBTAINED WITHIN A SINGLE TEST PROCEDURE
— THE SAME TIME NEEDED AS FOR CONSTRUCTING THE PERFORMANCE ROOFLINE MODEL

FUTURE WORK

- INTEGRATION OF THE PERFORMANCE CARM IN INTEL TooLs
— GPUs, ARMS, COMPLETE SYSTEM ...
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Questions?

Thank you!

Further readings:

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

A. llic, F. Pratas, and L. Sousa, “CARM: Cache-Aware Performance, Power and Energy-Efficiency
Roofline Modeling”, Intel CATC (2015)

L. Tanica, A. llic, P. Tomas, and L. Sousa, “SchedMon: A Performance and Energy Monitoring Tool for
Modern Multi-cores”, MuCoCoS/Euro-Par (2014)

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 (2013)

A. llic, F. Pratas, and L. Sousa, “Beyond the Roofline: Power, Energy and Efficiency Modeling for
Multicores” (#$%&)




