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AITTING THE ROOFARCHITECTURES VS. APPLICATIONS

GETTING THE MAXIMUM

I Multi-core CPUSs, accelerators, diverse compute capabilities, complex
memory hierarchyé
I Complex applications, different compute and memory requirements

I Optimize and characterize applications for specific architectures

MAXIMUM ATTAINABLE PERFORMANCE VS. POWER/ENERGY

CONSUMPTION

r

Y HOW FAR CAN WE GO?

Y WHAT ARE THOSE MAXIMUMS FOR PERFORMANCE, POWER, ENERGY,
EFFICIENCYEé ?
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THE CACHE-AWARE ROOFLINE MODEL.:
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Multi-core Architectures
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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

I Parallelism across the processing cores
I 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

I Parallelism across the processing cores
I 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

I Parallelism across the processing cores
I 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 Architectures TECNICO
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Multi-core CPU

SEVERAL (IDENTICAL) PROCESSING CORES

I Parallelism across the processing cores
I 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 Architectures TECNICO
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

I Parallelism across the processing cores
I 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

I Parallelism across the processing cores
I 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
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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)

l

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

S~ Independent instructions can

STOR
=

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

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

I 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 ||

LOAD

LOAD

STOR
=

- Double-precision FLOPs

-Throughput: 2 FP instructions/clock

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

I Parallelism across the processing cores
I 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 L1AC
STOR Bridge (GFlops/s)* (GB/s)*
4 Cores 112 ?
*256-bit AVX double-precision floating-point instructions
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Multi-core Architectures

e U

SEVERAL (IDENTICAL) PROCESSING CORES

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

Multi-core CPU

IN-CORE PARALLELISM (several ports for different

ops)
l l v l 17 3770K | performanc Bandwidth
PortO || [ Portl | Port 2 m Port 3 m Port4 |l |I|l PortX | vy e L1IAC
STOR Bridge (GFlops/s)* (GB/s)*
4 Cores 112 ?
*256-bit AVX double-precision floating-point instructions
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

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

ops)
L1 Data Cache
l l 128I bits=128I bits=128I bits—— l )

v I'7 3770K | Performanc Bandwidth
PortO || [ Portl | Port 2 H Port 3 m Port4 |l |I|l PortX | vy e L1AC
STOR Bridge (GFlops/s)* (GB/s)*

4 Cores 112 ?

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

WHAT IS THE PEAK (THEORETICAL) BANDWIDTH OF THE L1A CORE COMMUNICATION
BUS?
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Multi-core CPU

SEVERAL (IDENTICAL) PROCESSING CORES

I Parallelism across the processing cores
I Instruction level parallelism (pipelining)
I 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 L1AC
STOR Bridge (GFlops/s)* (GB/s)*
‘ LOAD |ji LOAD 1 Core 28 168
4 Cores 112 ?
*256-bit AVX double-precision floating-point instructions

WHAT IS THE PEAK (THEORETICAL) BANDWIDTH OF THE L1A CORE COMMUNICATION
BUS?

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

U
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

I Parallelism across the processing cores
I Instruction level parallelism (pipelining)
I 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 L1AC
STOR Bridge (GFlops/s)* (GB/s)*
4 Cores 112 672

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

WHAT IS THE PEAK (THEORETICAL) BANDWIDTH OF THE L1A CORE COMMUNICATION
BUS?

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

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

Y  4x168 GB/s = 672 GB/s (4 cores)

U

2/23/2016 31



Multi-core Architectures

Multi-core CPU
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SEVERAL (IDENTICAL) PROCESSING CORES

L1 Data Cache

| | |

Parallelism across the processing cores
Instruction level parallelism (pipelining)

In-core parallelism (several ports for different ops)

l

Port O || || Port 1 ||

y
Port 2 H Port 3 m Port 4 ||

|| Port X ||

‘ LOAD

LOAD

STOR
=

17 3770K | Performanc Bandwidth
vy e LIAC
Bridge (GFlops/s)* (GB/s)*
1 Core 28 168
4 Cores 112 672
*256-bit AVX d}&)le-precision floating-point instructions
We candt get higher

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

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

In general, real applications mix different number of

flops and bytes: 17 3770K | performanc Bandwidth
/I matrix multiplication example I_Vy (GFIoe S/s)* (Iéllgs():*
for i=1toM Bridge P
forj=1to N 1 Core 28 168
for k=1 to K
Cli,j] += Ali,k]*B[kj ] 4 Cores 112 672
*256-bit AVX d}ﬂole-precision floating-point instructions

/

We candt get higher

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

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

In general, real applications mix different number of :
flops and bytes: 17 3770K | Performanc Bandwidth
/I matrix multiplication example I.Vy | © * 1A C*
for i=1toM Bridge | (GFlops/s) (GBI/s)
forj=1to N 1 Core 28 168
for k=1 to K
Cli,j] += Ali,k]*B[kj ] 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

2/23/2016 34
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

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

In general, real applications mix different number of :
flops and bytes: 17 3770K | Performanc Bandwidth
/I matrix multiplication example I.Vy | © * 1A C*
for i=1toM Bridge | (GFlops/s) (GBI/s)
forj=1to N 1 Core 28 168
for k=1 to K
Cli,j] += Ali,k]*B[kj ] 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
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

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

In general, real applications mix different number of : _
flops and bytes: 17 ?770}( Pert. [Fy] BWIdt[g L]lA C
: o vy P
/I matrix multiplication example : GFlops/s)*
for i=1to I\/IID " Bridge (GFIopsiS) EEgF
forj=1toN 1 Core 28 168
for k=1 to K e
C[I ,j ] 4= A[ ik ] * B[ k,j ] 4 COFGS/ 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

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

In general, real applications mix different number of : _
flops and bytes: I 57770K Perf. [F.] BWIdEg |_]1A C
. o vy P
/I matrix multiplication example : GFlops/s)*
for i=1to Nﬁ) P Bridge (GFlops/s) (GB/s)*
forj=1toN 1 Core 28 168
for k=1 to K v -
Cli,j] += A[i,k]*B[k,j ] 4Cores/ 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

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

In general, real applications mix different number of

flops and bytes: I 57770K Perf. [F.] BWidEg L]lA C
. S vy .
// matrix multiplication example : (GFlops/s)* x
for i=1toM Bridge (GB/s)
forj=1toN 1 Core 28 168
for k=1 to K
Cli,j] += Ali,k]*B[kj ] 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

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

In general, real applications mix different number of

flops and bytes: I 57770K Perf. [F.] BWidEg L]lA C
. S vy .
// matrix multiplication example : (GFlops/s)* x
for i=1toM Bridge (GB/s)
forj=1toN 1 Core 28 168
for k=1 to K
Cli,j] += Ali,k]*B[kj ] 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;
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Multi-core CPU SEVERAL (IDENTICAL) PROCESSING CORES

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

In general, real applications mix different number of

flops and bytes: I ?770}( Perf. [F.] BWidEg L]lA C
// matrix multiplication example : (GFlops/s)* x
for i=1toM Bridge (GB/s)

forj=1toN 1 Core 28 168
for k=1 to K
Cli,j] += Ali,k]*B[kj ] 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 e W IFSCé\I[jIgO
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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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Building the Cache-aware Roofline Model -
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J
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i7 3;\7/;0K ( gﬁf, p[sF,Z]) * BW|dEg :]m C
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672
*256-bit AVX double-precision floating-point instructions
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32.00

16.00
Roofline plot

8.00

4.00
<— log-log scale

Performance [GFlops/s]

2.00

1.00

0 N 50 T 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]

i7 3;\7/;0K ( gﬁf, p[sF,Z]) * BW|dEg :]m C
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672
W *256-bit AVX double-precision floating-point instructions
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Performance [GFlops/s]
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16.00 52768
Roofline plot z
8.00 g s
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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 L1A 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 ?;\7/;0K ( GPEIr(f) p[sF/g]) * BW|dEgFI:]1A C
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

TECNICO
LISBOA
boa

Performance [GFlops/s]

APPLICATION
CHARACTERIZATION

I Memory-bound applications
I Compute-bound applications

32.00
/f
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.] B""'dtg:]l’* s
. 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 3;3;0K ( gg; p[sF/;]) * BWIdErB]l_]lA C
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672

APPLICATION
CHARACTERIZATION

I Memory-bound applications
I Compute-bound applications

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

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

17 ?\Z;OK ( gg; p[s':/g]) * BWIdErB]L_]lA C
Bridge (GBI/s)*
1 Core 28 168
4 Cores 112 672

W *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 ::.\ZOK ( gg; p[sF,Z]) * BW|dErE\” :]m C
Bridge (GBI/s)*
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 CT\ZOK ( gg; p[sF,Z]) * BW|dErE\” :]m C
Bridge (GBI/s)*
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\/ J \
! 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] BWidEgl_]lA 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

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

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

DRAM
17 ?ZZOK ( gg; p[sF/;]) * BWIdErB]L_]lA 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

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

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

CACHE-AWARE ROOFLINE MODEL

I Peak FP performance and L1 bandwidth obtained from
processoros specificati ons:s

DRAM ) _
I We need bandwidth from all other memory levels to
the Core?
i7 3770K i
Ivy Pelrf. [F/p] BWIdEgl_]lA ¢
GFlops/s)*
Bridge | CHoPs®) (GBIs)*
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

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

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

CACHE-AWARE ROOFLINE MODEL

I Peak FP performance and L1 bandwidth obtained from
processoros specificati ons:s

DRAM . _
I We need bandwidth from all other memory levels to
the Core?
I MICRO-BENCHMARKS FOR ARCHITECTURE CHARACTERIZATION
Il AVX Assembly code: 2 Loads + 1
i7 3770K - store
: Perf. [F] Bwidth L1A C vmovapd  0(%rax ), %ymmO
|Yy (GFlops/s)* [Be] X vmovapd  32( %ax ), % ymml
Bridge (GBIs) vmovapd %ymm?2, 64( %ax )
vmovapd 96( %ax ), % ymm3
1 Core 28 168 vmovapd 128( %ax ), % ymm4
4 Cores 112 672 vmovapd %ymmb5, 160( %ax )
W *256-bit AVX double-precision floating-point instructions é
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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--=--=
S~
[=4]
S 256
<
$ 128
e
3 64
&
g 32
(]
T
DRAM 8 ' ' ' ' '
0.063 1.008 16.128 258.048 4128.768  66060.288
Data Traffic [KBytes]
— -DPscalars — = SSE —— AVX
Il AVX Assembly code: 2 Loads + 1
i7 3770K - store
: Perf. [F] Bwidth L1A C vmovapd  0(%rax ), %ymmO
lvy Flops/s)* [Be] vmovapd 32( %ax ), % ymml
. (GFlops/s) R
Bridge (GBIs) vmovapd %ymm?2, 64( %ax )
vmovapd 96( %ax ), % ymm3
1 Core 28 168 vmovapd 128( %ax ), % ymm4
4 Cores 112 672 vmovapd %ymmb5, 160( %ax )
W *256-bit AVX double-precision floating-point instructions é
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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 Lo --=---
S~
[=2]
Y 256
=
$ 128
2
S 64
z
g 32
)]
Z 16
DRAM 8 ' ' ' ' '
0.063 1.008 16.128 258.048 4128.768  66060.288
Data Traffic [KBytes]
— -DPscalars — — SSE ——AVX
Il AVX Assembly code: 2 Loads + 1
i7 3770K - store
: Perf. [F] Bwidth L1A C vmovapd  0(%rax ), %ymmO
lvy Flops/s)* [Be] vmovapd 32( %ax ), % ymml
_ (GFlops/s) B/S)*
Bridge (GBIs) vmovapd %ymm?2, 64( %ax )
vmovapd 96( %ax ), % ymm3
1 Core 28 168 vmovapd 128( %ax ), % ymm4
4 Cores 112 672 vmovapd %ymmb5, 160( %ax )
W *256-bit AVX double-precision floating-point instructions é
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Multi-core Architectures
- Memory Hierarchy -

Multi-core CPU

U

/I Configured Performance Counters
CPU_CLK_UNHALTED.CORREF
MEM_UOP_RETIRED.ALL_LOADS
MEM_UOP_RETIRED.ALL_STORES
e

TECNICO
LISBOA

Memory bandwidth variation for AVX, SSE, and DP scalars

1024

512

256

128

64

32

Memory Bandwidth [GB/s]

16

0.063

/

How to measure?

e

1.008 16.128 258.048 4128.768 66060.288
Data Traffic [KBytes]

— -DPscalars — = SSE —— AVX

Il AVX Assembly code: 2 Loads + 1
Store

vmovapd 0(%rax ), %oymmO
vmovapd 32( %ax ), % ymml
vmovapd %ymm2, 64( %ax )
vmovapd 96( %ax ), % ymm3
vmovapd 128( %ax ), % ymm4
vmovapd %ymmb5, 160( %ax )

e

2/23/2016
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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

3 L1A C

S 64

&

g 32

(]

T

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

TECNICO
LISBOA

Performance variation for AVX

128

N

[=2]
H

X

(o]

H

Performance [GFlops/s]

N

4 16

U

/

How to measure?

e

/I Configured Performance Counters
CPU_CLK_UNHALTED.CORREF
FP_OPS_EXE_SSE_SCALAR_DBL
FP_OPS_EXE_SSE_FP_PACKED_DBL
SIMD_FP_256_PACKED_DBL

e

64 256 1024 4096 16384 65536 2621441048576
Double Floating-point Operations [Flops]

—ADD —MUL —MAD

Il AVX Assembly code: 2 Loads + 1

Store

vmulpd %ymmO0, %ymmO0, %ymmO
vaddpd %ymml, %mml, %ymml
vmulpd Yymm2, ymm2, %ymm?2
vaddpd %ymm3, %mm3, %ymm3
vmulpd %mm4, %ymm4, %ymm4
vaddpd %ymm5, %mm5, %ymmb5

e
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Multi-core Architectures
- Memory Hierarchy -

Multi-core CPU

TECNICO
LISBOA

Performance variation for AVX

128

/\/ Fp=112
64 /
§ 32 //
S 16 7
g
c
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
Il AVX Assembly code: 2 Loads + 1
. i Store
17 3770K Perf. [Fp] Bwidth L1A C vmulpd  %ymmO0, %ymm0, %ymmO
lvy (GFlops/s)* [Bel X vaddpd  %ymmi1, %ymmil, %ymml
Bridge (GB/s) vmulpd %mm2, %mm2, %ymm?2
vaddpd %ymm3, %mm3, %ymm3
1 Core 28 168 vmulpd %mm4, %ymm4, %ymm4
4 Cores 112 672 vaddpd %ymm5, %ymm5, %ymmb5S
*256-bit AVX double-precision floating-point instructions é
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Cache-Aware Roofline Model

- Putting it all together - LISBOA
F
128 < - 3
64 ;&67 4 V4
S S
32 Q) é\l ;\-Q l’;\?
Q of Su$ AL
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
i7 3770K Bwidth L1A C s 5T — :
vy Perf. [Fp] B.] g 128 ==
, (GFlops/s)* 3 L1A C =
GB/s)* g ,
Bridge (GBIs) g o L2AC
o
g 32 L3A Cy
1 Core 28 168 : \&DRAMA c
4 Cores 112 672 . .
*256-bit AVX double-precision floating-point instructions 0.063 1.008 16.128 258.048 4128.768  66060.288
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Performance [Gflops/s]

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

—[JAD (Peak performance) - R |ngjghtful single plot model
I e - Shows performance limits of multicores

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

Cache-aware Roofline Model*

- - [proposed] _ .
- A Considers complete memory hierarchy
L Intel 3770K - Influence of caches and DRAM to performance
(Ivy Bridge)
2 | 2° | 24 | 22 | 20 | 22 | 24 | 26 |

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

Operational Intensity [flops/byte]

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

*llic, A., Pratas, F. and Sousa, L., i Cacahwear e Roofl i ne Model: Upgrading the Loft



LISBOA

Cache-aware Roofline Model: Hands On % W TECNICO
boa

] MAD (Peak perlprmance) A Insightful single plot model

g - Shows performance limits of multicores
@ g - Redefined Ol: flops and bytes as seen by core
S )2 - Constructed once per architecture
O
o
g 20
g 4 Cores _ _
g 22 (AVX MAD) A Considers complete memory hierarchy
()
S el intel 3770K - Influence of caches and DRAM to performance

(Ivy Bridge)
2_6 | ! | ! | ! | ! | ! | ! | | ! |

28 276 24 22 20 22 24 26 28
Operational Intensity [flops/byte]

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

A Total Cache-aware Roofline Model

- Includes all transitional states (traversingthe A 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., i Cacahwear e Roofl i ne Model: Upgrading the Loft



LISBOA

Cache-aware Roofline Model: Hands On % W TECNICO
boa

MAD (Peak performance) H H
y DML A Insightful single plot. model .
- Shows performance limits of multicores
@ g - Redefined Ol: flops and bytes as seen by core
g 12 - Constructed once per architecture
©)
o
g 20
© 4 Cores
: A Consid let hi h
S 22 (AVX ADD/MUL) onsiders complete memory hierarchy
()
s el intel 3770K - Influence of caches and DRAM to performance
g (Ivy Bridge)
2_6 | ! | ! | ! | ! | ! | ! | | ! |

28 276 24 22 20 22 24 26 28
Operational Intensity [flops/byte]

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

A Total Cache-aware Roofline Model

- Includes all transitional states (traversingthe A 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., i Cacahwear e Roofl i ne Model: Upgrading the Loft



LISBOA

Cache-aware Roofline Model: Hands On % W TECNICO
boa

AVX MAD H H
y <<t MAD A Insightful single plot. model .
_______________ SSE MUL/ADD - Shows performance limits of multicores

@ g - Redefined Ol: flops and bytes as seen by core
g 5 ntel 3770K - Constructed once per architecture
> Ivy Bridge
g 20
g 4 Cores _ _
g 22 (SSE) A Considers complete memory hierarchy
& \ - Influence of caches and DRAM to performance

a4 |

2_6 | ! | ! | ! | ! | ! | ! | ! | ! |

28 26 24 22 20 22 24 26 28

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

Operational Intensity [flops/byte]

A Total Cache-aware Roofline Model

- Includes all transitional states (traversingthe A 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., i Cacahwear e Roofl i ne Model: Upgrading the Loft



LISBOA

Cache-aware Roofline Model: Hands On % W TECNICO
boa

AVX MAD H H
y vy A Insightful single plot. model .
DBL MAD - Shows performance limits of multicores
Woslk el ] DBL MUL/ADD - Redefined Ol: flops and bytes as seen by core
g 5 ntel 3770K - Constructed once per architecture
> Ivy Bridge
g 20
g 4 Cores _ _
g 22 (DBL) A Considers complete memory hierarchy
& \ - Influence of caches and DRAM to performance
4 |-
2_6 | ! | ! | ! | ! | ! | ! | ! | ! |
28 26 24 22 20 22 24 26 28

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

Operational Intensity [flops/byte]

A Total Cache-aware Roofline Model

- Includes all transitional states (traversingthe A 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., i Cacahwear e Roofl i ne Model: Upgrading the Loft



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

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

By DRAM
1 (off-chip)

A 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., i R o o f An ingigétful visual performance model for multicorear chi t ect u
Communications of the ACM (2009)



The Original Roofline Model: Hands On TECNICO
ines LISBOA

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

——————————————————————————————————

|
| Load Data (bytes)]
Bio Biic B8 DRAM
~ 7 LLC i 7 (off-chip) Execute (flops) ]
|
_ . b Store Data(bytes)]
APP-D (data traffic from DRAM)
128 ‘I:16 MAD (Maximum Performance Fp)

o / ADD/ MUL |:(Ef9/(Eb9)

R = .
K. S | IS constant
) 7 d
6 8 ’ﬁ Intel 3770K
8 4 S .
é X A&éy (lvy Bridge)
5 /
&
0.5 /

o.és ,/ | 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 [Hops/ DRAM Byte]

* Williams, S., Waterman, A. and Patterson, D., i R o o f An ingigétful visual performance model for multicorear chi t ect u
Communications of the ACM (2009)



The Original Roofline Model: Hands On (%@i W -[FSCEIS\IOIgo
sboa

A 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)

|, =f,/b,

Intel 3770K
(Ivy Bridge)

* Williams, S., Waterman, A. and Patterson, D., i R o o f An ingigétful visual performance model for multicorear chi t ect u
Communications of the ACM (2009)



